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1.	Summary	
These days, treatment of melanoma patients relies on targeted therapy with 

BRAF/MEK inhibitors and on immunotherapy. About half of all patients initially respond 

to existing therapies. Nevertheless, the identification of alternative therapies for 

melanoma patients with intrinsic or acquired resistance is of great importance. In 

melanoma, antioxidants play an essential role in the maintenance of the redox 

homeostasis. Therefore, disruption of the redox homeostasis is regarded as highly 

therapeutically relevant and is the focus of the present work.  

An adequate supply of cysteine is essential for the production of the most important 

intracellular antioxidants, such as glutathione. In the present work, it was investigated 

whether the depletion of cysteine and glutathione is therapeutically useful. Depletion 

of glutathione in melanoma cells could be achieved by blocking cysteine supply, 

glutathione synthesis, and NADPH regeneration. As expected, this led to an increased 

level of reactive oxygen species (ROS). Surprisingly, however, these changes did not 

impair the proliferation and survival of the melanoma cells. In contrast, glutathione 

depletion led to cellular reprogramming which was characterized by the induction of 

mesenchymal genes and the repression of differentiation markers (phenotypic switch). 

This was accompanied by an increased migration and invasion potential which was 

favored by the induction of the transcription factor FOSL1. To study in vivo 

reprogramming, Gclc, the first and rate-limiting enzyme in glutathione synthesis, was 

knocked out by CRISPR/Cas9 in murine melanoma cells. The cells were devoid of 

glutathione, but were fully viable and showed a phenotypic switch, the latter only in 

MITF-expressing B16F1 cells and not in MITF-deficient D4M3A.781 cells. Following 

subcutaneous injection into immunocompetent C57BL/6 mice, Gclc knockout B16F1 

cells grew more aggressively and resulted in an earlier tumor onset than B16F1 control 

cells. 

In summary, this work demonstrates that inhibition of cysteine supply and thus, 

glutathione synthesis leads to cellular reprogramming in melanoma. In this context, 

melanoma cells show metastatic capabilities, promoting a more aggressive form of the 

disease. 



2				Zusammenfassung	
 

 2  

2.	Zusammenfassung	
Die Behandlung von Melanompatienten beruht heutzutage auf der gerichteten 

Therapie mit BRAF/MEK Inhibitoren und auf der Immuntherapie. Circa die Hälfte aller 

Patienten spricht zunächst auf die vorhandenen Therapien an. Dennoch ist die 

Identifizierung alternativer Therapieansätze für Melanompatienten mit intrinsischer 

oder erworbener Resistenz von großer Wichtigkeit. Im Melanom spielen 

Antioxidanzien eine essenzielle Rolle zur Aufrechterhaltung der Redox-Homöostase. 

Eine Störung der Redox-Homöostase wird daher als therapeutisch hochrelevant 

betrachtet und steht im Fokus der vorliegenden Arbeit.  

Eine ausreichende Versorgung mit Cystein ist essenziell zur Produktion der 

wichtigsten intrazellulären Antioxidanzien wie dem Glutathion. In der vorliegenden 

Arbeit wurde untersucht, ob die Depletion von Cystein und Glutathion therapeutisch 

nützlich ist. Eine Depletion von Glutathion in Melanomzellen konnte durch eine 

Blockierung der Cysteinversorgung, der Glutathionsynthese und der NADPH-

Regeneration erreicht werden. Dies führte wie erwartet zu einem erhöhten Level von 

reaktiven Sauerstoffspezies (ROS). Überraschenderweise beeinträchtigten diese 

Veränderungen jedoch nicht die Proliferation und das Überleben der Melanomzellen. 

Im Gegenteil führte die Glutathion-Depletion zu einer zellulären Reprogrammierung, 

die durch die Induktion mesenchymaler Gene und der Repression von 

Differenzierungsmarkern gekennzeichnet war (phenotypic switch). Dies ging mit einem 

erhöhten Migrations- und Invasionspotential einher, welches durch die Induktion des 

Transkriptionsfaktors FOSL1 begünstigt wurde. Für die Untersuchung der 

Reprogrammierung in vivo wurde Gclc, das erste und geschwindigkeitsbestimmende 

Enzym der Glutathionsynthese, mittels CRISPR/Cas9 in murinen Melanomzellen 

ausgeknockt. Die Zellen waren voll lebensfähig und zeigten erwartungsgemäß 

reduzierte Glutathionlevel und einen phenotypic switch. Letzterer zeigte sich jedoch 

nur in MITF-exprimierenden B16F1 Zellen und nicht in MITF-defizienten D4M3A.781 

Zellen. Nach subkutaner Injektion in immunkompetente C57BL/6 Mäuse wuchsen die 

Gclc-knockout B16F1 Zellen aggressiver und führten zu einer früheren 

Tumorentstehung als B16F1 Kontrollzellen.  

Zusammenfassend zeigt diese Arbeit, dass die Hemmung der Cysteinversorgung und 

somit der Glutathionmenge im Melanom zu einer Reprogrammierung führt, bei der 
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Melanomzellen metastasierende Fähigkeiten aufweisen und somit zu einer 

aggressiveren Form der Erkrankung führen.  
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3.	Introduction	

3.1	Malignant	melanoma		

Melanoma is a form of skin cancer which originates from melanocytes, the pigment-

producing cells. Hence, malignant melanoma can arise from melanocytes of the skin, 

the eye, and mucous membranes with cutaneous melanoma being the main type. As 

the skin is exposed frequently to the sun, cutaneous melanomas show a high load of 

UV-induced mutations and thus, melanomas belong to the tumor entities with the 

highest somatic mutation frequencies [1]. Malignant melanoma is one of the most 

common cancers in young adults with a still increasing incidence rate of almost 3% per 

year in the U.S. [2]. Although melanoma only accounts for a small percentage of all 

dermatological cancers, it is responsible for 80% of skin cancer-related deaths [3, 4].  

 

3.1.1	Melanoma	development	

Melanomas originate from neural crest-derived melanocytes which are located in the 

basal layer of the epidermis among keratinocytes, which in turn make up the majority 

of the epidermis [3, 5]. Melanocyte homeostasis is strictly regulated by keratinocytes. 

Besides being involved in melanocyte survival, differentiation, and proliferation, 

keratinocytes also play a role in the stimulation of melanin production in melanocytes. 

The pigment melanin protects the deeper skin layers from harmful ultraviolet (UV) 

radiation and therefore from DNA damage, reactive oxygen species (ROS), and 

mutagenesis [6-8]. There are two types of melanin: the brown/black eumelanin, which 

has the major photoprotective function, and the yellow/red pheomelanin, showing only 

light photoprotective effects [9]. In response to UV radiation, keratinocytes produce the 

a-melanocyte stimulating hormone (a-MSH). The secreted a-MSH binds and activates 

the melanocortin 1 receptor (MC1R), located on melanocytes. This interaction results 

in cAMP signaling which in turn stimulates transcription of MITF (microphthalmia-

associated transcription factor) [5]. MITF is considered to be the master regulator of 

melanocyte biology and is also involved in melanoblast survival and melanocyte-

lineage commitment [6]. MITF is a transcription factor that triggers the production of 

melanin-producing enzymes and their maturation in melanosomes which are then 

transported to neighboring keratinocytes to protect the upper skin layer from UV 

radiation [5].  
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Loss of the tight regulation of melanocytes by keratinocytes can lead to transformation 

of normal melanocytes to malignant melanoma. This process, however, occurs in 

different steps (Figure 1). Disruption of signaling pathways involved in cell growth 

control or loss of adhesion receptors due to oncogenic mutations leads to enhanced 

proliferation and spreading of melanocytes, resulting in naevus or mole formation 

which are generally classified as benign lesions. These oncogenic mutations that drive 

development of naevi frequently occur within the MAPK (mitogen-activated protein 

kinase) or PI3K (phosphoinositide 3-kinase) signaling pathways [10].  

 

Figure 1: Progression of melanocyte transformation (based on Clark model [11])  
Melanocytes pass through several steps towards melanoma transformation. Atypical naevus cells within 
a dysplastic naevus can progress into the radial growth phase, allowing horizontal proliferation within 
the epidermis. With the further advance into the vertical growth phase, melanoma cells show migration 
potential and invade the dermis. Finally, in the metastatic stage of the disease, melanoma cells also 
infiltrate the vascular and lymphatic system.  
 
Some naevi can become dysplastic with morphologically atypical melanocytes. It is 

assumed that the additional loss of tumor suppressors such as PTEN (phosphatase 

and tensin homolog) and CDKN2A (cyclin-dependent kinase inhibitor 2A) leads to a 

progression from naevi to melanomas by entering the radial growth phase (RGP) [12]. 

In this stage, melanoma cells can proliferate horizontally within the epidermis and few 

cells may invade the dermis. RGP cells can then further advance into vertical growth 

phase (VGP) melanoma. Here, melanoma cells display invasive potential and enter 

the dermis. Eventually, this progress leads to the metastatic form of the disease, in 

which melanoma cells also show the ability to infiltrate the vascular and lymphatic 

system. However, not all melanomas pass through all these distinct phases. It is 
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believed that single melanocytes may also directly enter the RGP or VGP and each of 

these two phases can directly evolve into metastatic malignant melanoma [4, 6].  

The majority of melanoma cases arises sporadically, while familial predisposition only 

accounts for 3-15% of all melanoma cases. Genetic factors that show a high risk of 

developing malignant melanoma include mutations in, e.g., CDKN2A and CDK4 

(cyclin-dependent kinase 4) [13]. Moreover, mutations of MC1R are associated with 

the red hair/fair skin phenotype and also an increased risk of developing melanoma 

[14]. Besides the genetic risk factors, environmental risk factors play an important role 

in melanomagenesis, particularly caused by repeated exposure to UV radiation. 

Development of sporadic melanomas mainly occurs due to recurrent intense sunburns, 

particularly during childhood and adolescence [15].  

 

3.1.2	Melanoma	signaling	pathways	

Melanomas develop from altered proliferation and cell growth caused by genetic or 

epigenetic modifications that result in transformation [16]. An important signaling 

pathway in melanoma biology is the MAPK pathway, known to regulate cell growth, 

proliferation, differentiation, migration, and apoptosis (Figure 2). The MEK/ERK1/2 

(extracellular-signal-regulated kinase) pathway is the best studied MAPK pathway [17]. 

This pathway is a key regulator of cell proliferation and is hyperactivated in 90% of 

melanomas [6]. Under physiological conditions, the MEK/ERK1/2 pathway is initiated 

by the ligand-mediated activation of receptor tyrosine kinases (RTKs). Activation of 

RTKs then stimulates the membrane-bound RAS (rat sarcoma) protein, activated in a 

GTP-bound state. For the activation of RAS, guanine nucleotide exchange factors 

(GEFs, e.g., SOS) and SH2-domain harboring adaptor proteins, like GRB2, are 

required [3]. In the activated, GTP-bound state, RAS recruits the serine/threonine 

specific protein kinase RAF (rapidly accelerated fibrosarcoma) to the membrane where 

it becomes phosphorylated [18]. The RAF kinases (RAF-1, BRAF and ARAF) are all 

direct effectors of RAS. Once activated, RAF kinases initiate the phosphorylation and 

activation of the MAP kinases MEK1 and MEK2, which subsequently phosphorylate 

and activate ERK1 and ERK2. Upon activation, ERK1/2 translocate to the nucleus and 

regulate transcription factors like MYC, MITF, and AP1 [3].  
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Mutations leading to altered signaling cascades can be found throughout the MAPK 

pathway. The most common mutation in malignant melanoma affects the BRAF 

protein, encoded in the BRAF gene. BRAF mutations can be found in 66% of human 

melanomas and the most frequent mutation is the substitution from valine to glutamic 

acid at position 600 (V600E) [16, 17]. BRAFV600E mutation hyperactivates the MAPK 

pathway and hence, stimulates cell survival, proliferation, and tumor development [6].  

 

Figure 2: Signaling pathways in melanoma  
Schematic overview of the MAPK/ERK1/2 and PI3K/AKT pathways. Both pathways are activated by 
ligand-mediated activation of receptor tyrosine kinases (RTKs) by growth factors. Recruitment of the 
RAF protein by activated RAS leads to RAF phosphorylation and thereby activating downstream 
signaling cascades in both pathways, thus, resulting in pro-tumorigenic effects in melanoma by 
enhancing cell survival, proliferation and migration.  
 
The second most common mutation in metastatic melanoma is NRAS. With a mutation 

rate of 15-30%, NRAS is the most commonly mutated RAS gene in melanoma. The 

most common NRAS mutation is an amino acid substitution at position 61 (Q61K, Q61L 

and Q61R) [16]. Oncogenic mutation of the RAS gene results in constitutively activated 
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RAS and thus, in enhanced ERK1/2 signaling [19, 20]. Interestingly, in melanoma, 

NRAS and BRAF mutations are mutually exclusive, highlighting their redundant role 

within the signaling cascade [6]. Besides, MAPK pathway alterations and 

hyperactivation can also be induced by mutations of RTKs. Amplification of the RTKs 

MET (hepatocyte growth factor receptor) and EGFR (epidermal growth factor receptor) 

are occasionally found in melanoma and induce hyperactivity of the MAPK signaling 

pathway [21, 22]. In addition, mutations of the RTK ERBB4 occur in approximately 20% 

of melanomas and also enhance the MAPK signaling cascade [23]. Mutation or 

amplification of KIT also increases MAPK/ERK signaling and cell proliferation. KIT 

mutations are found in chronically sun-exposed skin melanoma, acral, and mucosal 

melanoma [24].  

Another pathway relevant in malignant melanoma is the PI3K pathway. The PI3K 

pathway can be stimulated by RTKs and, also like the MAPK/ERK pathway by GTP-

bound RAS. RAS recruits the catalytic subunit of PI3K (p100a, b, g or d) to the 

membrane which in turn binds the regulatory subunit p85, forming a heterodimer. The 

PI3K heterodimer binds to its substrate, the lipid phosphatidylinositol-4-5-bisphosphate 

(PIP2) at the plasma membrane [25, 26]. PI3K then phosphorylates PIP2 to the short-

lived second messenger phosphatidylinositol-3-4-5-trisphosphate (PIP3) [27]. PIP3 

phosphorylates and activates PDK1 (phosphoinositide-dependent kinase-1), which is 

an upstream activator of AKT, also known as protein kinase B. At the plasma 

membrane, PDK1 phosphorylates AKT at T308. However, for complete activation of 

AKT, additional phosphorylation of AKT at Ser473 by mTOR/Rictor (mTORC2) or 

autophosphorylation of AKT is necessary [25, 27, 28]. Fully activated AKT then 

modulates several cellular proteins like glycogen synthase kinase 3 (GSK-3), different 

forkhead family transcription factors like FOXO1 and FOXO3a or mTOR (mammalian 

target of rapamycin) which are involved in regulating cell growth, survival, and 

proliferation [25, 27]. The activity of PI3K signaling is controlled by the PI3K antagonist 

and lipid phosphatase PTEN. PTEN dephosphorylates PIP3 to PIP2 at position 3 and 

5 on the inositol ring, respectively and thus, negatively regulates the PI3K pathway [25, 

27]. In melanoma, the hyperactivated PI3K pathway is due to mutations in the RAS 

gene, to amplification of AKT3, and to loss or deleterious alterations of PTEN [29, 30]. 

This results in increased PIP3 signaling and thus, enhances phosphorylation and 

activation of AKT and its downstream signaling cascade.  
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3.1.3	Melanoma	therapy	

The melanoma stage at the time of diagnosis is very important for the prognosis of the 

patients. Early-stage melanoma can easily be cured by resection, but malignant 

melanoma shows a poor prognosis once metastasized and the 5-year survival for 

patients with advanced melanoma is only 16% [31]. Currently, there are two strategies 

for melanoma therapy. As about 50% of all melanomas show an expression of the 

BRAFV600E oncogene, one treatment strategy is based on the development of specific 

BRAFV600E inhibitors. These inhibitors show an impressive initial response rate in 

patients with BRAFV600E mutation-positive melanoma, however, most of the patients 

ultimately develop resistance after 6-7 months [32, 33]. It was shown that among other 

resistance mechanisms, reactivation of the MAPK pathway is the most frequent [31, 

33, 34]. Therefore, combination of BRAFV600E and MEK inhibitors is nowadays the 

standard therapy for patients with BRAFV600E mutation-positive melanoma. This 

combination therapy improves the clinical outcome. Although most patients relapse 

ultimately, this is delayed by 4-5 months compared to BRAF inhibitor monotherapy [33, 

35].  

The second treatment strategy focuses on immune checkpoint inhibitors to reactivate 

the host immune system towards the tumor, using anti-CTLA-4 (cytotoxic T-

lymphocyte-associated protein 4) or anti-PD-L1 (programmed cell death ligand 1) 

antibodies. The shortly later approved PD-1 (programmed cell death 1) targeting 

antibodies achieve higher response rates compared to anti-CTLA-4 antibodies. In 

clinical trials, combination of both antibodies increased the 3-year overall survival for 

about 60% of the patients, but went along with high toxicity [36, 37]. Conversely, 

primary resistance to immune checkpoint inhibitors occurs in about 40-65% of 

melanoma patients treated with anti-PD-1 antibodies and in about 70% of patients 

undergoing anti-CTLA-4 therapy. Furthermore, acquired resistance mechanisms arise 

after initial response [38]. In summary, this means that about 50% of all melanoma 

patients do not respond to either targeted or immune therapy.  
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3.2	Reactive	oxygen	species	in	melanoma		

Reactive oxygen species (ROS) are known as highly reactive oxygen-containing 

chemical species. Common ROS species are hydrogen peroxide (H2O2), hydroxyl free 

radicals, e.g., HO. and superoxides (O2.-) [39, 40].  

Melanoma cells harbor different intrinsic and extrinsic sources of ROS which are 

involved in initiation and progression of malignant melanoma [41]. UV radiation induces 

the production of eumelanin and pheomelanin. Pheomelanin synthesis requires the 

incorporation of cysteine which then limits the availability of cysteine for other 

antioxidants, resulting in elevated ROS levels [42]. Besides the UV-induced enhanced 

pheomelanin synthesis, a dysbalance in eu/pheomelanin production can also be 

provoked by mutations in the MC1R receptor activity. Mutations in MC1R lead to a 

decreased receptor activity of MC1R and thus, reduced eumelanin production, 

resulting in enhanced pheomelanin synthesis and elevated ROS levels. Some of these 

polymorphic variants include Arg142His, Arg151Cys, Arg160Trp, and Asp294His 

substitutions which are associated with the red hair/fair skin phenotype and enhanced 

risk of developing melanoma [41, 42]. Besides, ROS can also be generated by 

oncogenic signaling in melanoma cells. In melanoma, the PI3K/AKT pathway is often 

hyperactivated due to loss of PTEN or AKT3 amplification [43]. AKT activation is 

associated with activation of NADPH oxidases. NAPDH oxidases transfer electrons 

from NADPH inside the cell to couple these to molecular oxygen, therefore producing 

superoxides. Additionally, hydrogen peroxide can spontaneously be formed by 

superoxides, generating ROS [44]. Moreover, the NRAS gene is frequently mutated in 

human melanoma. Its involvement in activating NADPH oxidases also results in 

enhanced ROS levels [39, 41]. As ROS are also by-products of metabolic activities, 

altered metabolism, as frequently observed in cancer, e.g., by enhanced mitochondrial 

respiration, can raise ROS levels [39, 45]. At lower levels, ROS show beneficial effects 

for tumor formation by promoting mutations or by acting as second messenger in 

signaling cascades. However, further increased ROS levels result in deleterious 

protein and lipid oxidation and DNA damage [46]. To avoid ROS-induced senescence 

and apoptosis, melanoma cells need to counteract ROS production by upregulating 

antioxidant mechanisms [39, 41, 47].  
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3.2.1	Antioxidant	mechanisms	

Generally, it is believed that cancer cells have an increased capacity to generate 

antioxidants in order to control their elevated ROS production (Figure 3). As a 

consequence, ROS maintain tolerable and beneficial for tumor functions, although they 

are still elevated in tumors compared to normal cells [39].  

Catalase (CAT) is an important antioxidant enzyme directly eliminating ROS by 

catalyzing the decomposition of H2O2 to H2O, predominantly in peroxisomes [48]. 

Another main antioxidant pathway involves thioredoxin (Trx or TXN). Maintenance of 

the reduced state of thioredoxin is controlled by thioredoxin reductase (TrxR) which 

requires NADPH [49]. Moreover, Trx acts as cofactor for many other enzymes, thereby, 

e.g., providing electrons to thiol-dependent peroxiredoxins like PRDX1-5 [50]. The third 

main antioxidant pathway involves glutathione, a critical determinant of detoxification 

and redox signaling [47, 51]. The first step in glutathione synthesis is the synthesis of 

g-glutamylcysteine (g-GC) synthesized from L-glutamate and cysteine via the enzyme 

g-glutamylcysteine synthetase (g-GCS). Secondly, glycine is added via glutathione 

synthetase (GS) to the C-terminal of g-GCS. Glutathione exists in a reduced (GSH) 

and an oxidized (GSSG) form with GSH being the predominant one. ROS elimination 

takes place by GSH in the presence of glutathione peroxidases (GPX). During this 

process, GSH is oxidized to GSSG. GSSG is reduced back to GSH by glutathione 

reductase (GR) using NADPH. As with Trx, the major function of GSH is to act as 

cofactor in redox processes, e.g., for peroxiredoxin 6 (PRDX6), glutathione 

peroxidases or glutaredoxins [52-55].  

Another important ROS scavenger is the transcription factor nuclear factor erythroid 2-

related factor 2 (NRF2), which is also known as the master regulator of antioxidant 

stress response. Under basal conditions, NRF2 is bound to its negative regulator 

KEAP1 (kelch-like ECH-associated protein 1). The addition of the Cullin 3 (CUL-3) 

ubiquitin ligase to this complex directs the degradation of NRF2 [56]. Under stress 

conditions, oxidation and modification of KEAP1 lead to conformational changes of 

KEAP1, which cannot bind to NRF2 anymore. This leads to stabilization and 

translocation of NRF2 to the nucleus, where it binds to the antioxidant responsive 

element (ARE). NRF2 is involved in various antioxidant mechanisms [51]. NRF2 

controls NAD(P)H:quinone oxidoreductase 1 (NQO1) and enzymes regulating iron 

sequestration like heme oxygenase-1 (HMOX1) [57, 58].   
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Figure 3: Overview of antioxidant pathways  
Schematic overview displaying the major pathways involved in the elimination of ROS, including reduced 
glutathione (GSH), thioredoxin (Trx), catalase, and the NRF2 transcription factor, as explained in the 
text. Among the targets of the transcription factor FOXM1 are the superoxide dismutases (SOD) and 
peroxiredoxins, which are important in scavenging ROS [59]. Moreover, malic enzyme (ME) is an 
important enzyme in regeneration of NADPH. Irrespective of xCT (SLC7A11), other transporters are 
able to import cystine like, e.g., SLC7A9 and SLC7A10. However, in this figure, only the main players 
are illustrated. TSP: transsulfuration pathway. Image: courtesy of Svenja Meierjohann. 
 

Besides, NRF2 regulates the transcription of NADPH-generating enzymes like G6PD 

(glucose 6 phosphate dehydrogenase), thereby enhancing NADPH availability [60]. 

NRF2 also regulates genes involved in the synthesis of reduced glutathione (GSH), 

e.g., the catalytic (GCLC) and the modifier (GCLM) subunit of the glutamylcysteine-

ligase or GCL and also the cysteine/glutamate antiporter xCT, encoded in the 

SLC7A11 gene [61-64]. In addition, NRF2 regulates the expression of the glutathione 

S-transferase GSTM3, an enzyme involved in GSH utilization as well as thioredoxin 

production, regeneration, and utilization [39, 47]. 

  



3				Introduction	
 

 13  

3.2.2	Cysteine	supply	pathways	in	malignant	melanoma		

Cysteine constitutes an important antioxidant in the cell and it is the rate-limiting 

precursor in glutathione synthesis. Cysteine can be supplied via two main pathways in 

the cell: import or de novo biosynthesis. Both supply mechanisms are highlighted in 

blue in Figure 3. The transsulfuration pathway (TSP) generates cysteine from the 

essential amino acid methionine (Met). Activation of methionine takes place by its 

transformation to S-adenosylmethionine (SAM). This ATP-dependent reaction is 

catalyzed by the methionine adenosyltransferase (MAT). SAM is then further 

converted to S-adenosylhomocysteine (SAHCys). The followed reaction to 

homocysteine (HCys) is catalyzed by adenosylhomocysteinase (AHCY). 

Homocysteine can then either be remethylated back to methionine by using a methyl 

group which is delivered by methyltetrahydrofolate or it is further converted into 

cystathionine by cystathionine b-synthase (CBS). As last step within the 

transsulfuration pathway, cystathionine is then catalyzed to cysteine via cystathionine 

g-lyase, also called cystathionase (CTH) [65]. Furthermore, cystathionine b-synthase 

and cystathionine g-lyase produce hydrogen sulfide (H2S), a gaseous transmitter while 

utilizing homocysteine and cysteine, respectively [66].  

As second supply mechanism of cysteine is the cystine import by the xCT system, an 

antiporter encoded by the SLC7A11 gene in exchange with glutamate [67]. Cystine is 

built up from 2 cysteines which form a disulfide bridge and therefore, constitutes the 

oxidized form of cysteine. In the cell, cystine is converted into its reduced form by GSH 

and thioredoxin reductase [49, 53, 68]. It was shown that inhibition of xCT causes 

ferroptosis, an iron-dependent form of cell death which is characterized by iron-

dependent lipid peroxidation in several cancer types [69].  

In previous studies by our group, it was shown that CTH, the last enzyme in the TSP, 

is a MYC target gene that enables melanocytes to evade from oncogene-induced 

senescence which in turn plays a crucial role in melanoma initiation. Moreover, fully 

developed melanoma cells need cystathionase, as CTH knockdown or inhibition by the 

CTH-inhibitor DL-propargylglycine (PAG) caused senescence and strongly increased 

sensitivity towards H2O2. However, overall glutathione levels were only minor affected 

when CTH was reduced via siRNA-mediated knockdown. Interestingly, maintenance 

of melanoma cells in cystine-free medium led to upregulation of CTH to compensate 
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cystine withdrawal, thus demonstrating the importance of cysteine de novo synthesis 

for melanoma biology [70]. 

 

3.3	Aim	of	the	work	

Despite the improvement of melanoma treatment with targeted and immune therapy, 

40-65% of patients with malignant melanoma are still in dire need of effective 

treatment, and alternative therapeutic approaches are required.  

Numerous data imply that antioxidant mechanisms constitute an Achilles heel in 

melanoma and that they are therefore highly interesting therapeutic targets. The aim 

of this thesis was to identify the role of the major antioxidant systems in melanoma 

biology in order to test if they are suitable as therapeutic targets. As the 

cysteine/glutathione pathway is the major antioxidant pathway, the main focus in this 

thesis was the investigation of cellular cysteine supply in melanoma.  
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4.	Material	and	Methods	

4.1	Material	

4.1.1	Cell	lines	

Table 1: Cell lines 

Cell line Driver mutation MITF status supplier Type 

A375 BRAFV600E absent ATCC human melanoma  

M14 BRAFV600E high NCI/NIH human melanoma  

SkMel2 NRASQ61R high NCI/NIH human melanoma  

SkMel28 BRAFV600E high ATCC human melanoma  

UACC 62 BRAFV600E low NCI/NIH human melanoma 

UACC 257 BRAFV600E high NCI/NIH human melanoma 

451lu WT BRAFV600E 

 M. Herlyn 

(Philadelphia, 

PA, USA) [71] 

human melanoma 

451lu Res BRAFV600E 
 M. Herlyn 

(Philadelphia, 

PA, USA) [71] 

human melanoma; BRAF 

inhibitor-resistent 

SkMel28 WT BRAFV600E 

 M. Herlyn 

(Philadelphia, 

PA, USA) [71] 

human melanoma 

SkMel28 Res BRAFV600E 

 M. Herlyn 

(Philadelphia, 

PA, USA) [71] 

human melanoma; BRAF 

inhibitor-resistent 

B16F1 - high ATCC mouse melanoma 

D4M3A.781  BRAFV600E absent 

D4M3A cells 

were obtained 

from  

C. Brinkerhoff 

(Hanover, NH, 

USA) [72] 

mouse melanoma,  

isolated from tumor tissue 

after subcutaneous injection 

of D4M3A cells into C57BL/6 

mice  

RCC4 - - 

A. Schulze 

(Würzburg, 

Germany) 

renal cell carcinoma 
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4.1.2	Cell	culture	reagents	

Table 2: Cell culture reagents 

Medium Manufacturer Catalog number 

L-Cystine  Sigma C8755 

DMEM PAN P04-03550 

DMEM  Invitrogen 21013-024 

FCS Sigma F7524 

GlutaMax, 100x Invitrogen 35050-061 

Methionine Sigma M2893 

OptiMEM Invitrogen 11058-021 

Penicillin/Streptomycin Sigma P0781 

Trypsin, 10x PAN P10-024100 

 

4.1.3	Plasmids	

Table 3: Plasmids 

Plasmid Insert Source 

pSB-ET-iE - 
M. Gessler (Würzburg, 

Germany) 

pSB-ET-iE G6PD  

pcGFPN1 -  

pCMV (CAT) -  

pU6_(BbsI)_CBh_Cas9-T2A-

mCherry 
ATF4 gRNAs or Gclc gRNAs 

M. Gessler (Würzburg, 

Germany) 

PE 7584 Hygro#20 - 
M. Gessler (Würzburg, 

Germany) 
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4.1.4	Inhibitors,	reagents	and	compounds	

Table 4: Inhibitors, reagents and compounds 

Compound Manufacturer Catalog number 

Acrylamide Roth T802.1 

Ampicillin Roth HP62.2 

6-Aminonicotinamide (6-AN) Sigma A68203 

Aprotinin Sigma A6279 

Ammonium peroxodisulfate (APS) Merck  101201 

5-Azacytidine (5-Aza) Sigma A2385 

Albumin Bovine Fraction V (BSA) Serva  11930 

Buthionine sulfoximine (BSO) Sigma  19176 

CellRox Deep red reagent Invitrogen C10422 

Collagenase type I Sigma SCR103 

Crystal violet Roth T123 

Doxycycline Calbiochem 324385 

Dimethyl sulfoxide (DMSO) Roth 4720.1 

5,5′-Dithiobis(2-nitrobenzoic acid) (DNTB) Sigma D8130 

Deoxynucleotid triphosphates (dNTPs) Sigma DNTPCA10-1KT 

Fastdigest buffer Thermo Fisher B64 

Glycerol Roth 3783.2 

Glutathione reductase (GR) Sigma G3664 

Glutathione reduced ethyl ester (GRE) Sigma G1404 

L-Glutathione reduced (GSH) Sigma G4251 

GYY4137 Enzo  ALX-430-163 

Hanks’ balanced salt solution (HBSS) Sigma 55021C 

Hoechst 34580 Invitrogen H21486 

4-Hydroxytamoxifen (4-OHT) Sigma H7904 

Hygromycin Capricorn HY6-H 

Ketavet (100mg/ml) Zoetis  

Lamivudine Sigma L1295 

Leupeptin Sigma L2884 
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Lipofectamine 3000 Invitrogen L3000-015 

Milk powder AppliChem A0830 

Mowiol Sigma  D2522 

3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazoliumbromid (MTT)  
Sigma  M2128 

N-acetylcysteine (NAC) Sigma A9165 

0.9% NaCl Braun 2350710 

Nicotinamide adenine dinucleotide phosphate 

(NADPH) 
Biomol 16156 

Nonidet-P40 (NP40) AppliChem 9016-45-9 

DL-propargylglycine (PAG) Sigma P7888 

PD184532 Axon Medchem 1368 

Paraformaldehyde (PFA) Sigma P6148 

PLX4032 Axon Medchem 1624 

Puromycin Calbiochem 32438 

5-Sulfosalicylic acid hydrate (SSA) Sigma 390275 

SYBRGreen Invitrogen S7563 

TEMED Roth 2367.3 

TANGO buffer, 10x Thermo Fisher BY5 

Taurine Sigma T0625 

Triton-X100 Roth 3051.2 

XtremeGene siRNA transfection reagent Roche 04476093001 

XtremeGene9 DNA transfection reagent Roche XTG9-RO 

Xylavet (20mg/ml) Cp-pharma  
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4.1.5	siRNAs	

Table 5: siRNAs 

siRNA Manufacturer Catalog number 

ON-TARGET Plus Non-

Targeting Control 
Dharmacon D-001210-01-05 

ON-TARGET Plus CTH Dharmacon J-003481-06 

MISSION siRNA Universal 

Negative Control #1 
Sigma SIC001 

MISSION siRNA FOSL1_1 Sigma SASI_Hs01_00191186 

MISSION siRNA FOSL1_2 Sigma SASI_Hs02_00339593 

siRNA NFE2L2_1 Ambion Assay ID: 3347 

siRNA NFE2L2_2 Ambion Assay ID: 107967 

 

4.1.6	Antibodies	

Table 6: Primary antibodies for Western blot, Immunofluorescence and Immunohistochemistry 

Antibody Manufacturer Catalog number Applied dilution 

b-Actin Santa Cruz sc-47778 1:5000 

ATF4 Cell Signaling 11815 1.1000/1:500 

CTH Santa Cruz sc-100583 1:1000 

CTH Abcam ab151769 1:500 

CBS Santa Cruz sc-271886 1:1000 

FOSL1 Cell Signaling 5281 1:1000 

MITF 
C. Goding  

(Oxford, UK) 
- 1:1000/1:500 

NRF2 Abcam ab62352 1:1000/1:500 

SOX10 Zytomed RBK057-05 1:50 

TTF1 Dako 8G7G3/1 1:400 

Vinculin Sigma V9131 1:10000 
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Table 7: Secondary antibodies for Western blot, Immunofluorescence and immunohistochemistry 

Antibody Manufacturer Catalog number Applied dilution 

Goat anti-mouse POD Thermo Scientific 31444 1:3000 

Goat anti-rabbit POD Bio-Rad 170-6515 1:10000 

Alexa594-goat-anti-

mouse 
Invitrogen 11032 1:5000 

Alexa594-goat-anti-

rabbit 
Invitrogen R37117 1:5000 

Goat-anti rabbit 

advance HRP 
Dako K4069   

 

4.1.7	Kits	

Table 8: Kits 

Kit Manufacturer Catalog number 

BD Falcon Cell Culture Insert BD Biosciences 353097 

BioCoat Matrigel Invasion 

Chambers 
Corning FALC354480 

Bradford Reagent  Sigma B6916 

E.Z.N.A. Endo-Free Plasmid Midi 

Kit 
Omega D6915-04 

Experion RNA Standard 

Sensitivity Analysis Kit  
Biorad 7007103 

GenElute PCR Clean-up Kit Sigma NA1020 

GenElute HP Plasmid Miniprep 

Kit 
Sigma NA0160 

NEBNext Poly(A) mRNA 

Magnetic Isolation Module 
NEB 7490 

NEBNext Ultra RNA Library Prep 

Kit for Illumina 
NEB E7530 

QIAmp DNA Mini Kit  Qiagen 51306 

RevertAid First Strand cDNA Kit Fermentas K1622 

RNeasy Mini Kit Qiagen 74106 

Rabbit TrueBlot Set  

(with IP beads) 
Biomol (Rockland) 88-1688-31 

StrataClone Ultra Blunt PCR 

Cloning Kit 
Agilent 240218 
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Strata C18-E Phenomenex 8B-S001-DAK 

SuperSignal West Pico Plus 

Chemiluminesent Substrate 
Thermo Fisher 34580 

TRIzol Reagent  Invitrogen 15596018 

All Kits were used according to the manufacturer’s protocol.  
 

4.1.8	Enzymes	

Table 9: Enzymes 

Enzyme Manufacturer Catalog number 

AgeI Thermo Fisher R0552S 

BsbI NEB R0519S 

BstBI Thermo Fisher ER0121 

FAST AP Thermo Fisher EF0654 

His-Taq DNA-Polymerase 
M. Gessler (Würzburg, 

Germany) 
- 

NheI NEB R0131S 

T4 Polynucleotide kinase NEB M0201S 

Q5 High Fidelity DNA-Polymerase NEB M0491S 

T4 ligase NEB M0202 

Taq DNA-Polymerase Invitrogen  E5200S 
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4.1.9	Buffers	

Table 10: Buffers 

Buffer  

Ammonium acetate 154 mM in water 

Assay buffer (Tietze assay) 143 mM Phosphate buffer, 6.3 mM EDTA, adjusted to pH 7.5 

EDTA 3.42 mM EDTA, adjusted to pH 7.4 

Laemmli  
312.5 mM Tris pH 6.8; 10% SDS; 50% glycerine; 

0.005% bromophenol blue; 25% β-mercaptoethanol 

Lamivudine 0.1 µM Lamivudine in methanol 

NP40 lysis buffer 

20 mM HEPES pH 7.8; 500 mM NaCl, 5 mM MgCl2, 5 mM KCl; 

0.1% deoxycholate, 0.5% Nonidet-P40; 10 μg/ml aprotinin;         

10 μg/ml leupeptin; 200 μM Na3VO4; 

1 mM phenylmethanesulphonylfluoride and 100 mM NaF 

4% PFA 
4 g PFA in 10 ml PBS and 90 ml H20; add 8 µl 1N NaOH; sterile 

filtration 

PBS 
137 mM NaCl; 2.7 mM KCl; 4.3 mM Na2HPO4; 1.47 mM KH2PO4, 

adjusted to pH 7.4 

Reprofast PCR buffer 
100 mM (NH4)2SO4; 200 mM Tris pH 8.8; 100 mM KCl; 20 mM 

MgSO4; 1% Triton; 1% BSA 

RIPA lysis buffer 

50 mM Tris pH 8.0; 50 mM NaCl, 1% Nonidet-P40, 0.1% SDS; 

0.5% deoxycholate, 1 mM EDTA with 10 μg/ml aprotinin;            
10 μg/ml leupeptin; 200 μM Na3VO4; 

1 mM phenylmethanesulphonylfluoride and 100 mM NaF 

SDS running buffer 250 mM Tris; 192 mM glycine; 0.5% SDS 

TBS-T 10 mM Tris pH 7.9; 150 mM NaCl; 0.1% Tween 

Transfer buffer 25 mM Tris; 192 mM glycine; 20% methanole 
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4.1.10	RT-qPCR	oligonucleotides	

Table 11: Human oligonucleotides used for RT-qPCR 

Oligo forward reverse 

RPS14 CTCAGGTGGCTGAAGGAGAG GCAGCCAACATAGCAGCATA 

ACTIN GGCATCCTGACCCTGAAGTA GGGGTGTTGAAGGTCTCAAA 

G6PD AAGAACGTGAAGCTCCCTGA AATATAGGGGATGGGCTTGG 

CTH GATTCGAAAGCCTTGCTGAG ACTTCCACTTGGAGGGTGTG 

CBS TCATCGTGATGCCAGAGAAG TTGGGGATTTCGTTCTTCAG 

SLC7A11 TTTGCACCCTTTGACAATGA GGAAAACAAAGCTGGGATGA 

CAT GGAAAGTACCCCTCCTGGAC CTTGGGTCGAAGGCTATCTG 

TXN1 CTGCTTTTCAGGAAGCCTTG TGTTGGCATGCATTTGACTT 

NFE2L2 GAGAGCCCAGTCTTCATTGC GTTTGGCTTCTGGACTTGGA 

HMOX1 CTTCTTCACCTTCCCCAACA AGCTCCTGCAACTCCTCAAA 

NQO1 AGCCCAGATATTGTGGCTGA CGGAAGGGTCCTTTGTCATA 

GCLM TGTGTGATGCCACCAGATTT TTCACAATGACCGAATACCG 

GSTM3 TAATGGATTTCCGCACACAA CCTTCAGGTTTGGGAACTCA 

ME1 GGATTGCACACCTGATTGTG TCTTCATGTTCATGGGCAAA 

MMP1 AGTTCATGAGCTGCAACACG GGTCTCTGAGGGTCAAGCAG 

MMP2 ACCTAGCACATGCAATACCTGAACACC CACCAGTGCCTGGGGCGAAG 

MMP3 GCAGTTTGCTCAGCCTATCC GAGTGTCGGAGTCCAGCTTC 

CYR61 CAACCCTTTACAAGGCCAGA TGGTCTTGCTGCATTTCTTG 

FGF2 TCCCGCCCGGCCACTTCAA GCCAGGTAACGGTTAGCACACACT 

VEGFA TTAATGACATACTTGCAGATTG GAGAGATGGTTCCCGAAA 

CDH2 TGGATGAAGATGGCATGG AGGTGGCCACTGTGCTTAC 

FOSL1 AGCTGCAGAAGCAGAAGGAG GGAGTTAGGGAGGGTGTGGT 

MITF GGGCTTGATGGATCCTGCTT GCCAGTGCTCTTGCTTCAGA 

TYR CCGCTATCCCAGTAAGTGGA TACGGCGTAATCCTGGAAAC 

DCT AACCAAAGCCACCAGTGTTC GGTTCCTTTCTTCCCTCCAG 

ATF4 TCAAACCTCATGGGTTCTCC GCATGGTTTCCAGGTCATCT 
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Table 12: Mouse oligonucleotides used for RT-qPCR 

Oligo forward reverse 

Actin GCTACAGCTTCACCACCACA AAGGAAGGCTGGAAAAGAGC 

Cth GCACAAATTGTCCACAAACG CGAAGCCGACTATTGAGGTC 

Cbs GGCACACTCTCTCACATCCT TAGCAGGTCAATGGCAGTGA 

Fosl1 TGGAGAAAGGGAGATGCAAG GAGACCGACAAATTGGAGGA 

Atf4 TCGATGCTCTGTTTCGAATG GGCAACCTGGTCGACTTTTACC 

Mitf GGAACAGCAACGAGCTAAGG TGATGATCCGATTCACCAGA 

Tyr ATTGATTTTGCCCATGAAGC AAGGATGCTGGGCTGAGTAA 

Dct AGCAGACGGAACACTGGACT GCATCTGTGGAAGGGTTGTT 

Mmp3 GTCTTCCGGTCCTGCTGTGGCTGT CAGGTTCCAGAGAGTTAGACTTGGTG 

 

4.1.11	Cloning	and	sequencing	oligonucleotides	

Table 13: Oligonucleotides used for cloning of G6PD and sequencing 

Construct/Oligo Sequence 

H-flag_G6PD_Nhe1_5’ GCGGCTAGCATGGATTACAAGGATGACGACGATAAGGGCCGGCGGGGCTCAGCC 

H_G6PD_BstBI_3’ GCGTTCGAATCAGAGCTTGTGGGGGTTCA 

T3 (forward primer) ATTAACCCTCACTAAAGGGA 

T7 (reverse primer) GCCCTATAGTGAGTCGTATTAC 

TYMV (forward primer) AGATCGCCTGGAGCAATTCC 

IRES (reverse primer) CACACCGGCCTTATTCCAAG 

 

4.1.12	Genotyping	oligonucleotides	

Table 14: Oligonucleotides for mouse genotyping 

Oligo forward reverse 

BRAFV600E TGAGTATTTTTGTGGCAACTGC CTCTGCTGGGAAAGCGGC 

Pten CAAGCACTCTGCGAACTGAG AAGTTTTTGAAGGCAAGATGC 

Tyr-CreERT2 GCGGTCTGGCAGTAAAAACTATC GTGAAACAGCATTGCTGTCACTT 

Cth TGCCGACCAATAAGCAGGGC 
CCGAAGACTGGCCCGGGAGT 

CCAGACCGGCAACGAAAATCA 
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4.1.13	CRISPR/Cas9	

Table 15: gRNAs used for CRISPR/Cas9 

gRNA forward reverse 

ATF4_2 CACCGTAATAAGCAGCCCCCCCAGA AAACTCTGGGGGGGCTGCTTATTAC 

ATF4_3 CACCGAGTCCCTCCAACAACAGCAA AAACTTGCTGTTGTTGGAGGGACTC 

Gclc_1 CACCGCAATATGAGGAAACGCCGGA AAACTCCGGCGTTTCCTCATATTGC 

Gclc_2 CACCGTATGGGAGTTACATGATCGA AAACTCGATCATGTAACTCCCATAAC 

All gRNAs were designed by BROAD Institute. Red color indicates the individual 

sequence of the gRNA within the primer design tool.  
 

 
Table 16: Oligonucleotides for confirmation of the insertion of gRNA duplex into the vector and 
validation of CRISPR/Cas9 knockout 

Oligo forward reverse 

CRISPR GACAGGTATCCGGTAAGCGG GGGCGTACTTGGCATATGAT 

h_ATF4 GTTCTCCAGCGACAAGGC GATCTGGAGTGGAGGACAGG 

m_Gclc AAGTGGGCTAGCTTTGTCCT CACAGGGCATGCTTTCCTTT 

 

Schematic overview of gene section with binding gRNAs and validation primers 
 

 

 
Left: ATF4 gene section with exons marked in blue with the two gRNAs (#2 and #3) 

and flanking validation primers (5’ and 3’). Sequence of wildtype situation reveals a 

product size of 484 bp while ATF4 knockout displays a band size of 218 bp.              

Right: Gene section with exons marked in blue of Gclc with gRNAs (#1 and #2) and 

flanking validation primers indicated in green (5’ and 3’). Wildtype sequence shows a 

product size of 499 bp while product size of knockout scenario represents 403 bp.  
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4.1.14	Melanoma	mouse	model	

Table 17: Genetic mouse model 

Mouse Genetic background 

C57BL/6 Tyr-CreERT2; BRAFV600E/wt; Pten+/-; Cth+/+ 

C57BL/6 Tyr-CreERT2; BRAFV600E/wt; Pten+/-; Cth-/- 

 

4.1.15	Technical	equipment		

Table 18: Technical equipment 

Equipment Manufacturer 

Axioskop Zeiss 

Cary 50 Spectrophotometer Varian 

CTR 6000 inverted microscope Leica 

Hera Cell 150i Incubator Thermo Scientific 

Homogenizer with glass pistill POTTER S 

Mastercycler ep Realplex Eppendorf 

Mini-PROTEAN Tera Electrophoresis System Biorad 

Microplate reader LB941 Berthold  

NanoDrop ND-1000 Spectrophotometer NanoDrop Technologies 

Operetta High-Content Imaging System Perkin Elmer 

Photo Image Station 4000MM Kodak 

QExactive orbitrap mass spectrometer  Thermo Scientific 

SpeedVac concentrator Savant 

Trans Blot Cell Biorad 
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4.2	Methods	

4.2.1	Maintenance	of	cells	

All cells were cultured at 37°C and 5% CO2 in an incubator. All cell lines were kept in 

DMEM (PAN) with 10% FCS and 1% penicillin/streptomycin. For cystine-free or 

glutamine-free medium, DMEM (Invitrogen) containing 10% FCS and 1% 

penicillin/streptomycin was used and 1x GlutaMax, 200 µM methionine, and 200 µM 

cystine were added, respectively. DMEM (Invitrogen) was used as control medium and 

all supplements were added correspondingly.  

To avoid confluence, cells were regularly treated with 1x trypsin in EDTA and 

passaged. For long-term storage, cells were frozen in freezing medium, containing 

DMEM, 20% FCS and 10% DMSO and were stored at -80°C. Thereafter, vials were 

transferred to liquid nitrogen.  

 

4.2.2	MTT	assay	

To investigate cell viability, MTT assay was performed. Cells were seeded in triplicates 

in an equal number (2-3 x 103) for 3 or 5 days in a 96-well plate. At the respective days, 

5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was 

added (1:5) to the cells for 2 hours at 37°C. Afterwards, medium was removed and  

100 µl DMSO was added to the wells and incubated on a shaker at room temperature 

for 15 minutes while covered. Subsequently, the optical density at 570 nm was 

determined using a microplate reader. Appropriate medium without cells was used as 

blank control. Absorbance reading of the blank was subtracted from samples. Treated 

samples were normalized to untreated controls. The measured optical density 

corresponds roughly to cell viability.  

 

4.2.3	2D-colony	formation	assay	

Cells were seeded at low density (500 cells/well in a 6-well dish) and were maintained 

for several days or weeks to allow visible colony formation. Thereafter, cells were 

washed once with PBS, fixed with ice-cold methanol for 5 minutes, and stained for          

20 minutes with 2% crystal violet (in 2% methanol). Afterwards, cells were washed with 

PBS for several times until background staining was gone and pictures were taken.  
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4.2.4	Proliferation	assay	

To determine the influence of cystine-free medium or inhibitor treatment on the 

proliferative capacity, different cell lines were seeded in duplicates or triplicates in         

6-well plates at equal cell numbers (2-5 x 104) and were allowed to grow for 3, 5 or 7 

days. Thereafter, cells were harvested by trypsinization, resuspended in an adequate 

amount of PBS (0.05–1 ml), and counted at the appropriate days using a Neubauer 

hemacytometer.  

 

4.2.5	Transwell	migration	assay	

To investigate the migration potential of cells, migration assay was conducted. 

Therefore, cells were pretreated with cystine-free medium or an inhibitor as indicated. 

After the pretreatment, transwell inlays were equilibrated in the respective medium for 

30 minutes. Next, 1.25 x 104 cells in 500 µl of their appropriate medium, containing 2% 

FCS were applied to the upper layer of the transwell and the same medium (500 µl) 

was placed in the lower well. After 24 hours, the medium of the lower well was 

exchanged by the corresponding medium, containing 10% FCS to attract the cells. 

Cells were allowed to migrate for 8 hours. Then, non-migrated cells of the upper layer 

were removed with a cotton swab. Migrated cells of the lower layer of the membrane 

were fixed with ice-cold methanol for 5 minutes and afterwards stained with 2% crystal 

violet (in 2% methanol) for 20 minutes. Thereafter, membranes were washed with PBS 

and embedded on object slides. After imaging the membranes, cells were counted.  

 

4.2.6	Matrigel	invasion	assay	

To investigate the invasion potential of cells, cells were maintained in either cystine-

free medium or were kept in presence of an inhibitor. One day prior to invasion 

performance, matrigel-coated transwell inlays were thawed at room temperature and 

equilibrated in an appropriate medium for 2 hours at 37°C. Then, 2.5 x 104 cells in    

500 µl of their corresponding medium, containing 2% FCS were applied to the upper 

layer of the transwell and the same medium (500 µl) was placed in the lower well. After 

24 hours, the medium of the lower well was exchanged by the appropriate medium, 

containing 10% FCS to attract the cells. Cells were allowed to invade for 22 hours. 

Afterwards, non-invaded cells and matrigel of the upper layer were removed with a 
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cotton swab. Invaded and migrated cells on the lower layer of the membrane were then 

treated like the migrated cells of the migration assay (4.2.5).  

	

4.2.7	RNA	and	DNA	methods	

4.2.7.1	Vector	cloning	procedure	

To generate glucose 6 phosphate dehydrogenase (G6PD) overexpressing melanoma 

cells, the human G6PD gene was amplified by PCR from cDNA derived from the 

human epidermal melanocyte cell line NHEM with the following conditions:  

  Step Temperature Time 

32.5 µl H2O dd 1 95°C pause 

10 µl 5x Q5 buffer 2 95°C 30’’ 

2.5 µl forward primer (10 pmol/µl) 3 54°C 30’’ 

2.5 µl reverse primer (10 pmol/µl) 4 72°C 1’ 30’’ 

1 µl  Q5 DNA-polymerase 5 72°C 2’ 

1.5 µl dNTPs 6 12°C pause 

1 µl template (human cDNA)    

 

The amplificate was confirmed by a 1.5% agarose gel and cleaned up using GenElute 

PCR clean-up kit. The PCR product with a size of 1640 bp was then cloned into the 

StrataClone vector according to the manufacturer’s instructions.  
 
 

 

 

 

 

 

 
 

 

 

Figure 4: Schematic overview of the StrataClone PCR cloning vector pSC-B-amp  
Map of the StrataClone PCR cloning vector pSC-B-amp. PCR product integration site, colored in red, is 
flanked by the restriction site of EcoRI.  
 
Positive colonies were sent for sequencing (Eurofins) and plasmid DNA was isolated 

using GenElute HP plasmid miniprep kit.  
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To achieve a doxycycline-inducible G6PD overexpressing cell line, the pSB-ET-iE 

vector, which allows the integration of G6PD by sleeping beauty-mediated 

transposition, was chosen. This vector also contains an IRES site driving the 

expression of an EGFP-puromycin cassette.  

 
Figure 5: Scheme of the overexpressing pSB-ET-iE vector  
Integration site of G6PD is marked by the indicated restriction sites of NheI and BstBI.  
 
Therefore, the confirmed G6PD plasmid, obtained from the StrataClone cloning 

procedure, was used as a template.  

Enzyme digestion 

The G6PD template was digested with EcoRI, according to the manufacturer’s 

protocol, confirmed on a 1.5% gel, cut out from the gel, and cleaned up with the 

GenElute gel extraction kit. Afterwards, pSB-ET-iE vector (5 µg in 100 µl) and G6PD 

template (3.8 µg in 100 µl) were double-digested with NheI and BstBI referring to the 

manufacturer’s protocol for 1.5 hours at 37°C. After confirmation of the digestion 

efficiency by a 1.5% gel and another purification step with the GenElute PCR clean-up 

kit, vector and insert (1:7) were ligated for 15 minutes at room temperature with T4 
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ligase, according to the manufacturer’s instruction. A ligation mix without insert was 

used as blank control.  

Ligation and transformation 

Thereafter, 5 µl of the ligation mix was added to 100 µl CaCl2 competent DH5α E.coli 

and incubated on ice for 30 minutes. Afterwards, heat shock was performed at 42°C 

for 90 seconds and transformed bacteria were incubated on ice for 2 minutes. Then,  

1 ml of LB medium was added and bacteria were incubated on a shaker for 1 hour at 

37°C. Next, transformed bacteria were centrifuged and 80% of the supernatant was 

discarded. The bacterial pellet was resuspended in the remaining LB medium and 

plated on LB agar plates with ampicillin. Bacterial colonies were verified for successful 

insertion of G6PD by colony PCR and positive clones were sent for sequencing 

(Eurofins) before transfection into M14 and UACC 62 cells.  

DNA transfection 

For the transfection, M14 and UACC 62 cells were seeded in a 6-well plate. After cells 

had reached a confluence of 80%, transfection was performed using XtremeGene9 

DNA reagent. Either 2 µg of the empty or G6PD-containing pSB-ET-iE vector was 

added to 2 µg of pCMV(CAT) in OptiMEM and XtremeGene9 reagent (33:1). Mix was 

incubated for 20 minutes at room temperature and then added dropwise to the cells. A 

pcGFPN1 construct served as control for transfection efficiency. After 6 hours, medium 

was exchanged. After one day, puromycin selection was started until kill control was 

dead.  

 

4.2.7.2	siRNA	transfection	

Cells were seeded in 6 cm dishes. When cells were 80% confluent, siRNA transfection 

was performed using XtremeGene siRNA transfection reagent. First, 32 µl of siRNA 

were mixed with OptiMEM medium up to a final volume of 200 μl. Secondly, 20 µl of 

XtremeGene were added to 180 µl OptiMEM. Afterwards, the XtremeGene/OptiMEM 

mixture was carefully added to the siRNA-mixture and mixed. After 15 minutes of 

incubation at room temperature, the transfection mix was added dropwise to the cells, 

which were cultured in 2 ml of their individual medium, containing 10% FCS and 1% 

penicillin/streptomycin. After 6 hours, medium was exchanged. 24 hours after 
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transfection, cells were reseeded to new dishes for migration or invasion assay, RT-

qPCR or western blot analysis.  

 

4.2.7.3	CRISPR/Cas9-mediated	gene	knockout	

Vector digestion 

For the incorporation of the guideRNA (gRNA), 2 µg of the vector (Addgene #64324) 

were digested with BbsI in 10x Fastdigest buffer (1:1) according to the manufacturer’s 

protocol for 1.5 hours at 37°C. The vector was purified using the GenElute PCR clean-

up kit and digestion efficiency was checked on a 0.8% gel. The purified vector was 

digested with Fast AP in 10x Fast AP buffer in accordance to the manufacturer’s user 

guide. The digested vector was again purified and intactness of vector was checked 

on a 0.8% gel.  

Preparation of gRNA duplex 

For preparation of the gRNA duplex, oligos were used in a concentration of 100 µM. 

The 5‘- and 3‘-oligo were added to 10x ligation buffer and T4 polynucleotide kinase 

(1:1:1:0.5) in a total volume of 10 µl and incubated at 37°C for 30 minutes, heated at 

95°C for 5 minutes in a cycler and then cooled down to room temperature for at least 

1 hour. The gRNA duplex was then diluted 1:250.  

Ligation, transformation, and confirmation of insertion  

For the ligation, oligo duplex and vector (1:1) were mixed with DNA ligase buffer and 

T4 ligase according to the manufacturer’s instruction. The ligation mix was incubated 

for 20 minutes at room temperature. A ligation mix without insert was used as blank 

control. Afterwards, transformation was performed as described in 4.2.7.1.  

To confirm the insertion of the gRNA duplex into the vector, colony PCR was 

performed, using one gRNA specific forward primer and a vector specific reverse 

primer. Plasmid DNA was isolated from positive clones. Next, 500 ng DNA was 

digested with AgeI and BbsI in 10x Fastdigest buffer pursuant to the manufacturer’s 

protocol to confirm the insertion of the oligo duplex. Original vector was used as 

negative control. A 0.8% gel was run to confirm positive clones as they have a size of 

9 kb while negative clones give a band at 800 bp and around 8-9 kb due to the BbsI 

binding site. Positive plasmid DNA was sent for sequencing (Eurofins) and midipreps 

were performed using an endotoxin-free kit.   
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Transfection 

For transfection with Lipofectamine 3000, two CRISPR/Cas9 constructs with gRNA 

targeting region were used. Cells were seeded to be 80% confluent. Transfection was 

performed according to the manufacturer’s protocol, using 1 µg of each CRISPR 

construct and 0.5 µg PE 7584 Hygro#20 plasmid. A pcGFPN1 construct served as 

control for transfection efficiency. After 6 hours, medium was exchanged. On the next 

day, transfection efficiency was checked for transient mCherry expression of the 

CRISPR constructs using fluorescence microscopy and selection was started using    

350 µg/ml hygromycin. When control cells were dead, selection was stopped, and cells 

were allowed to recover for a few days.  

Isolation of single clones 

For the isolation of single clones, 3 cells/well were seeded in a 48-well plate and 

allowed to develop colonies. gDNA was isolated from single clones using QIAmp DNA 

Mini Kit (Qiagen) and knockout validation was done by PCR using individually designed 

knockout validation primers targeting the gRNA target region in a target gDNA. PCR 

product was purified (GenElute PCR clean-up kit) and cloned into the StrataClone 

cloning vector to allow the identification of the knockout situation on both alleles 

separately. Colony PCR of a single clone was performed and different band sizes of 

the colonies indicate knockout situation of the two alleles, respectively. PCR product 

of each allele was purified, sent for sequencing and knockout validation was 

performed.  

 

4.2.7.4	RNA	extraction,	cDNA	synthesis,	and	RT-qPCR	

To extract RNA from cells, cells were harvested using a silicon rubber and centrifuged 

at 5000 rpm for 5 minutes. RNA isolation of the pellet was performed using TRIzol 

reagent according to the manufacturer’s protocol. RNA concentration was then 

determined by NanoDrop spectrophotometer. cDNA synthesis was conducted using 

100-4000 ng of RNA with a RevertAid First Strand cDNA Synthesis Kit and hexamer 

primers conferring to the manufacturer’s protocol.  
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Standard protocol for one reaction: 

  Step Temperature Time 

14.25 µl H2O dd 1 95°C pause 

2.5 µl 10x ReproFast buffer 2 95°C 5’ 

0.75 µl forward primer (10 pmol/µl) 3 95°C 15’’ 

0.75 µl reverse primer (10 pmol/µl) 4 60°C 15’’ 

0.3 µl  His-Taq DNA-Polymerase (5 U/µl) 5 72°C 15’’ 

0.7 µl dNTPs 6 95°C 5’ 

0.75 µl SYBR Green (1:2000) 7 60°C 15’’ 

5 µl cDNA (5 ng/µl) 8 60-95°C gradient 20’’ 

  9 95°C 15’’ 

 

mRNA levels were normalized to the appropriate housekeeping gene (Actin for mouse 

cDNA; RPS14 or ACTIN for human cDNA) and calculated as followed: 

DCT = CT(target gene) – CT(housekeeping gene) 
DDCT = DCT(sample) - DCT(reference) 
2DDCT : 2DDCT 

RT-qPCRs were performed and analyzed using Mastercycler ep realplex.  

 

4.2.8	Protein	methods	

4.2.8.1	Protein	lysis,	SDS-PAGE,	and	Western	blot	

For protein extraction of cells, cells were harvested using a silicon rubber, centrifuged, 

and subsequently lysed in lysis buffer for 1.5-2 hours on ice. The amount of lysis buffer 

was appropriate to the size of the pellet (30-70 µl). After centrifugation of the samples 

(15 minutes, 13000 rpm, 4°C), the supernatant was transferred into a new Eppendorf 

tube. To determine the protein concentration, 1 µl of lysate was mixed with 1 ml of 

Bradford reagent and protein concentration was measured using a spectrophotometer. 

To separate the protein sample via SDS-PAGE, 40 µg of protein in lysis buffer were 

mixed with 5% Laemmli buffer and denatured at 95°C for 10 minutes. Proteins were 

separated on 12% gels and then blotted on a nitrocellulose membrane in a wet blotting 

chamber at 4°C, using 250 mA per gel.  
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12% separating gel (8506.5 µl) 4% stacking gel (2213.2 µl) 

3725 µl H2O 1408 µl H2O 

2125 µl seperating gel buffer 

(1.5 M TrisHCl pH 8.8) 

550 µl stacking gel buffer 

(0.5 M TrisHCl pH 6.8) 

2138 µl 40% acrylamide (37.5:1) 220 µl 40% acrylamide (37.5:1) 

85 µl 10% SDS 22 µl 10% SDS 

42.5 µl 10% APS 11 µl 10% APS 

8.5 µl TEMED 2.2 µl TEMED 

 

To investigate protein expression in different samples, membranes were sampled with 

different antibodies. In this capacity, membranes were blocked with 5% BSA in TBS-T 

for 1 hour and then incubated with the primary antibody, diluted according to the 

manufacturer’s instruction overnight at 4°C. Next, membranes were washed three 

times with TBS-T and then incubated with the secondary antibody in 5% BSA for 1 

hour at room temperature. Afterwards, membranes were washed three times with TBS-

T and finally, protein detection was performed using SuperSignal West Pico Plus 

Chemiluminescent Substrate and a photo image station.  

 

4.2.8.2	Co-Immunoprecipitation	

For interaction studies, co-immunoprecipitation was performed. For this purpose, 

Rabbit IgG TrueBlot was used according to the manufacturer’s protocol. Small 

exceptions were performed as 10% of the lysates were used as input. RIPA lysis buffer 

with inhibitors was used as lysis and IP buffer. After the western blot, membranes were 

blocked in 3% dry milk in PBS and PBS was also used for the washing steps. 

 

4.2.9	Immunofluorescence	

Cells were seeded on glass coverslips in 6-well plates. When cells had reached a 

confluence of 60%, glass coverslips were washed twice with PBS and cells were fixed 

in 4% PFA for 10 minutes. Cells were washed twice with PBS and were permeabilized 

for 10 minutes in 0.2% Triton X-100/PBS. Afterwards, samples were washed once with 

0.1% Triton X-100/PBS, twice with PBS, and subsequently, cells were quenched in 

100 mM glycerol/PBS for 10 minutes. Thereafter, cells were blocked in 1% BSA/PBS 

for 30 minutes at room temperature. Cells were then incubated with primary antibody 

(ATF4, NRF2 or MITF antibody) diluted 1:500 in 1% BSA/PBS for 1 hour at room 
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temperature. After three washing steps with PBS, coverslips were incubated while 

covered at room temperature with the secondary antibody AlexaFluor594 goat anti-

mouse IgG or AlexaFluor594 goat anti-rabbit IgG (1:500 in 1% BSA/PBS), respectively 

for 1 hour. After three washing steps with PBS, nuclear counterstaining was performed 

via incubation with Hoechst (1:10000 in PBS) for 10 minutes. Afterwards, samples 

were washed three times with PBS, once with distilled water, and then coverslips were 

embedded with Mowiol on object slides. Samples were determined by inverted 

fluorescence microscopy. Pictures were processed via ImageJ.  

 

4.2.10	CellRox	assay	

Cells were seeded in a 96-well plate for 3 (3 x 103) and 7 (1 x 103) days and cultured 

with or in the absence of cystine. Treatment of cells with H2O2 for 30 minutes prior to 

CellRox reagent served as a positive control. Next, medium was removed and fresh 

medium containing the appropriate treatment was added. CellRox deep red reagent in 

a final concentration of 5 µM, as well as Hoechst (1:2000) for nuclear staining were 

added to the wells for 1 hour at 37°C. Thereafter, cells were washed three times with 

PBS. Immediately afterwards, images and quantifications were done using Alexa647 

and Hoechst channel of the Operetta microscope. 

 

4.2.11	Tietze	assay	

Tietze assay was performed to assess the quantitative determination of glutathione 

levels using an enzymatic recycling method. For the assay, 2 x 105 cells per sample 

were used. The whole cell pellet was reconstituted in PBS and 5% sulfosalicylic acid 

(SSA) in assay buffer (1:3). Samples were frozen (-80°C) and thawed three times to 

crack cells. Afterwards, samples were centrifuged (15 minutes, 4°C, 13000 rpm). GSH 

concentrations of 0, 10, 20, 40, 80, 160, and 320 µM (in assay buffer) were mixed with 

5% SSA (1:3) and used for the calibration curve. For the GSH determination, assay 

buffer with freshly added 0.34 mM NADPH, 6 mM DTNB in assay buffer, water, and 

supernatant or the appropriate GSH concentration (7:1:1:0.5) were added to a 1.5 ml 

cuvette and incubated for 20 minutes at room temperature. Afterwards, reaction was 

started by adding glutathione reductase (GR) (20 U/ml in assay buffer) (0.5:0.95) as 

GR reduces in the presence of NADPH GSSG to 2 GSH. GSH concentrations were 

then determined by observing the rate of change in absorption at 412 nm in a 
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spectrophotometer. Concentrations of GSH were calculated relative to known standard 

concentrations and cell number. 

 

4.2.12	Mass	spectrometry	analysis	

4.2.12.1	Metabolite	extraction	of	cells	

For metabolite extraction of cells, cells were seeded in a 10 cm dish in a specified 

number and treated as indicated. For sample preparation, medium was aspirated and 

cells were washed with PBS. Afterwards, dishes were put in liquid nitrogen for               

30 seconds. Next, plates were put on ice. Cells were scraped using 800 µl of a 

methanol/water mix (6.3:3.7) and transferred into an Eppendorf tube. Then, 500 µl of 

chloroform was added, samples were mixed 5 minutes at 4°C using a vortex mixer and 

subsequently centrifuged at 14000 rpm, 4°C for 15 minutes. The upper phase was 

transferred to a new Eppendorf tube and 400 µl of methanol/water/chloroform 

(1.07:8.82:0.11) were added. Samples were again mixed and centrifuged. Thereafter, 

the upper phase was again transferred to a new Eppendorf tube, evaporated with 

nitrogen for 30 minutes, and subsequently dried in the speedvac. Mass spectrometry 

was performed by Dr. Werner Schmitz (Department of Biochemistry and Molecular 

Biology, University of Würzburg) using a QExactive orbitrap mass spectrometer, 

equipped with a heated electrospray ion source (Thermo Scientific, San Jose, CA). 

The sample injection was performed by direct injection at a flow rate of 10 µl/min. 

 

4.2.12.2	Water-soluble	metabolite	extraction	of	tumor	tissue	

To determine water-soluble metabolites of tumor tissue, 25 mg of tumor tissue was 

homogenized in water (1:50) using a homogenizer. 200 µl of the homogenate was 

mixed with 800 µl 0.1 µM lamivudine in methanol (1:4). Afterwards, samples were 

mixed, sonicated, again mixed, and centrifuged at full speed for 2 minutes. In the 

meantime, SPE columns were activated with 1 ml of acetonitrile and equilibrated with 

1 ml of a methanol/water mix (80:20). Then, supernatant of the samples was 

transferred to the column and the eluate was dried in the speedvac. Mass spectrometry 

measurements were performed by Dr. Werner Schmitz (Department of Biochemistry 

and Molecular Biology, University of Würzburg) using QExactive orbitrap mass 

spectrometer, equipped with a heated electrospray ion source (Thermo Scientific, San 

Jose, CA). The sample injection was performed by direct injection at a flow rate of       
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10 µl/min. For normalization of the mass spectrometry data, protein concentration of 

homogenate was determined using Bradford reagent. 

 

4.2.13	RNA-Seq	analysis	

For RNA sequencing, RNA was isolated from cells using the RNeasy Kit (Qiagen) 

according to the manufacturer’s protocol. RNA was determined by the Experion 

bioanalyzer (Biorad). Poly-A+ RNA was isolated from 500 ng of total RNA using the 

NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB). Libraries for RNA 

sequencing were prepared using the NEBNext Ultra RNA Library Prep Kit for Illumina 

according to the manufacturer’s instructions. DNA libraries were amplified with 12 PCR 

cycles. Library quantities were determined by using the Experion bioanalyzer. 

Sequencing was performed by Dr. Carsten Ade (Department of Biochemistry and 

Molecular Biology, University of Würzburg) using a NextSeq500 Illumina (NB500931) 

platform. Afterwards, data was processed by Dr. Susanne Kneitz (Department of 

Physiological Chemistry, University of Würzburg) using STAR 

[https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3530905/], RSEM 

[https://bmcbioinformatics.biomedcentral.com/articles/10.1186/1471-2105-12-323], 

and DESeq2 

[https://bioconductor.org/packages/3.7/bioc/vignettes/DESeq2/inst/doc/DESeq2.html] 

software, followed by gene set enrichment analysis (GSEA, BROAD Institute).  
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4.2.14	Melanoma	mouse	model	

4.2.14.1	Genetic	melanoma	mouse	model	

All mice were maintained on a C57BL/6 background. The Tyr-CreERT2, BRAFV600E/wt, 

Pten-/- melanoma model has been described [73]. Thereby gaining better 

physiological tumor development conditions, heterozygous Pten status was chosen. 

The status of Tyr-Cre, BRAF and Pten were analyzed by PCR.  

 
 

 

 

 

 

  

Tyr-CreERT2 Step Temperature Time 

16.7 µl H2O dd 1 95°C pause 

2.5 µl 10x ReproFast buffer 2 95°C 3’ 

1 µl forward primer (10 pmol/µl) 3 95°C 30’’ 

1 µl reverse primer (10 pmol/µl) 4 51.7°C 1’ 

1 µl forward primer (10 pmol/µl) 5 72°C 1’ 

1 µl reverse primer (10 pmol/µl) 6 72°C 2’ 

0.3 µl  His-Taq DNA-Polymerase (5 U/µl)  7 12°C pause 

0.5 µl dNTPs (10 mM)    

1 µl template     

BRAFV600E/Pten Step Temperature Time 

18.7 µl H2O dd 1 95°C pause 

2.5 µl 10x ReproFast buffer 2 95°C 3’ 

1 µl forward primer (10 pmol/µl) 3 95°C 30’’ 

1 µl reverse primer (10 pmol/µl) 4 63°C 1’ 

0.3 µl  His-Taq DNA-Polymerase (5 U/µl)  5 72°C 1’ 

0.5 µl dNTPs (10 mM) 6 72°C 2’ 

1 µl template  7 12°C pause 

Cth Step Temperature Time 

18.6 µl H2O dd 1 95°C pause 

2.5 µl 10x ReproFast buffer 2 95°C 3’ 

1 µl forward primer (10 pmol/µl) 3 95°C 30’’ 
0.5 µl reverse primer (10 pmol/µl) 4 56°C 1’ 

0.5 µl reverse primer (10 pmol/µl) 5 72°C 1’ 

0.4 µl  His-Taq DNA-Polymerase (5 U/µl)  6 72°C 2’ 

0.5 µl dNTPs (10 mM) 7 12°C pause 

1 µl template     
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For localized melanoma induction, tumors were initiated in 6-8 weeks old mice by 

topical administration of 4-hydroxytamoxifen (4-OHT; 4 mM in ethanol) on the back 

skin while anesthetized with ketamine/xylazine in 0.9% NaCl (1:3:12). In this regard,     

7.2 µl/g ketamine/xylazine were intraperitoneally injected. 4-OHT treatment was 

repeated on two successive days. After 8-10 weeks, tumor formation occurred and was 

daily monitored and documented. For mice receiving PAG, treatment was performed 

twice a week by intraperitoneal injection of 200 mg/kg PAG in 0.9% NaCl after tumor 

had reached a diameter of 4 mm.  

 

4.2.14.2	Injection	of	murine	melanoma	cells	into	mice	

For the infection of murine melanoma cells subcutaneously into the flanks of mice, 

murine cells were treated with 1x trypsin in EDTA. Then, 1 x 104 cells were 

resuspended in 200 µl PBS and pipetted into a syringe.  

Next, mice were anesthetized with ketamine/xylazine as described above (4.2.14.1). 

At the flank of the mouse, hair was removed and disinfected. Skin was carefully pulled 

up with a tweezer and cells were injected visibly through bump formation. Tumor onset 

and growth were daily monitored and documented.  

 

4.2.14.3	Establishment	of	murine	melanoma	cell	line	from	tumor	tissue		

For the establishment of a mouse melanoma cell line from tumor tissue, described 

D4M3A mouse melanoma cells were subcutaneously injected in C57BL/6 mice as 

shown above (4.2.14.2) [72]. The isolated tumor was washed twice with PBS and cut 

with a scalpel. Tumor digestion was performed using 2 mg/ml collagenase type I (CLS) 

in HBSS buffer for 1 hour at 37°C. Afterwards, tumor was dissociated with a 1 ml 

pipette and tumor cells were dispersed with the help of a cell strainer (70 µm). Then, 

isolated tumor cells were washed once in DMEM medium and once in PBS. Cells were 

then cultured in D10 in an incubator.  

 

4.2.14.4	Immunohistochemistry	and	histopathology		

Mouse tumor, lymph node, liver, and lung tissue were fixed in 4% PFA, embedded in 

paraffin and sectioned. Sections were deparaffinized, rehydrated, and stained with 

hematoxylin and eosin or processed for immunohistochemistry for SOX10 and TTF1 
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stainings. For the SOX10 staining, the antibody was used in a 1:50 dilution and target 

retrieval was performed at pH 9.0. The TTF1 antibody was used in a 1:400 dilution and 

target retrieval was done at pH 6.1. Both stainings were conducted according to the 

manufacturer’s protocol. Verification was performed with the polymer technic 

appropriate to the manufacturer’s instruction. All stainings were performed and 

analyzed by Dr. Mathias Rosenfeldt (Institute of Pathology, University of Würzburg). 
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5.	Results	

5.1	Inhibition	of	cysteine	de	novo	biosynthesis		

5.1.1	Inhibition	of	CTH	within	the	TSP	

The de novo biosynthesis of cysteine within the transsulfuration pathway (TSP) is one 

major cysteine supply mechanism. To investigate the importance of the cysteine de 

novo synthesis, I explored the role of CTH, the last enzyme in the TSP. The enzymatic 

activity of CTH was blocked using small interfering RNA (siRNA) or the 

pharmacological inhibitor DL-propargylglycine (PAG) [74]. Figure 6A depicts the crystal 

structure of CTH with its binding sites to PAG (turquoise). Inhibition of CTH by siRNA-

mediated knockdown of CTH and the pharmacological inhibition using 10 mM PAG 

strongly depleted cell viability after 3 days in UACC 62 melanoma cells (Figure 6B).  
 

 

Figure 6: CTH inhibition decreases melanoma cell viability 
A: Crystal structure of CTH with its binding sites to PAG. The image is a courtesy of Jochen Kuper 
(Department of Structural Biology, RVZ, University of Würzburg). B: MTT assay of UACC 62 cells shows 
cell viability in response to CTH inhibition via siRNA-mediated knockdown or 10 mM PAG after 3 days. 
C: MTT assay of different human melanoma cell lines after 3 days of PAG treatment. Cell viability of 
treated cells was normalized to either control siRNA (B) or untreated control cells (C). Values were 
calculated from two biological experiments in triplicates. Significant differences were based on 
corresponding controls, respectively. Statistical analysis was done using t-test, *P<0.05, **P<0.01, 
***P<0.001 (B and C). D: Western blot analysis of CTH in different melanoma cell lines after 3 days with 
10 mM PAG. Vinculin served as loading control.  
 
Additionally, MTT assay of a panel of human melanoma cell lines revealed a reduced 

cell viability in all investigated melanoma cell lines after PAG treatment (Figure 6C). 

Protein expression of CTH was slightly decreased in several melanoma cell lines, 

including UACC 62, A375, Bro, and SkMel2 while in other cell lines protein expression 

of CTH was increased (MelHo, M14) or not affected (SkMel28) upon 3 days of 10 mM 

PAG (Figure 6D).   
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Next, long-term inhibition of CTH was investigated in melanoma cells. Therefore, two 

treatment strategies were used (Figure 7A). One included inhibitor treatment for              

5 days, followed by 10 days of recovery, i.e., inhibitor withdrawal (A) and the second 

option encompassed 15 days of inhibitor treatment (B). For comparison, I investigated 

long-term treatment effects of the inhibitors PLX4032 (shortly Plx; BRAFV600E inhibitor) 

and PD184532 (shortly PD; MEK inhibitor) [75]. These two inhibitors constitute good 

controls as they represent the standard of care for many melanoma patients [76]. 

However, to achieve good effects, these inhibitors must be constantly applied, also in 

vitro. Therefore, it was investigated whether PAG inhibition showed an advantage in 

regard to the common BRAF/MEK inhibition. Both inhibitors reduced cell viability of the 

examined melanoma cell lines A375, M14, and UACC 62, only when applied 

continuously (B) while treatment for 5 days followed by 10 days of inhibitor withdrawal 

allowed cells to recover and to form colonies (A) (Figure 7B).  

 

 
Figure 7: Long-term CTH inhibition leads to decreased melanoma cell survival  
A: Overview of the two treatment strategies (A) 5 days of inhibitor treatment followed by 10 days of 
recovery (inhibitor withdrawal); (B) 15 days of inhibitor treatment. Medium was exchanged every three 
days. B and C: Cells were seeded at low density (500 cells/well of a 6-well dish) and cultivated for           
15 days according to the two treatment strategies with either 2 µM Plx, 2 µM PD (B) or 5 mM PAG (C) 
to allow visible colony formation. Thereafter, cells were stained with 2% crystal violet and pictures were 
taken. 
 
In contrast to Plx and PD treatment, PAG treatment showed a strong reduction of 

melanoma cell viability under both conditions without any signs of cellular recovery 

(Figure 7C).  
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These findings show the important role of cysteine de novo biosynthesis in melanoma 

cell survival as inhibition of CTH had a strong impact on cell viability and irreversibly 

reduced proliferation capacity. 

 

5.1.2	Compensation	of	CTH	inhibition	by	antioxidants		

The next question to address was whether application of antioxidants can compensate 

the antiproliferative effect of CTH inhibition. Next to a reduction of cysteine levels, CTH 

inhibition may also lead to alterations in hydrogen sulfide (H2S), a gaseous transmitter, 

which is produced by CBS and CTH and is known as antioxidant. To investigate 

whether additional H2S has a beneficial effect on melanoma cells per se, the H2S donor 

GYY4137 (GYY), which slowly releases H2S into the cells, was used [77].  

 

 
Figure 8: H2S donor GYY4137 does not rescue PAG-dependent growth inhibition  
A: MTT assay showing cell viability of different melanoma cell lines after 5 days of treatment with two 
different concentrations (50 or 200 µM) of GYY. Significant differences were based on corresponding 
controls, respectively. B: Cell viability of different melanoma cells after 5 days of 10 mM PAG or 
combination of PAG and GYY treatment (MTT assay). Cell viability of treated cells was normalized to 
untreated cells, respectively (A) and (B). Calculations were made from two independent experiments, 
each in triplicates. Statistical analysis was performed using Student‘s t-test, *P<0.05, **P<0.01, 
***P<0.001. C: Western blot analysis of CTH after 5 days of PAG or GYY treatment in different 
melanoma cell lines. Vinculin served as loading control.  
 

Before testing a potential function of GYY in rescuing CTH inhibitor effect, I tested its 

influence on cell viability using 50 µM or 200 µM GYY. The MTT assay revealed only 

minor effects of GYY on cell viability in most investigated melanoma cell lines, with the 

exception of Bro cells which were inhibited in growth (Figure 8A). In addition, GYY was 
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not able to recover cell growth of PAG treated melanoma cells (Figure 8B). GYY even 

enhanced the inhibitory effect of PAG in the Bro melanoma cell line, likely because 

GYY generally blocks cell growth of Bro cells (Figure 8B). Besides, GYY did not alter 

CTH protein expression, as shown by western blot (Figure 8C).  

To investigate whether CTH inhibition can be rescued by other ROS scavengers, 

several antioxidants were chosen for further exploration. To examine whether G6PD, 

which is involved in NADPH regeneration, was able to compensate CTH inhibition, 

doxycycline-inducible G6PD overexpressing M14 and UACC 62 melanoma cell lines 

were generated using the pSB-ET-iE vector (empty or G6PD). RT-qPCR analysis of 

G6PD showed strongly induced G6PD mRNA levels in both cell lines after 3 days of   

1 mg/ml doxycycline (Figure 9A).  

 

Figure 9: Rescue of CTH inhibition  
A: RT-qPCR analysis of G6PD in M14 and UACC 62 cells transfected with doxycycline-inducible G6PD 
overexpressing construct or pSB-ET-iE empty vector. Calculations were made from two individual 
experiments, each done in triplicates. B: Representative pictures showing GFP expression of pSB-ET-
iE empty or G6PD overexpressing construct after doxycycline (1 mg/ml) treatment for 3 days in M14 
and UACC 62 cells. C: Manual counting of melanoma cells after 5 days of 10 mM PAG or 10 mM PAG 
and rescue reagents (GRE: 1 mM, NAC: 2 mM, taurine 10 mM), respectively. Counted cells were 
normalized to untreated control cells. Calculations were made from two independent experiments, each 
in triplicates. Statistical analysis was performed using Student‘s t-test, *P<0.05, **P<0.01, ***P<0.001 
(A) and (C).  
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Moreover, fluorescent microscopy revealed GFP expression in M14 and UACC 62 

cells with either empty or G6PD overexpressing construct upon 1 mg/ml doxycycline 

(Figure 9B). Figure 9C shows that G6PD overexpression led to a full or partial 

proliferation rescue of melanoma cells in presence of PAG. In addition, other 

antioxidants were tested: 1 mM GRE (glutathione reduced ethyl ester), 2 mM NAC (N-

acetylcysteine) or 10 mM taurine. Only addition of NAC was able to rescue the 

inhibitory effect of PAG in both melanoma cell lines (Figure 9C).  

Taken together, only supplementation of cysteine or generation of NADPH by NAC or 

G6PD, respectively, could counteract the effect of CTH inhibition in vitro.  

 

5.2	Investigation	of	cystine	import	in	melanoma	

5.2.1	Targeting	the	xCT	antiporter	system	in	human	melanoma	cells	

To assess the importance of the second main supplier of cysteine, the role of cystine 

import in melanoma cells was investigated. The cystine importer xCT is an antiporter 

system that imports cystine by the exchange of glutamate and can be functionally 

blocked when cystine is withdrawn from the medium.  

Manual counting of a panel of melanoma cell lines after 7 days of cystine withdrawal 

revealed no impairment on melanoma cell proliferation (Figure 10A). As cystine import 

is tightly linked to glutathione synthesis [78], GSH (reduced glutathione) and GSSG 

(oxidized glutathione) levels were measured using mass spectrometry. As expected, 

cystine withdrawal strongly reduced GSH and GSSG concentrations in M14 melanoma 

cells already after 3 days (Figure 10B). In parallel, ROS levels were significantly 

elevated (Figure 10C).  
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Figure 10: Targeting the xCT antiporter system 
A: Proliferation assay of different melanoma cell lines either cultured in control or cystine-free medium. 
Cells were manually counted after 7 days and normalized to controls. Values were calculated from two 
biological experiments, each done in duplicates. B: Glutathione was measured by mass spectrometry 
in duplicates in M14 cells after 3 days in either control medium or medium without cystine. C: M14 
melanoma cells were cultured in control or cystine-free medium for 3 days. Thereafter, cells were stained 
with CellRox reagent and deep red intensities were measured using the Operetta microscope. Values 
were calculated from two independent experiments, each done in triplicates. D: Representative images 
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from different human melanoma cell lines and the renal cell carcinoma cell line RCC4 after 5 days of 
maintenance in either control or cystine-free medium. E: MTT assay of M14 cells after treatment with 
different DFO concentrations (0, 1, 5, 10, 50 and 75 µM) for 3 days (left). Calculations were made from 
two individual experiments, each done in triplicates. Right: Representative microscopic pictures of M14 
cells after DFO treatment (5 days). Statistical analysis was done using t-test, *P<0.05, **P<0.01, 
***P<0.001.  
 
 

It was previously described that inhibition of xCT or glutathione depletion induces 

ferroptosis in cancer types such as renal cell carcinoma, hepatocellular carcinoma, and 

ovarian cancer [79]. To compare the appearance of melanoma cells kept in cystine-

free medium with the phenotype of the ferroptosis-sensitive renal cell carcinoma cell 

line RCC4, melanoma cells and RCC4 cells were maintained in cystine-free medium 

for 5 days. Microscopic analysis revealed that only the renal cell carcinoma cells RCC4 

were highly stressed while the melanoma cell lines looked unaffected when kept in the 

absence of cystine (Figure 10D). These data imply that the melanoma cells do not 

respond to ferroptosis inducers.  

Furthermore, it was shown that ferroptosis can be rescued by the addition of iron 

chelators impeding the increase of intracellular iron [80]. Thus, I used different 

concentrations of deferoxamine (DFO) to see whether this iron chelator had any effect 

on M14 melanoma cell survival upon cystine withdrawal. MTT assay of DFO treated 

M14 cells, maintained in control or cystine-free medium for 3 days, revealed a 

decrease in cell viability in a DFO-dependent manner. Microscopic pictures confirmed 

the toxic effect of DFO treatment in M14 melanoma cells as shown by the increased 

number of detached cells in response to DFO treatment (Figure 10E).  

Taken together, this data indicates that cystine withdrawal depleted glutathione levels, 

thereby enhancing ROS. Besides, cystine withdrawal did not impair melanoma cell 

proliferation and did not cause ferroptosis in the investigated melanoma cells.  
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5.2.2	Cystine	withdrawal	upregulates	compensatory	antioxidant	mechanisms	

To get insight into the molecular changes caused by cystine withdrawal, RNA 

sequencing (RNA-Seq) was performed after 7 days of cystine withdrawal in M14 cells. 

RNA-Seq revealed an upregulation of 6096 genes while 49 genes were downregulated 

under cystine withdrawal (fold change >2, P<0.05). Subsequently, GSEA (gene set 

enrichment analysis) was performed. Interestingly, cystine withdrawal led to a strong 

upregulation of the HALLMARK pathway “reactive oxygen species“, indicating the 

upregulation of antioxidant compensation mechanisms (Figure 11A). Accordingly, 

GSH and GSSG levels were strongly depleted (Figure 11B) while ROS levels were 

enhanced (Figure 11C). However, the ROS increase was much less compared to a 

positive control treated with hydrogen peroxide (Figure 11C). Validation of selected 

upregulated genes was performed by RT-qPCR and the induction of general 

antioxidant genes upon cystine withdrawal was confirmed (Figure 11D). Next to the 

upregulation of antioxidant factors on transcriptional level, western blot analysis of CTH 

and CBS showed a strong induction of the transsulfuration pathway in response to 

cystine withdrawal (Figure 11E).  
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Figure 11: RNA sequencing after cystine withdrawal in M14 cells  
A: Heat plot of the HALLMARK pathway “reactive oxygen species pathway“ after RNA sequencing 
(RNA-Seq) in cells treated with control or cystine-free medium for 7 days. B: Glutathione was measured 
by mass spectrometry in M14 cells in duplicates after 7 days of either control medium or cystine 
withdrawal. C: M14 melanoma cells were cultured in control medium or cystine-free medium for 7 days. 
Thereafter, cells were stained with CellRox reagent and deep red intensities were measured with the 
Operetta microscope. H2O2 served as a positive control for CellRox assay. Calculations were made from 
two biological experiments, each done in triplicates. D: RT-qPCR validation of antioxidant genes after 7 
days of cystine withdrawal. The dashed line indicates the controls, respectively, which were set as 1. 
Values were calculated from two individual experiments, each done in triplicates. Significant differences 
were based on corresponding gene expression of controls, respectively. E: Western blot analysis of 
CTH and CBS in M14 cells after 3, 5 and 7 days of cystine withdrawal. For CBS, the upper band indicates 
the specific size of the protein. Vinculin served as loading control. Statistical analysis was made using 
paired t-test, *P<0.05, **P<0.01, ***P<0.001.  
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The antioxidant gene set included many classical target genes of the transcription 

factor and master regulator of antioxidant defense, NRF2. Indeed, cystine withdrawal 

increased the nuclear translocation of NRF2 as detected by immunofluorescence 

(Figure 12A). To test the involvement of NRF2 in antioxidant gene regulation, their 

expression was investigated by RT-qPCR in response to NRF2 knockdown, using two 

independent siRNA-mediated knockdowns of NFE2L2 (Figure 12B). In fact, the 

induction of most antioxidant genes was suppressed when NRF2 was depleted, 

indicating NRF2 dependency. 

 
Figure 12: NRF2 target genes in M14 cells 
A: M14 cells cultivated in control or cystine-free medium for 7 days. Subsequently, cells were fixed, 
immunostained with NRF2 (red) or Hoechst (blue) and investigated by fluorescence microscopy.             
B: RT-qPCR analysis of NRF2 target genes in M14 cells with two independent siRNA-mediated 
knockdowns of NFE2L2 after 3 days while maintained in cystine-free medium. Gene expression of 
siRNA-mediated knockdown was normalized to control siRNA, which was set as 1. Calculations were 
made from two experiments, each analyzed by two independent real-time PCR’s. Statistical analysis 
was done using Student‘s t-test, *P<0.05, **P<0.01, ***P<0.001.  
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5.2.3	Cystine	withdrawal	leads	to	induction	of	EMT-like	genes	and	dedifferentiation		

Besides the upregulation of antioxidant genes, cystine withdrawal led to the 

upregulation of a group of genes termed “epithelial-mesenchymal transition” (Figure 

13A). Different EMT marker genes, including several matrix metalloproteinases, were 

validated by RT-qPCR with MMP1 (matrix metalloproteinase 1), MMP3 (matrix 

metalloproteinase 3), and CYR61 (cysteine-rich angiogenic inducer 61) being the 

highest upregulated genes (Figure 13B). EMT-like genes are involved in invasiveness 

and metastatic spread of cancer cells [81, 82]. Remarkably, a probeset of 220 

phenotypically well-characterized melanoma cell lines revealed a significant 

enrichment of MMP1, MMP3, and CYR61 in the invasive phenotype (Figure 13C) [83].  

To explore whether the upregulation of EMT-like genes goes along with increased 

migration and invasion capacities in melanoma cells, transwell migration and matrigel 

invasion assay of M14 cells were performed. Indeed, cells maintained in cystine-free 

medium showed an increased migration and invasion potential compared to control 

cells (Figure 13D, E).  
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Figure 13: RNA-Seq revealed upregulation of EMT-like genes 
A: Heat plot of the HALLMARK pathway “epithelial-mesenchymal transition“ after RNA-Seq in cells 
treated with control or cystine-free medium for 7 days. B: RT-qPCR validation of upregulated EMT-like 
genes in M14 cells after 7 days of cystine withdrawal. The dashed line indicates the controls, 
respectively, which were set as 1. Calculations were made from two individual experiments, each done 
in triplicates. Significant differences were based on corresponding gene expression of controls, 
respectively. C: Classification of melanoma cells by phenotype-specific MMP1, MMP3, and CYR61 gene 
expression according to Widmer et al., 2012 [83]. Analysis of a probeset of 220 samples of melanoma 
cell lines reveals significant expression of these genes in the invasive compared to the proliferative 
phenotype. D: Transwell migration assay of M14 melanoma cells in either control or cystine-free 
medium. Cells were allowed to migrate for 8 hours. Thereafter, pictures were taken (left) and quantified 
(right). E: Matrigel invasion assay of M14 cells in control medium or cystine-free medium. Cells were 
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allowed to invade for 22 hours. Afterwards, pictures were taken (left) and quantified (right). Values were 
calculated from two biological experiments, each done in duplicates (D and E). Statistical analysis was 
done using t-test, *P<0.05, **P<0.01.  
 
 

In case of the antioxidant targets, I could identify NRF2 as responsible transcription 

factor for upregulation of these genes. Interestingly, the transcription factor FOSL1 

which was previously associated with EMT in breast cancer [84], was among the top 

25 most regulated genes deregulated by cystine withdrawal, thus being a possible 

candidate as regulator of EMT-like genes (Figure 14A).  

Our group recently described FOSL1 as a potent oncogenic factor in melanoma with 

the ability to mediate transformation and reprogramming of melanocytes [85]. To 

confirm the induction of FOSL1 in regard to cystine withdrawal in M14 melanoma cells, 

FOSL1 expression was analyzed on RNA and protein level after different time points. 

FOSL1 expression was increased in a time-dependent manner in M14 cells on RNA 

and protein level after cystine withdrawal (Figure 14B). Since FOSL1 is known to be 

involved in the induction of MMP1 and MMP3 in other cancer types like breast cancer 

[86], I tested whether FOSL1 was also responsible for the induction of MMP1 and 

MMP3 in melanoma cells. Therefore, siRNA-mediated knockdown of FOSL1 was 

performed (Figure 14C, D). This prevented the induction of MMP1 and MMP3 by 

cystine withdrawal (Figure 14C). In parallel, FOSL1 knockdown prevented the 

enhanced migration and invasion in M14 melanoma cells that was otherwise observed 

after cultivation in cystine-free medium (Figure 14E).  
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Figure 14: Strong upregulation of FOSL1 in melanoma cells under cystine withdrawal 
A: Table of the top 25 genes upregulated in response to cystine withdrawal. Please note that FOSL1 is 
the highest upregulated transcription factor. B: RT-qPCR (left) and western blot analysis (right) of FOSL1 
expression after 3, 5 and 7 days of cystine withdrawal in M14 cells. The dashed line indicates the 
controls, respectively, which were set as 1. Values were calculated from three individual experiments, 
each done in duplicates. Significant differences were based on corresponding gene expression of 
controls, respectively. C: RT-qPCR analysis of FOSL1, MMP1, and MMP3 after siRNA-mediated 
knockdown of FOSL1 under cystine withdrawal. Gene expression was normalized to control siRNA in 
control medium, which was set as 1. Calculations were made from three biological experiments, each 
done in duplicates. D: Western blot analysis of FOSL1 protein expression after siRNA-mediated 
knockdown of FOSL1. Vinculin served as loading control. E: Transwell migration as well as matrigel 
invasion assay after siRNA-mediated knockdown of FOSL1 in M14 cells, kept in absence of cystine. 
Counted cells were normalized to control siRNA in control medium as described above (Figure 13D, E). 
Calculations were made from two experiments, each done in duplicates. Significant differences were 
based on corresponding controls, respectively. Statistical analysis was made using Student‘s t-test, 
*P<0.05, **P<0.01, ***P<0.001.  
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Melanomas are described to switch during melanoma progression from the 

proliferative to the invasive phenotype by upregulation of EMT marker and 

downregulation of differentiation genes [87]. This phenotypic switch is also seen in 

melanoma in vivo [88]. 

To test whether the strong induction of EMT marker genes after cystine withdrawal 

goes along with dedifferentiation, I investigated the expression of MITF, the master 

regulator of melanocytes and melanoma cells [89]. Western blot analysis of M14 cells 

revealed a strong reduction of MITF protein expression after cystine withdrawal (Figure 

15A). Furthermore, MITF and its targets tyrosinase (TYR) and dopachrome 

tautomerase (DCT) were suppressed on mRNA level (Figure 15B). MITF 

immunofluorescence revealed a relocation of MITF from the nucleus to the cytosol, 

thereby confirming dedifferentiation (Figure 15C).  

 
Figure 15: Cystine depletion leads to dedifferentiation 
A: Western blot of MITF in M14 cells under conditions of cystine depletion for 7 days. Vinculin served 
as loading control. B: RT-qPCR analysis of MITF and its downstream targets TYR and DCT in M14 cells 
after 7 days of cystine withdrawal. The dashed line indicates the controls, which were set as 1. 
Calculations were done from three independent experiments, each done in duplicates. Significant 
differences were based on corresponding gene expression of controls, respectively. Statistical analysis 
was done using t-test, *P<0.05, **P<0.01. C: MITF immunofluorescence of M14 cells maintained in 
control or cystine-free medium for 7 days.  
 

In conclusion, these data imply a phenotypic switch with upregulation of the 

transcription factor FOSL1 and EMT-like genes accompanied by enhanced migration 

and invasiveness while differentiation is repressed.  

  



	 	 	 	 	 																															5			Results	
 

 57  

5.2.4	Role	of	ATF4	in	response	to	cystine	withdrawal	

The activated transcription factor 4 (ATF4) is known to be induced in response to 

oxidative stress, amino acid limitation or ER stress by phosphorylation of EIF2a [90]. 

In a previous study, it was shown that ATF4 is induced upon ROS, leading to the 

repression of MITF [92]. I observed a strong induction of ATF4 within the group of 

“unfolded protein response” upon cystine withdrawal in my RNA-Seq data which could 

be confirmed by real-time PCR (Figure 16A) and immunofluorescence (Figure 16B). 

ATF4 expression was also detected on protein level, where it was inversely correlated 

to MITF expression (Figure 16C). 

 

 
Figure 16: ATF4 expression upon cystine withdrawal 
A: RT-qPCR analysis of ATF4 in response to control medium or cystine withdrawal for 7 days in M14 
cells. B: ATF4 immunofluorescence of M14 cells maintained in control or cystine-free medium for 7 days. 
C: Western blot analysis of ATF4 and MITF in M14 cells kept for 7 days in control or cystine-free medium. 
Vinculin served as loading control. D: Co-immunoprecipitation of FOSL1 and interaction partners in M14 
melanoma cells. Immunoprecipitation of M14 control and M14-FOSL1 cells stimulated for 3 days with 
doxycycline (1 mg/ml; +Dox) or unstimulated (-Dox). Immunoprecipitation was performed with anti-
FOSL1. Jun D served as a positive control for FOSL1 co-IP as it is a known binding partner of FOSL1. 
Vinculin served as loading control. E: ATF4 was immunoprecipitated from M14 cells, maintained in 
control or cystine-free medium for 7 days. 1 mg protein lysate was used for immunoprecipitation. As 
control, 10% of protein lysate was applied for input. The blots were probed for FOSL and ATF4. Vinculin 
served as loading control.  
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Interestingly, Reinke et al. showed by FRET analysis that FOSL1 and ATF4 were 

interaction partners in human systems [91]. To address the question whether FOSL1 

and ATF4 were interaction partners in human melanoma cells, immunoprecipitation 

was performed with anti-FOSL1-antibody, using M14 cells expressing pSB-ET-iE 

empty or FOSL1 overexpressing construct after 3 days of stimulation with doxycycline             

(1 mg/ml) or unstimulated (Figure 16D). Jun D served as positive control for FOSL1 

co-immunoprecipitation as their interaction was shown before [85]. In a second 

experiment, I pulled down ATF4 in M14 cells kept in control medium or under cystine 

withdrawal conditions. However, an interaction between FOSL1 and ATF4 in M14 

melanoma cells was not detected (Figure 16D, E).  

Despite a lack of interaction between FOSL1 and ATF4, ATF4 might be involved in the 

regulation of phenotypic switch genes in a FOSL1-independent manner, e.g., by 

regulating MITF as described previously. To test this, I generated ATF4 knockout M14 

cells using the CRISPR/Cas9 method (Figure 17A) [92]. This knockout approach was 

chosen in order to prevent residual expression of ATF4, which is still possible under 

conditions of siRNA-mediated knockdown (data not shown). Under basal conditions, 

ATF4 knockout M14 cells showed similar proliferation as control M14 cells (Figure 

17B). I observed by RT-qPCR that expression of FOSL1 and MMP3 were unaffected 

while MMP1 was decreased upon ATF4 knockout. Besides, mRNA levels of MITF were 

upregulated (Figure 17C). 

Furthermore, I examined the effect of ATF4 knockout on the oxidative stress response 

using cystine-free medium. Western blot analysis revealed no induction of ATF4 upon 

cystine withdrawal in ATF4 knockout M14 cells. In M14 control cells, cystine withdrawal 

induced ATF4 expression. However, MITF reduction was less pronounced under ATF4 

knockout conditions (Figure 17D). On mRNA level, ATF4 knockout had no effect on 

the induction of MMP1 and MMP3 by cystine withdrawal but prevented the suppression 

of MITF and DCT (Figure 17E). 
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Figure 17: ATF4 knockout and oxidative stress 
A: Western blot analysis of ATF4 in wildtype and ATF4 knockout M14 cells (M14_koATF4). Wildtype 
M14 cells, maintained in cystine-free medium served as positive control for ATF4 expression. Actin 
served as loading control. B: Proliferation assay of wildtype and ATF4 knockout M14 cells. Cells were 
manually counted after 3 days and normalized to control. ATF4 knockout was mediated by 
CRISPR/Cas9. Calculations were made from two independent experiments, each done in duplicates. 
C: RT-qPCR analysis of genes involved in phenotypic switch in ATF4 knockout M14 cells. Gene 
expression was normalized to wildtype M14 cells, which were set as 1, indicated by the dashed line. 
Values were calculated from three biological experiments, each done in duplicates. Significant 
differences were based on corresponding gene expression of controls, respectively. D: Western blot 
analysis of ATF4 and MITF in wildtype and ATF4 knockout M14 cells after 3 days of control or cystine-
free medium. Actin served as loading control. E: Gene expression analysis by RT-qPCR of MMP1, 
MMP3, MITF, and DCT of M14 wildtype and ATF4 knockout cells after 3 days in either control or cystine-
free medium. The expression of MMP3 fluctuated in the three individual experiments, thus a significant 
difference was not visible using unpaired t-test. However, a significant difference was observed when 
paired t-test was applied (P<0.03), suggesting ATF4 not regulating the expression of MMP3. Gene 
expression was normalized to wildtype M14 cells, which were set as 1. Values were calculated from 
three individual experiments, each done in duplicates. Statistical analysis (B, C, E) was made using 
Student‘s t-test, *P<0.05, **P<0.01, ***P<0.001.  
 

Taking together, these results indicate a strong induction of ATF4 in response to 

cystine withdrawal, with ATF4 likely being involved in suppression of differentiation 

genes.  	
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5.2.5	Phenotypic	switch	as	general	mechanism	in	melanoma	cell	lines		

To address the question whether the occurrence of the phenotypic switch is a general 

phenomenon in melanoma cells in response to cystine withdrawal and glutathione 

depletion, I tested a panel of melanoma cell lines differing in their driver mutation and 

MITF status (Figure 18A). Although after 7 days of cystine withdrawal overall 

glutathione levels were reduced in all five melanoma cell lines (A375, UACC 62, UACC 

257, SkMel2, and SkMel28) (Figure 18B), they were not impaired in survival and 

proliferation (Figure 10A). To investigate the protein expression of ATF4, FOSL1, and 

MITF in those cell lines, western blot was conducted after 7 days of cystine withdrawal 

(Figure 18C). A parallel induction of ATF4 and FOSL1 by cystine withdrawal was only 

detected in cell lines expressing high levels of MITF (UACC 257, SkMel2, and 

SkMel28), which also showed the typical MITF repression previously observed in M14 

cells (Figure 18C). UACC 62 cells, expressing low MITF levels, solely showed an 

increase of FOSL1. In the MITF-deficient A375 cells, none of the proteins were altered 

(Figure 18C). On RNA level, the phenotypic switch was not detected in MITF-deficient 

A375 cells but in all other cell lines. RT-qPCR analysis of the FOSL1 target genes 

MMP1 and MMP3 showed a strong upregulation in all melanoma cell lines except A375 

cells, where FOSL1 was not altered. Also, MITF downstream targets TYR and DCT 

were downregulated in most cell lines (Figure 18D).  

Next, transwell migration and matrigel invasion assays were performed for UACC 257 

and SkMel28 cells, two MITF-proficient cell lines with evidence of the cystine 

withdrawal-induced phenotypic switch. As cultivation in cystine-free medium was not 

possible in these cell lines under the migration conditions, which need to be done with 

reduced FCS, cystine levels were reduced to 20%. Under these conditions, overall 

glutathione levels were strongly reduced (Figure 18E). Also, migration capacity was 

enhanced in UACC 257 and SkMel28 cells after maintenance for 7 days in medium 

containing 20% cystine (Figure 18F). In addition, SkMel28 cells also showed increased 

invasion capacity (Figure 18G).  

Altogether, these data indicate the phenotypic switch as a general mechanism of MITF-

proficient melanoma cells in response to cystine withdrawal.  
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Figure 18: EMT induction as general mechanism in response to cystine withdrawal 
A: Table of melanoma cell lines with their driver mutation and MITF status. B: Overall glutathione levels, 
as measured by the Tietze assay, in different melanoma cell lines after cystine withdrawal for 7 days. 
Measurements were performed in duplicates. C: Western blot analysis of ATF4, FOSL1, and MITF in 
different melanoma cell lines after 7 days of cystine depletion. Vinculin served as loading control. D: RT-
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qPCR analysis of the EMT-like genes MMP1 and MMP3 (upper row) and differentiation genes TYR and 
DCT (lower row) after 7 days of cystine withdrawal in several melanoma cell lines. The dashed line 
indicates the respective controls, which were set as 1. Calculations were made from four individual 
experiments, each done in duplicates. Significant differences were based on corresponding gene 
expression of controls, respectively. E: Determination of overall glutathione levels by Tietze assay after 
7 days of control medium or medium containing 20% cystine in UACC 257 and SkMel28 cells.                    
F: Transwell migration assay in UACC 257 and SkMel28 cells after 7 days of control medium or medium 
containing 20% cystine. Cells were fixed, stained and quantified. Values were calculated from three 
biological experiments, each done in duplicates. Although the mean value derived from three 
experiments was not significant in UACC 257 cells, the trend of enhanced migration was seen in all.    
G: Matrigel invasion assay of UACC 257 and SkMel28 cells after 7 days in control or 20% cystine 
medium. Cells were fixed, stained, and quantified. Statistical analysis was done using paired t-test, 
*P<0.05, **P<0.01, ***P<0.001.  
 
 

5.2.6	Cysteine	compensation	rescues	features	of	the	phenotypic	switch	

To address the question whether induction of EMT-like genes and dedifferentiation can 

be rescued by cysteine compensation, N-acetylcysteine (NAC), a membrane 

permeable cysteine precursor, was applied. Addition of 2 mM NAC to M14 cells 

maintained in cystine-free medium for 7 days completely rescued overall glutathione 

levels as shown in Figure 19A. Moreover, NAC prevented the suppression of MITF 

targets TYR and DCT and the induction of FOSL1 targets MMP1 and MMP3 caused 

by cystine withdrawal on RNA level (Figure 19B). In addition, adding 2 mM NAC to 

cells maintained in cystine-free medium prevented the induction of migration (Figure 

19C).  

 
Figure 19: Cysteine compensation prevents the effects of cystine withdrawal 
A: Overall glutathione levels, as measured by the Tietze assay in duplicates in M14 cells after cystine 
withdrawal for 7 days. Where indicated, 2 mM N-acetylcysteine (NAC) was added. Glutathione levels 
were normalized to those of untreated control cells. B: RT-qPCR analysis of the differentiation genes 
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TYR and DCT (upper graphs) and EMT-like genes MMP1 and MMP3 (lower graphs) after 7 days of 
cystine withdrawal with or without 2 mM NAC in M14 melanoma cells. Expression was normalized to 
untreated control cells. Values were calculated from three individual experiments, each done in 
triplicates. C: Transwell migration assay of M14 melanoma cells after 7 days of cystine depletion and 
addition of 2 mM NAC, where indicated. Cells were counted and normalized to untreated control cells. 
Migration assay was conducted in duplicates. Statistical analysis was done using Student‘s t-test, 
*P<0.05, **P<0.01, ***P<0.001.  
 
 

In conclusion, this data shows that NAC treatment prevents all features of the 

phenotypic switch in melanoma cells, demonstrating that alterations of the cysteine 

supply are causative for the phenotypic switch.  

 

5.2.7	GSH	depletion	is	responsible	for	phenotypic	switch	 

As shown in Figure 10B and 11B, cystine withdrawal results in a strong depletion of 

glutathione in accordance with the published observation that cysteine incorporated 

into glutathione is primarily obtained through xCT activity [78]. To investigate whether 

glutathione depletion is responsible for the phenotypic switch, buthionine sulfoximine 

(BSO), an inhibitor of the first enzyme of glutathione synthesis called glutamylcysteine-

ligase or GCL, was applied to melanoma cells.  

Application of 500 µM BSO for 5 days slightly increased proliferation of M14 melanoma 

cells (Figure 20A). Mass spectrometry measurements of glutathione revealed strongly 

depleted reduced glutathione (GSH) levels in response to BSO (Figure 20B). Inhibition 

of glutathione synthesis by BSO upregulated compensatory antioxidant genes like 

SLC7A11, CTH, and GCLM (Figure 20C) and increased protein expression of CTH 

and CBS (Figure 20D). Interestingly, ATF4 was reduced on RNA level, but FOSL1 and 

the EMT-like genes MMP1 and MMP3 were upregulated. Moreover, mRNA levels of 

MITF were downregulated, comparable to the effect of cystine withdrawal (Figure 20E). 

In addition, transwell migration and matrigel invasion assay revealed a significantly 

enhanced migration and invasion capacity in BSO treated M14 cells compared to 

control cells (Figure 20F).  
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Figure 20: GSH depletion leads to phenotypic switch  
A: Proliferation assay of control or BSO treated M14 melanoma cells. Cells were treated for 5 days with 
500 µM BSO and then, cells were counted manually. Calculations were made from triplicates. BSO 
treated cells were normalized to untreated control cells. B: Reduced glutathione measurement by mass 
spectrometry of M14 cells with 5 days of 500 µM BSO. Measurements were performed in duplicates. 
Oxidized glutathione levels were too low to be determined. C: RT-qPCR analysis of antioxidant genes 
in M14 cells, untreated or BSO treated for 5 days. Calculations were made from two biological 
experiments, each done in triplicates. Expression of BSO treated cells was normalized to control cells. 
D: Western blot of CTH and CBS after 5 days of control or BSO treatment (500 µM) in M14 melanoma 
cells. E: RT-qPCR analysis of ATF4, FOSL1, MMP1, MMP3, and MITF after 5 days of BSO treatment. 
Gene expression of BSO treated cells was normalized to control cells. Values were calculated from two 
individual experiments, each done in triplicates. F: Transwell migration and matrigel invasion assay of 
BSO treated M14 melanoma cells. After migration or invasion, photos were taken and cells were 
counted. Counted cells were normalized to untreated M14 cells. Calculations were made from two 
experiments, each done in duplicates. Statistics was done using Student‘s t-test, *P<0.05, **P<0.01, 
***P<0.001.  
 

Taken together, glutathione depletion by BSO treatment led to the same effects of 

cystine withdrawal, thus demonstrating that glutathione depletion is causative for the 

phenotypic switch.   
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5.2.8	Inhibition	of	other	antioxidant	pathways		

As the previous results show an invasion-promoting phenotypic switch by glutathione 

depletion in melanoma cells, I was interested whether the inhibition of other nodes of 

the cysteine supply and other antioxidant pathways showed similar effects.  

A functional blockade of xCT can not only be caused by cystine depletion but also by 

a lack of glutamate which is required to drive the cystine/glutamate antiporter xCT 

(Figure 21A). As glutamate is frequently derived from extracellular glutamine sources 

[93], I addressed the question whether glutamine withdrawal has a similar effect as 

cystine withdrawal in melanoma cells. First, I investigated the influence of glutamine 

withdrawal on cell viability in A375, M14, and UACC 62 melanoma cells. Given the fact 

that glutamine is also required for the tricarboxylic acid (TCA) cycle and for the supply 

of building blocks [94], it is understandable that glutamine withdrawal diminishes 

proliferation in contrast to cystine withdrawal (Figure 21B). RT-qPCR analysis revealed 

that 5 days of glutamine withdrawal strongly upregulated expression of CTH, CBS, and 

SLC7A11 (Figure 21C). Protein expression analysis displayed FOSL1 induction after 

glutamine withdrawal, although less pronounced than under conditions of cystine 

withdrawal (Figure 21D). However, gene expression analysis by RT-qPCR showed an 

induction of ATF4, FOSL1, MMP1, and MMP3 while mRNA levels of MITF were 

repressed (Figure 21E). 
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Figure 21: Glutamine starvation and its effect on melanoma cells 
A: Schematic overview of glutamine/glutamate metabolism. Glutamate is required for the TCA cycle but 
is also exported from the cell by the xCT antiporter system in exchange for cystine. Glutamine withdrawal 
blocks the xCT antiporter system and may lead to similar effects as cystine withdrawal. B: MTT assay 
of A375, M14, and UACC 62 melanoma cells after 5 days of glutamine withdrawal. Cell viability was 
normalized to untreated control cells, respectively. Calculations were made from three experiments, 
each done in triplicates. Significant differences were based on corresponding controls. C: RT-qPCR 
analysis of antioxidant genes in M14 cells after 5 days of glutamine withdrawal. Gene expression of cells 
under glutamine withdrawal was normalized to control cells. Values were calculated from two individual 
experiments, each done in duplicates. Significant differences were based on corresponding gene 
expression of controls, respectively. D: Western blot analysis of FOSL1 in M14 cells after 5 days of 
either cystine or glutamine withdrawal. Vinculin served as a loading control. E: Gene expression analysis 
by RT-qPCR of ATF4, FOSL1, MMP1, MMP3, and MITF after 5 days of glutamine withdrawal in M14 
melanoma cells. Gene expression of cells under glutamine withdrawal was normalized to control cells. 
Calculations were made from three biological experiments, each done in duplicates. Statistical analysis 
was done using t-test, *P<0.05, **P<0.01, ***P<0.001.  
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Next, PAG was used to inhibit CTH and thereby the cysteine de novo biosynthesis. 

Mass spectrometric analysis of glutathione levels revealed that treatment with 10 mM 

PAG for 3 days strongly depleted GSH and GSSG concentrations (Figure 22A). RT-

qPCR analysis showed that upon PAG treatment SLC7A11 was upregulated. In 

addition, due to inhibition of CTH by PAG, CTH expression was increased while GCLM 

expression was not altered (Figure 22B). Also, ATF4, FOSL1 and its target genes 

MMP1 and MMP3 were induced while expression of MITF was suppressed, although 

to a lower extent compared to cystine withdrawal (Figure 22C). Accordingly, PAG 

treatment enhanced migration capacity of M14 melanoma cells (Figure 22D).  

 
Figure 22: Inhibition of CTH by PAG in melanoma cells 
A: Mass spectrometry analysis of GSH and GSSG measurements in M14 melanoma cells after 3 days 
of PAG treatment (10 mM). Measurements were conducted in duplicates. B: RT-qPCR analysis of 
antioxidant genes in M14 cells after 3 days of PAG treatment. Calculations were made from two 
biological experiments, each done in triplicates. C: Gene expression analysis by RT-qPCR of ATF4, 
FOSL1, MMP1, MMP3, and MITF after 3 days of 10 mM PAG in M14 melanoma cells. Calculations were 
made from two experiments, each analyzed by two independent real-time PCR’s. Gene expression of 
PAG-treated cells was normalized to control cells (B, C). D: Transwell migration assay of control and 
PAG-treated (10 mM) cells. Cells were counted after 3 days and normalized to control M14 cells. Values 
were calculated from two experiments, each done in duplicates. *P<0.05, **P<0.01, ***P<0.001 
(Student‘s t-test).  
 

Next, it was tested whether enzymes involved in recycling of reduced glutathione are 

involved in the phenotypic switch. After reduced GSH has been oxidized to GSSG, it 

is converted back to GSH in a NADPH-dependent enzyme reaction, catalyzed by 

glutathione reductase. The availability of NADPH has, therefore, the potential to limit 
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GSH levels. The main supplier of NADPH is the pentose phosphate pathway, where 

glucose 6 phosphate dehydrogenase (G6PD) and phosphogluconate dehydrogenase 

(PGD) catalyze the reduction of NADP+ to NAPDH. G6PD und PGD were inhibited 

using 6-aminonicotinamide (6-AN) [95].  

 
Figure 23: Inhibition of the pentose phosphate pathway by 6-AN 
A: Mass spectrometric measurements of GSH and GSSG in M14 melanoma cells after 3 days of               
6-aminonicotinamide (6-AN, 100 µM) treatment. Glutathione determination was performed in duplicates. 
B: Transwell migration assay of control cells and cells treated with 6-AN (100 µM) for 3 days. Cells were 
counted and normalized to control M14 cells. Calculations were made from duplicates. C: RT-qPCR 
analysis of ATF4, FOSL1, MMP1, MMP3, and MITF after 3 days of 6-AN treatment (100 µM) in M14 
melanoma cells. Calculations were made from two biological experiments, each done in duplicates. 
*P<0.05, **P<0.01, ***P<0.001 (Student‘s t-test).  
 

Mass spectrometry was performed to examine glutathione levels in M14 melanoma 

cells treated with 100 µM 6-AN for 3 days. Remarkably, 6-AN treatment reduced GSH 

levels but did not significantly alter GSSG levels (Figure 23A). Also, 6-AN increased 

migration potential in the investigated melanoma cell line after 3 days (Figure 23B). 

Besides, gene expression analysis revealed an induction of ATF4, FOSL1, MMP1, and 

MMP3 on transcriptional level while MITF expression was suppressed (Figure 23C).  

Next to GSH, thioredoxin is an important intracellular antioxidant, which is involved in 

various redox and detoxification processes [96]. Inhibition of this pathway can be 

achieved by using auranofin (AUR), an inhibitor of the thioredoxin reductase [97].   
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Mass spectrometry analysis revealed that treatment with auranofin for 3 days showed 

a slight but non-significant increase of GSH levels with no alterations of GSSG levels 

in M14 cells (Figure 24A). Furthermore, analysis of FOSL1 and EMT-like genes 

showed no effect upon auranofin treatment on mRNA level (Figure 24B). In addition, 

auranofin treatment had no effect on migration potential of M14 melanoma cells (Figure 

24C).  

 

Figure 24: Inhibition of the thioredoxin pathway  
A: Mass spectrometry analysis of reduced (GSH) and oxidized (GSSG) glutathione in M14 melanoma 
cells after 3 days of auranofin treatment (250 nM). Measurements were performed in duplicates.              
B: Gene expression analysis by RT-qPCR of FOSL1, MMP1, and MMP3 after 3 days of 250 nM 
auranofin. Treated cells were normalized to controls, which were set as 1. Calculations were made from 
two experiments, each analyzed by two independent real-time PCR’s. C: Transwell migration assay of 
control cells and cells treated with 250 nM auranofin for 3 days. Thereafter, cells were counted and 
normalized to control M14 cells. Calculations were done from duplicates. *P<0.05, **P<0.01, ***P<0.001 
(Student‘s t-test). 
 

In conclusion, inhibition of enzymes involved in glutathione synthesis and maintenance 

but not in the thioredoxin pathway led to the induction of the phenotypic switch, 

characterized by upregulation of FOSL1, EMT-like genes and enhanced migration, and 

repression of differentiation. This indicates that glutathione depletion is the crucial step 

in induction of the phenotypic switch.  
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5.2.9	Inhibition	of	DNA	methyltransferases	leads	to	similar	phenotypic	switch	

The depletion of glutathione in melanoma cells is generally accompanied by the 

compensatory induction of enzymes of the transsulfuration pathway (Figure 11C, 20D). 

This might result in a dysbalance of TSP metabolites. Methionine is not only required 

for cysteine de novo synthesis in the TSP but also for DNA methylation, where S-

adenosylmethionine (SAM) acts as important methyl group donor for DNA 

methyltransferases (Figure 25A) [98]. It was previously shown that glutathione 

depletion and oxidative stress had impacts on DNA methylation capability [99, 100]. 

To address the question whether an active TSP induced by cystine withdrawal and 

glutathione depletion might be potentially connected to altered DNA methylation,          

5-Azacytidine (5-Aza), an inhibitor of the DNA methyltransferase, was used to mimic 

reduced SAM availability. 

Western blot analysis of M14 cells after 3 days of either 1 or 2 µM 5-Aza showed a 

strong repression of MITF expression, whereas FOSL1 expression was induced 

(Figure 25B). Gene expression analysis of the EMT-like genes MMP1 and MMP3 

revealed an upregulation due to treatment of 1 µM 5-Aza. Besides, a downregulation 

of the differentiation genes TYR and DCT was observed (Figure 25C). Transwell 

migration assay confirmed that the upregulation of FOSL1 and the EMT marker genes 

went along with an increased migration potential of M14 melanoma cells in response 

to 1 µM 5-Aza (Figure 25D). Interestingly, 5-Aza furthermore increased cellular 

glutathione levels (Figure 25E), suggesting an interplay between glutathione synthesis 

and DNA methylation.  

Altogether, these data demonstrate that inhibition of DNA methyltransferases by 5-Aza 

leads to a similar phenotypic switch as glutathione depletion, implying that the 

glutathione depletion-dependent reprogramming of melanoma cells might be caused 

by global changes in DNA methylation. 
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Figure 25: Inhibition of DNA methylation by 5-Aza 
A: Schematic overview of the transsulfuration pathway (TSP) showing the de novo biosynthesis of 
cysteine from methionine. Main metabolites within cysteine synthesis are displayed. Abbreviations: 
methionine (Met), S-adenosylmethionine (S-Ado-Met), S-adenosylhomocysteine (S-Ado-HCys), 
homocysteine (HCys), methionine adenosyltransferase (MAT), S-adenosylhomocysteine hydrolase 
(AHCY), DNA- methyltransferases (DNMTs). B: Western blot analysis of MITF and FOSL1 in M14 cells 
after 3 days of treatment with 5-Aza (1 and 2 µM). Vinculin served as loading control. C: RT-qPCR 
analysis of the EMT-like genes MMP1 and MMP3 and the differentiation genes TYR and DCT after 3 
days of either DMSO or 5-Aza (1 µM) treatment in M14 cells. Calculations were made from two biological 
experiments, each done in duplicates. D: Transwell migration assay of M14 cells in response to control 
(DMSO) or 5-Aza (1 µM) treatment. Migrated cells were normalized to DMSO control. Values were 
calculated from two experiments, each done in duplicates. E: Overall glutathione levels, as measured 
by the Tietze assay, in M14 cells treated with 5-Aza (500 or 1000 nM) for 3 days. Glutathione levels 
were normalized to those of the DMSO control. Values were calculated from two biological experiments, 
each done in duplicates. Statistical analysis was done using t-test, *P<0.05, **P<0.01, ***P<0.001.  
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5.3	Inhibition	of	glutathione	synthesis	in	murine	melanoma	cells	

To test the phenotypic switch in vivo, a model system based on orthotopic 

transplantation of melanoma cells was developed.  

First, it was tested how murine B16F1 and D4M3A.781 melanoma cells behaved in 

response to BSO treatment. B16F1 melanoma cells are characterized by their strong 

MITF expression and pigmentation while D4M3A.781 cells are devoid of MITF and 

melanin [72]. Treatment with 500 µM BSO for 5 days reduced overall glutathione levels 

in B16F1 and D4M3A.781 cells (Figure 26A). Also, gene expression of Mitf was 

significantly decreased but the MITF targets Tyr and Dct were only slightly 

downregulated by BSO in B16F1 cells (Figure 26B). In D4M3A.781 cells, expression 

of differentiation genes was generally not detectable. Gene expression of Fosl1, 

Mmp3, and Atf4 was clearly upregulated in B16F1 cells while D4M3A.781 cells showed 

no alterations if expressed (Figure 26C).  

 
Figure 26: Inhibition of glutathione synthesis in murine melanoma cells 
A: Determination of overall glutathione levels in B16F1 and D4M3A.781 cells after 5 days of BSO 
treatment (500 µM). Total glutathione was measured in two individual experiments in duplicates. B: RT-
qPCR analysis of the differentiation genes Mitf, Tyr, and Dct after 5 days of 500 µM BSO in B16F1 and 
D4M3A.781 cells. C: Gene expression analysis by RT-qPCR of Fosl1, Mmp3, and Atf4 in B16F1 and 
D4M3A.781 cells after 5 days of BSO treatment (500 µM). Gene expression of BSO treated cells was 
normalized to controls, respectively. Significant differences were based on corresponding gene 
expression of controls, respectively (B, C). Statistical analysis was performed using t-test, *P<0.05, 
**P<0.01, ***P<0.001. n.d.: not detectable.  
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For in vivo studies, a CRISPR/Cas9-mediated Gclc knockout was generated for B16F1 

and D4M3A.781 cells. Gclc is the glutamate-cysteine ligase catalytic subunit and 

catalyzes the first step of glutathione synthesis.  

Sequencing of the genomic DNA revealed that the amino acid sequences of both Gclc 

alleles showed a premature stop codon compared to the wildtype sequence, indicating 

the successful knockout of Gclc and a nonfunctional protein in the B16F1 and 

D4M3A.781 cell line (Figure 27A). As expected, Gclc knockout led to GSH depletion 

in B16F1 and D4M3A.781 cells. Notably, endogenous GSH levels were much lower in 

the unpigmented D4M3A.781 cells compared to the pigmented B16F1 cells (Figure 

27B). In B16F1, but not D4M3A.781 cells, glutathione depletion went along with an 

upregulation of Fosl1 and Mmp3 and a downregulation of Mitf, Tyr, and Dct (Figure 

27C). In D4M3A.781, expression of differentiation genes was generally not detectable 

(Figure 27C). 

 
Figure 27: Gclc knockout results in dedifferentiation of murine melanoma cells  
A: Amino acid sequences of wt and Gclc knockout in B16F1 and D4M3A.781 cells showing a premature 
stop codon in both alleles of Gclc knockout cells, respectively. B: Determination of reduced glutathione 
(GSH) levels in B16F1 and D4M3A.781 wildtype or Gclc knockout cells by mass spectrometry. 
Calculations were made from duplicates. C: RT-qPCR analysis of Mitf, Tyr, Dct, Fosl1, and Mmp3 in 
B16F1 and D4M3A.781 wildtype or Gclc knockout cells. Gene expression was normalized to wildtype 
B16F1 or D4M3A.781 cells, respectively, which were set as 1. Calculations were made from three 
individual experiments, each done in duplicates. Significant differences were based on corresponding 
gene expression of controls, respectively. Statistical analysis was performed using t-test, *P<0.05, 
**P<0.01, ***P<0.001. n.d.: not detected.  
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Taken together, inhibition of glutathione synthesis by either BSO or stable knockout of 

Gclc in the MITF-proficient B16F1, but not the MITF-deficient D4M3A.781 mouse 

melanoma cells showed a similar phenotypic switch as observed previously in human 

melanoma cells. B16F1 cells were therefore used for orthotopic transplantation into 

immunocompetent C57BL/6 mice. In accordance with the in vitro data, B16F1 Gclc 

knockout cells revealed an enhanced aggressive phenotype, indicated by a 

significantly earlier tumor onset compared to control B16F1 injected mice (Figure 28). 

Metastasis capability could not be analyzed in this mouse model, as mice had to be 

killed due to the strong growth of the primary tumor before metastases were observed 

(data not shown).  

 

Figure 28: Investigation of Gclc knockout in vivo  
Tumor onset of C57BL/6 mice, injected with either 1 x 104 control or Gclc knockout B16F1 cells, 
respectively. Tumor onset and growth were daily monitored and documented.  
 

In conclusion, glutathione depletion is not only compatible with melanoma cell survival, 

but it enhances aggressive cancer behavior by mediating the phenotypic switch in 

melanoma. It is therefore highly important to avoid glutathione reduction in the 

therapeutic context.  

 



	 	 	 	 	 																							6				Discussion	
 

 75  

6.	Discussion	
The main finding of my thesis was the unexpected role of glutathione depletion in 

melanoma, which resulted in cellular reprogramming and a more aggressive type of 

the disease.  

6.1.	Targeting	antioxidants	in	cancer	

New curative approaches are of high interest for melanoma patients with poor 

response to current therapies. As cancer cells are known to have elevated ROS levels 

compared to normal cells due to genetic alterations and enhanced metabolic activity, 

targeting antioxidants is considered as promising approach in treating cancer, either 

as monotherapy or in combination with existing therapies [101].  

Until now, the role of antioxidants in cancer is controversially discussed, as they are 

associated with pro- and anti-tumorigenic effects.  

The anti-tumorigenic role of antioxidants can be seen in the context of the transcription 

factor NRF2, which is the master regulator of antioxidant genes. Nrf2 can protect 

against skin cancer development in mice. It was shown by auf dem Keller and 

colleagues that mice expressing a dominant-negative mutant of Nrf2 had an earlier 

tumor onset and exhibited more papillomas per mouse compared to control mice, 

expressing wildtype Nrf2 [102].  

However, antioxidants can also have pro-tumorigenic effects. Antioxidants like 

catalase and glutathione or NRF2 are enhanced in certain cancer types such as 

leukemia, gastric and lung cancer [103-105]. It was previously shown in patients with 

diabetes that antioxidant antidiabetic drugs do not increase the risk of developing 

cancer but enhance metastases of already existing tumors by activating NRF2. 

Additionally, the authors could confirm this observation in several cancer entities such 

as colon, hepatic, breast, lung, and ovary cancer as well as melanoma in vitro and in 

vivo [106]. In addition, it was reported that supplementation of antioxidants like N-

acetylcysteine (NAC) increased metastases of mice with malignant melanoma and 

enhanced the invasion potential in human melanoma cells, indicating a pro-

tumorigenic effect of antioxidants during cancer therapy [107, 108]. This could be due 

to the fact that melanoma cells that have left the primary tumor endured oxidative 

stress, which limited their ability to migrate, invade, and form metastases, but which 

could be overcome by antioxidant supplementation. Melanoma metastases displayed 
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lower levels of GSH and a lower GSH/GSSG ratio compared to primary tumors of 

controls. Supplementation of NAC could increase both GSH level and the GSH/GSSG 

ratio in metastases but not in primary tumors, thus enabling metastasis formation [107].  

Other studies could show that inhibition of antioxidants prevents tumor development 

and metastases [47, 109]. In mammary tumors and rhabdomyosarcoma, it was 

demonstrated that combinatorial inhibition of glutathione synthesis and the thioredoxin 

pathway was successful to reduce colony formation and cell growth. However, 

inhibition of a single antioxidant pathway was not sufficient to induce cell death in these 

tumor entities as compensatory antioxidants filled in to buffer ROS levels. Moreover, it 

was shown in vivo that only early inhibition of glutathione synthesis was successful to 

impair tumorigenesis while inhibition upon mammary tumor or sarcoma onset had no 

effect on the tumor burden [47].  

Cystine, the oxidized form of cysteine, is considered as main source of cellular 

cysteine. Once inside the cell, it is immediately reduced to cysteine by GSH or TXN1 

reductase and then quickly incorporated into glutathione. It was shown that inhibition 

of cyst(e)ine with cyst(e)inase, an engineered enzyme that systemically depleted 

cystine and cysteine, led to GSH depletion while ROS levels were enhanced in mice 

and non-human primates. This inhibition led to cell death and reduced tumor growth in 

prostate allograft as well as in breast and prostate xenograft models [110].  

Altogether, these findings indicate that antioxidants may have pro- and anti-

tumorigenic features, probably depending on the tumor type and the stage of the 

disease.  

 

6.2	Ferroptosis	in	cancer	

During the last couple of years, the discovery of a novel type of cell death revealed the 

importance of the cysteine/glutathione metabolism in cancer. The inhibition of the xCT 

system, the resulting glutathione depletion, and enhanced ROS are associated with 

ferroptosis. Ferroptosis was first reported in 2012 in fibrosarcoma and osteosarcoma 

cells in the lab of Brent Stockwell and describes a non-apoptotic cell death, which is 

caused by xCT and glutathione inhibition or by loss of activity of the lipid repair enzyme 

glutathione peroxidase 4 (GPX4) [69, 80]. Thus, the following accumulation of redox-

active iron and the resulting lipid peroxidation trigger this type of cell death [79, 111]. 
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The glutathione system plays an essential role in the prevention of ferroptosis as it 

provides GSH which is used as cofactor by GPX4 for the reduction of lipid 

hydroperoxides to lipid alcohols or free hydrogen peroxide to water, thereby 

diminishing ROS [111].  

Ferroptosis can be induced by erastin or sulfasalazine, both inhibiting cystine uptake 

by the xCT antiporter system [69]. This causes an inhibition of tumor growth and 

invasion in several tumor entities like lymphoma, hepatocellular and ovarian cancer, 

glioma, renal cell, pancreatic, and bladder carcinoma [112-114]. Furthermore, 

impairment of glutathione synthesis by BSO is also linked to the induction of ferroptosis 

[115, 116]. Additionally, the inhibition of GPX4 by the ferroptosis activator RSL3 results 

in enhanced lipid peroxidation and thus, the induction of ferroptosis [69].  

Ferrostatin-1, a specific drug-like small molecule was identified to overcome ferroptosis 

and to rescue its features. Ferrostatin-1 is a potent inhibitor of erastin-induced 

ferroptosis by inhibiting lipid peroxidation and preventing the accumulation of ROS [80]. 

Additionally, application of an iron chelator like deferoxamine (DFO) is known to 

impede the increased cellular iron pool, thereby inhibiting the erastin-induced iron-

overload and ferroptosis [79, 111].  

In contrast to the numerous mentioned cancer types with high ferroptosis sensitivity, 

my results showed that melanoma cell lines are surprisingly resistant to ferroptosis 

despite strong glutathione depletion and enhanced ROS. Even when Gclc was 

knocked out from melanoma cells, they continued to proliferate and even showed 

enhanced aggressive potential. A possible explanation for this observation might be 

the presence of the melanocytic lineage factor MITF in most melanoma cell lines. MITF 

is a transcription factor and the master regulator of melanocytes and melanoma cells 

[89, 117, 118]. Among other target genes, MITF induces genes involved in pigment 

production [119] and is therefore associated with a differentiated phenotype [120, 121]. 

Interestingly, it was recently reported that melanoma cell lines expressing high levels 

of MITF, i.e., displaying a melanocytic phenotype, are less sensitive towards the 

ferroptosis inducers erastin or RSL3 compared to undifferentiated melanoma cells 

[122]. Generally, principal component analysis (PCA) of melanoma cells showed 

strong clustering in accordance to their differentiation status (Figure 29A). This went 

along with a distinct clustering of MITFhigh and MITFlow expressing cells (Figure 29B), 

thus demonstrating that MITF expression is a good marker for melanoma cells with 
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melanocytic or transitory features [http://systems.crump.ucla.edu/dediff/index.php] 

[122]. In addition, publicly available data from the Cancer Therapeutics Response 

Panel show that MITF expression correlates with resistance towards ferroptosis 

inducers in skin tissue (Figure 29C) 

[https://portals.broadinstitute.org/ctrp/?featureName=MITF].  

 
Figure 29: Expression-dependent clustering of melanoma cell lines and responsiveness to 
ferroptosis inducers  
A: Principal component analysis (PCA) of melanoma cells indicates clustering in accordance with their 
differentiation status. B: PCA of melanoma cell lines revealed clusters due to their MITF status. The 
comparison between A and B shows that undifferentiated and neural crest-like melanoma cells show 
low MITF expression, while transitory and melanocytic cells show high MITF expression 
[http://systems.crump.ucla.edu/dediff/index.php]. C: Sensitivity correlation of MITFhigh expressing cells 
towards ferroptosis inducers like ML162, RSL3 and ML210 
[https://portals.broadinstitute.org/ctrp/?featureName=MITF].  
 

In my study, none of the human melanoma cells was sensitive to cystine withdrawal, 

which is regarded as inducer of ferroptosis. Most of the cell lines I used harbored 

endogenous MITF. However, the MITF-deficient A375 cells were also insensitive to 

cystine withdrawal. Furthermore, the endogenous Gclc knockout was possible in the 

MITF-proficient B16F1 cell line as well as the MITF-deficient D4M3A.781 cell line. A 

possible explanation for this discrepancy might be the ferroptosis inducer, which was 

the pharmacological inhibition of GPX4 and xCT by RSL3 and erastin, respectively, in 

the study by Tsoi and colleagues [122] in contrast to glutathione depletion by BSO, 

cystine withdrawal or Gclc knockout in my study. It was previously described that BSO 

is less potent in the induction of ferroptosis compared to xCT and GPX4 inhibitors 

[115]. This might imply that glutathione-independent effects also play a role in 

ferroptosis induction by these inhibitors. The xCT inhibitor erastin also directly binds 

the mitochondrial voltage-dependent anion channels VDAC2 and VDAC3, thereby 

slowing down the oxidation of NADH and altering the membrane permeability, which 

results in mitochondrial dysfunction and oxidant release [111]. Additionally, inhibition 

of xCT also results in an imbalance of glutamate [123]. RSL3 is a direct inhibitor of 
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GPX4, thus directly inhibiting lipid peroxidation [111]. Therefore, glutathione-

independent effects could also play a role in the induction of ferroptosis by erastin. 

However, my results suggest that only MITF-proficient melanoma cells undergo the 

phenotypic switch upon glutathione depletion, which implies that MITF is necessary for 

the cellular reprogramming towards a more aggressive type of the disease. 

	

6.3	Glutathione-dependent	induction	of	a	phenotypic	switch	in	melanoma	

The phenotypic switch was accompanied by a strong induction of the transcription 

factor FOSL1, a member of the AP-1 (activator protein-1) transcription factor family of 

basic region leucine zippers (bZIP). AP-1 transcription factors constitute of dimers, 

formed by members of the FOS, Jun, ATF/CREB, and MAF families and are involved 

in regulating a broad range of cellular processes like proliferation, migration, and 

invasion [124]. In melanoma, FOSL1 is controlled by MEK/ERK1/2 and PI3K pathways 

[85, 125]. In line with my detection of FOSL1 as inducer of EMT genes such as MMP1 

and MMP3 as well as migration and invasion, FOSL1 expression is enhanced in 

metastatic melanomas compared to primary melanomas [85]. In other cancer types 

such as epithelium-derived colon and breast cancer, FOSL1 is also involved in EMT 

processes thereby promoting invasion and metastasis [126, 127]. In breast cancer and 

osteosarcoma, FOSL1 induces the EMT gene MMP1 thereby increasing motility, 

invasiveness, and metastases [86, 128]. Recently, our group described a role of 

FOSL1 in reprogramming, dedifferentiation, and transformation of melanocytes by 

implementing pro-tumorigenic transcription factors [85]. Accordingly, several groups 

have reported a correlation of FOSL1 with an EMT-like and dedifferentiated phenotype. 

Generally, expression of FOSL1 and MITF are inversely correlated [129-131].  

Along with the upregulation of EMT genes, differentiation genes like the transcription 

factor MITF and its downstream targets TYR and DCT were repressed by glutathione 

depletion. High expression of MITF is associated with a proliferative and melanocytic 

phenotype while low expression of this transcription factor is linked to an invasive 

phenotype [89]. Melanocytic MITF target genes encompass genes involved in melanin 

production and melanosome maturation, including TYR, DCT, TYRP1 (tyrosinase 

related protein 1), AIM1 (absent in melanoma 1), and MART-1 (melanoma antigen 

recognized by T-cells 1) [119]. In addition, MITF controls cell cycle progression by 

inducing CDK2 (cyclin-dependent kinase 2) and CDK4 [132, 133]. In my RNA-Seq 
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data, I observed an upregulation of CDK4 in response to glutathione depletion, 

whereas MITF is suppressed. This suggests that in my model, this gene is 

predominantly regulated by other mechanisms. This is in accordance with the 

observation that proliferation is not inhibited in response to glutathione depletion.  

Melanoma cells are described to switch forth and back between a proliferative and an 

invasive phenotype to enhance disease progression, but the switch can also be caused 

by specific triggers such as TNFa or the neurotrophin receptor CD271 [129, 134]. 

MITFlow cells are also found in vivo in tumor subpopulations with a slow-cycling 

phenotype. These cells were shown to be important for melanoma maintenance, 

invasion, and drug resistance [135]. MITF blocks invasion by several mechanisms. The 

depletion of MITF increased melanoma cell invasion by, e.g., elevating the intracellular 

GTP pools, which resulted in a larger number of invadopodia and increased invasion 

[83, 136]. Additionally, it was shown that low or depleted MITF increases invasion of 

melanoma cells by regulation of Dia1. Dia1 is a RhoA-effector that controls actin-

dependent processes like cell motility and thus, resulting in MMP2 expression and 

ROCK-dependent invasiveness [137, 138].  

Interestingly, MITFhigh cells are frequently sensitive towards targeted therapy with 

BRAFV600E or MEK inhibitors while MITFlow expressing melanoma cells exhibit drug 

resistance [139]. In accordance, it was demonstrated that melanoma cells with a 

dedifferentiated phenotype display an overall mesenchymal signature and show 

strongly decreased responsiveness to targeted and immunotherapy [38, 140-144]. 

Notably, melanoma cells with acquired BRAF or BRAF/MEK inhibitor resistance are 

usually resistant to an ensuing immune therapy [145]. Tsoi et al. confirmed that BRAF 

inhibitor-resistant melanoma cells are dedifferentiated and express a mesenchymal 

signature. Interestingly, this went along with reduced GSH levels [122], thus implying 

that GSH reduction might also be relevant for the development of resistance 

mechanisms. In line with this, I also observed decreased glutathione levels in BRAF 

inhibitor-resistant SkMel28 and 451lu cells (Appendix Figure 1B) [146]. However, GSH 

was only decreased by 30% in both BRAF inhibitor-resistant cell lines, while the 

reduction by cystine withdrawal or BSO treatment was at least 65%. It is currently 

unclear whether such a slight reduction of GSH leads to the induction of the phenotypic 

switch. This will have to be investigated in more detail on the basis of selected 

parameters, like MITF expression as well as migration and invasion potential.  
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A translational reprogramming of melanoma cells towards an invasive and therapy-

resistant phenotype was also observed upon glutamine limitation [147]. Additionally, it 

was shown by Marsboom and colleagues that glutamine withdrawal leads to a strong 

depletion of GSH and the GSH/GSSG ratio [148]. In line with this, I observed that 

glutamine withdrawal leads to a similar phenotypic switch as cystine withdrawal. 

Moreover, it was reported that glutamine starvation suppresses MITF in an ATF4-

dependent manner [147]. ATF4 is induced by cellular stress via phosphorylated EIF2a 

[149]. Ferguson et al. have previously shown that ROS-induced ATF4 suppresses the 

expression of MITF [93], and the link between ATF4 and MITF was confirmed in the 

present study in the context of GSH depletion. Generally, ATF4 has been attributed a 

tumor-promoting function, as it is often upregulated in tumors and its expression is 

mainly involved in metastases and drug-resistance in epithelial cancers and glioma 

[150, 151].  

In conclusion, ATF4 seems to be a crucial factor for the "dedifferentiation" part of the 

phenotypic switch by suppressing MITF but leaving MMP1 and MMP3 unaffected. In 

contrast, FOSL1 induces MMP1 and MMP3 and positively regulates the "invasive" part 

of the switch. 

 

6.4	NRF2	induction	and	aggressiveness	in	melanoma		

Next to the phenotypic switch, we observed an induction of NRF2 in response to GSH 

depletion. Activation of NRF2 in cancer is associated with cancer progression and 

metastasis formation [106, 152-154]. Besides, it was shown that the induction of NRF2 

correlates with a worse survival of melanoma patients, which was characterized by 

increased invasiveness and deeper Breslow index [155]. Additionally, melanoma cells 

resistant to BRAF/MEK inhibitors showed a permanent expression of NRF2 and 

nuclear translocation through increased mitochondrial activity [156]. Zhu and 

colleagues showed that PD-L1 is a direct transcriptional target of NRF2. Consequently, 

induction of NRF2 increased PD-L1 and suppressed tumor T-cell infiltration [157]. 

Accordingly, NRF2-specific shRNA enhanced the efficiency of anti-PD-1 antibody in a 

mouse model [157].  

Altogether, it is thinkable that activation of NRF2 in response to cystine withdrawal and 

glutathione depletion may be involved in the invasiveness and a more aggressive 

phenotype of melanoma.  
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6.5	Effects	of	glutathione	depletion	on	reprogramming	and	enhanced	tumor	

growth	

Given the fact that glutathione depletion has been tested frequently in the context of 

cancer therapy [158, 159], it was surprising to observe that the knockout of Gclc was 

not only compatible with survival, but enabled a strongly accelerated tumor onset, 

indicating a more aggressive phenotype. However, in the context of melanoma, our 

results are supported by Mougiakakos et al., who previously investigated the 

expression of endogenous GCLC in several human melanoma cell lines. The authors 

could show that GCLChigh expressing melanoma cells are associated with lower levels 

of ROS, enhanced expression of antioxidant genes, and a reduced rate of cell 

proliferation. In addition, they found a positive correlation of GCLClow expressing 

melanoma cell lines with survival and invasiveness. It was further demonstrated by 

subcutaneous injection of human GCLChigh or GCLClow melanoma cell lines into 

immunodeficient Rag-/-gc-/- mice that GCLClow cells have a dramatically stronger tumor 

growth. Accordingly, it was shown that low immunoreactivity for GCLC was a 

determining factor for a worse 5-year overall survival in patients with advanced 

malignant melanoma [160]. In my studies, a homozygous knockout of Gclc was 

conducted in murine melanoma cells, followed by subcutaneous injection into C57BL/6 

mice. Even in this immunocompetent mouse model, I observed a significantly earlier 

tumor onset of Gclc knockout cells compared to controls. Although the knockout of 

Gclc was never tested before in melanoma, the study by Mougikakos et al. and my 

data point into the same direction. Both show that the repression or depletion of 

glutathione synthesis enhances the aggressiveness of the disease [160].  

One possible causative link between suppressed GSH levels and the phenotypic 

switch is a reduced DNA methylation, caused by the observed induction of the 

transsulfuration pathway, which might lead to a dysbalance of SAM and SAM 

metabolites. SAM acts as important methyl group donor for DNA methyltransferases 

and is generated during the transsulfuration pathway, followed by the conversion into 

S-adenosylhomocysteine and homocysteine. Both are known as competitive inhibitors 

for SAM-dependent methyltransferase reactions [98, 161, 162], and it is thus possible 

that the activation of the transsulfuration pathway is involved in regulating DNA 

methylation. Indeed, inhibition of DNA methyltransferases with 5-Aza led to similar 

effects as glutathione depletion (Figure 25B-D). In support of a link between GSH and 

global methylation, it was shown that GSH depletion by bromobenzene in the liver of 
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the Syrian hamster led to an increase of the methionine pool in the liver [100]. This 

methionine was used via the TSP to resynthesize GSH rather than support DNA 

methylation, thereby resulting in DNA hypomethylation [99, 163].  

Additionally, it was shown in several tumor types that epigenetic changes, including 

alterations in DNA methylation processes, are associated with malignant 

transformation. Neoplastic cells show regional DNA hypermethylation of selected 

promoter regions, thereby silencing tumor suppressor genes and a global 

hypomethylation. This global hypomethylation can lead to genome instability and 

oncogene expression, thus resulting in carcinogenesis [164].  

In summary, the data gained in the thesis are highly relevant for cancer therapy, as 

patients are frequently exposed to GSH-depleting compounds such as chemo- or 

radiotherapy, which might positively affect disease progression or therapy resistance. 
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7.	Conclusion	
The present study demonstrates the crucial role of glutathione depletion in melanoma 

biology. Inhibition of glutathione synthesis upregulates EMT marker genes and 

suppresses differentiation genes, thereby inducing a phenotypic switch, which is 

characterized by invasiveness and dedifferentiation, resulting in a more aggressive 

type of the disease (Figure 30). These features could be compensated by addition of 

the cysteine precursor NAC and were observed only under conditions of glutathione 

depletion.  

 
Figure 30: Schematic overview of the induction of the phenotypic switch in melanoma  
The figure displays the induction of the phenotypic switch acting on the assumption of glutathione 
depletion, which is provoked by either inhibition of cysteine supply, pharmacological inhibition of 
glutathione synthesis using BSO or inhibition of NADPH regeneration by 6-AN. Upon glutathione 
depletion, the EMT-related transcription factor FOSL1 and EMT-like genes are upregulated while 
differentiation genes, e.g., MITF are repressed. These alterations result in the phenotypic switch 
characterized by enhanced invasiveness and dedifferentiation.  
 
This observation has a high clinical impact, as the reduction of glutathione is a frequent 

side effect of chemotherapy, which is used for the therapy of melanoma patients, not 

responding to BRAF/MEK inhibitor or immune therapy [165, 166].  
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8.	Appendix	

8.1	BRAF	inhibitor-resistant	melanoma	cells	

Melanoma cells are highly plastic and can also dedifferentiate during the development 

of resistance towards MEK/BRAF inhibitors [122]. Melanomas which are resistant to 

BRAF inhibition (BRAFi) display a more aggressive phenotype, characterized by 

enhanced metastatic potential [140]. To investigate a potential role of the cysteine 

pathway in BRAF inhibitor resistance, 451lu and SkMel28 cells were used. For both 

cell lines, BRAF inhibitor-sensitive and BRAF inhibitor-resistant cells, which were 

selected under drug pressure, are available [71].  

Protein levels of p-ERK1/2 were clearly reduced in 451lu and SkMel28 wildtype cells 

when treated with the BRAF inhibitor PLX4032 (shortly Plx) for 3 days. Meanwhile, 

treatment of BRAFi-resistant 451lu and SkMel28 cells with 2 µM Plx did not alter 

protein expression of p-ERK1/2 (Appendix Figure 1A). Measurement of overall 

glutathione levels revealed a decrease in total glutathione levels in both wildtype cell 

lines when treated with Plx. Overall glutathione levels were also decreased in the Plx-

resistant cell lines to a level comparable to parental cells treated with Plx. Generally, 

glutathione levels of SkMel28 cells were lower compared to those of 451lu cells 

(Appendix Figure 1B).  

FOSL1 is regulated by p-ERK1/2 and was used here as additional marker for 

successful pathway inhibition [167]. Its expression was only reduced in BRAFi-

sensitive cell lines after Plx treatment (Appendix Figures 1C, D). Interestingly, all genes 

relevant for cysteine supply were generally lower in the resistant cell lines, regardless 

of the Plx treatment (Appendix Figures 1C, D).  

Taken together, these results show that genes involved in cysteine supply are 

generally expressed at lower levels in the two resistant cell lines, whereas FOSL1 is 

expressed at higher levels. However, whether this is a general phenomenon and 

whether it is associated with BRAF inhibitor resistance will need further investigation 

in future studies. 
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Appendix Figure 1: Effects of BRAF inhibitor-resistant melanoma cell lines 
A: Western blot analysis of p-ERK1/2 (Thr202/Thr204) in 451lu and SkMel28 wildtype (WT) and Plx-
resistant (Res) cells after 3 days of DMSO or Plx (2 µM). Vinculin served as loading control. B: Tietze 
assay for overall glutathione measurements in 451lu and SkMel28 wildtype and Plx-resistant cells. 451lu 
and SkMel28 cells were treated for 3 days with DMSO or 2 µM Plx. Determination of overall glutathione 
was conducted in duplicates. C and D: RT-qPCR analysis of 451lu and SkMel28 WT and Plx-resistant 
cells for FOSL1, SLC7A11, CTH, and CBS. Gene expression was normalized to WT and DMSO treated 
cells, respectively, which was set as 1. Statistical analysis was done using t-test, *P<0.05, **P<0.01, 
***P<0.001.  
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8.2	Investigation	of	CTH	inhibition	in	vivo	

Due to the availability of a Cth-deficient knockout mouse, which was placed at our 

disposal by Ishii and colleagues [168], I had the possibility to test whether dysbalance 

of cysteine supply by CTH inhibition affected melanoma growth and progression.      

Cth-/- mice were crossed to Tyr-CreERT2; BrafV600E/wt; Pten+/- mice on a C57BL/6 

background [73]. In this model, melanoma development is achieved upon 4-OHT 

treatment. Tumor progression profile of Tyr-CreERT2; BrafV600E/wt; Pten+/- and                

Tyr-CreERT2; BrafV600E/wt; Pten+/-; Cth-/- mice revealed no differences in tumor growth 

(Appendix Figure 2A). To avoid genetic compensation mechanisms which might alter 

tumor growth in the transgenic animals, I also tested whether acute CTH inhibition by 

PAG altered tumor progression after tumors have developed in Tyr-CreERT2; 

BrafV600E/wt; Pten+/- mice. When tumors reached a diameter of 4 mm, PAG was 

intraperitoneally injected twice a week in Tyr-CreERT2; BrafV600E/wt; Pten+/- mice at a 

dosage of 200 mg/kg body weight. Similar to tumor progression in Cth knockout mice, 

PAG treatment did not lead to differences in tumor growth (Appendix Figure 2B).  

Gene expression analysis of isolated tumors from Cth-deficient and Cth-proficient    

Tyr-CreERT2; BrafV600E/wt; Pten+/- mice as well as Tyr-CreERT2; BrafV600E/wt; Pten+/- mice 

treated with PAG showed that Cth knockout strongly depleted Cth and Cbs gene 

expression while PAG treatment had no effect (Appendix Figure 2C). To get insight in 

metabolic alterations due to CTH inhibition by Cth knockout or PAG, mass 

spectrometry analysis of metabolites within the TSP was performed, revealing an 

increase of methionine, SAM, and cystathionine due to deletion or inhibition of CTH 

(Appendix Figure 2D, E). It was expected that metabolites upstream of CTH within the 

TSP accumulate due to CTH inhibition. However, determination of other metabolites 

within the TSP was not possible under these conditions. Besides, the GSH/GSSG ratio 

was decreased with Cth knockout and PAG treatment compared to control melanoma 

mice, whereas Cth knockout achieved a stronger reduction of the GSH/GSSG ratio. 

This was expected as less cysteine is available for glutathione synthesis due to CTH 

inhibition (Appendix Figure 2F).  
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Appendix Figure 2: Investigation of CTH inhibition in vivo 
A: Analysis of tumor progression of Tyr-CreERT2; BrafV600E/wt; Pten+/- or Tyr-CreERT2; BrafV600E/wt; Pten+/-; 
Cth-/- mice, maintained on a C57BL/6 background. Tumors were measured and mice were weighed 
twice a week after recognition of a tumor diameter of 4 mm. B: Tumor growth analysis of either               
Tyr-CreERT2; BrafV600E/wt; Pten+/- C57BL/6 mice or in addition with PAG (200 mg/kg body weight) 
treatment. Tumors were monitored and PAG was injected intraperitoneally twice a week after tumors 
had reached a diameter of 4 mm. C: RT-qPCR analysis of Cth and Cbs of Cth knockout or PAG treated 
Tyr-CreERT2; BrafV600E/wt; Pten+/- C57BL/6 mice. Gene expression was normalized to Tyr-CreERT2; 
BrafV600E/wt; Pten+/- mice, which were set as 1. Calculations were made from three tumors for Cth 
knockout and two tumors for PAG treated mice, and RT-qPCR was done in duplicates. Significant 
differences in Cth and Cbs expression were based on correlating gene expression of Tyr-CreERT2; 
BrafV600E/wt; Pten+/- control mice. D: Overview of the transsulfuration pathway (TSP) showing the de novo 
biosynthesis of cysteine from methionine. Important metabolites within cysteine synthesis are shown. 
Abbreviations: methionine (Met), S-adenosylmethionine (S-Ado-Met), S-adenosylhomocysteine (S-Ado-
HCys), homocysteine (HCys), methionine adenosyltransferase (MAT), S-adenosylhomocysteine 
hydrolase (AHCY). E: Mass spectrometry analysis of indicated metabolites within the transsulfuration 
pathway of wildtype, Cth knockout and PAG treated Tyr-CreERT2; BrafV600E/wt; Pten+/- C57BL/6 mice.         
F: Ratio of reduced and oxidized glutathione, measured by mass spectrometry of control, Cth knockout, 
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and PAG treated mice. Three tumors of Tyr-CreERT2; BrafV600E/wt; Pten+/- and Tyr-CreERT2; BrafV600E/wt; 
Pten+/-; Cth-/- mice were used, while two for PAG treated Tyr-CreERT2; BrafV600E/wt; Pten+/- mice. Statistical 
analysis was done using t-test, *P<0.05, **P<0.01, ***P<0.001. 
 
 
These data clearly showed effective metabolic alterations of the tumor tissue. To test 

potential alterations in metastatic spread, I resected tumor-draining lymph nodes, liver, 

and lung along with the tumor tissue of wildtype, Cth knockout, and PAG treated Tyr-

CreERT2; BrafV600E/wt; Pten+/- C57BL/6 mice (Appendix Figure 3A). SOX10 stainings of 

tumor tissue were positive for wildtype, Cth knockout, and PAG treated Tyr-CreERT2; 

BrafV600E/wt; Pten+/- C57BL/6 mice (Appendix Figure 3B, upper row), demonstrating the 

melanocytic nature of the developed tumors, as SOX10 is a transcription factor and a 

sensitive and specific marker for malignant melanoma [169]. Identification of 

metastases derived from melanoma in lymph node tissue was investigated by S100 

and SOX10 stainings. S100 is a diagnostic marker for melanoma and displayed a 

strong staining in lymph nodes of wildtype, Cth knockout and PAG treated Tyr-CreERT2; 

BrafV600E/wt; Pten+/- C57BL/6 mice (Appendix Figure 3B, second row) [170]. However, 

nuclear staining of SOX10 in lymph node tissue was not observed (Appendix Figure 

3B, lower row). It is known that SOX10 can shuttle between nucleus and cytoplasm 

[171], and SOX10 negative melanoma cells were described previously [122]. In 

contrast, metastases into liver and lung were not observed (Appendix Figure 3C). 

Remarkably, however, in lung tissue of Cth knockout and PAG treated Tyr-CreERT2; 

BrafV600E/wt; Pten+/- C57BL/6 mice, abnormalities were detected in contrast to lung 

tissue of CTH-proficient Tyr-CreERT2; BrafV600E/wt; Pten+/- C57BL/6 mice as shown in the 

H&E (hematoxylin and eosin) stainings in Appendix Figure 3C. Further investigation 

by SOX10 staining showed that the malformations found in lung tissue of CTH-inhibited 

Tyr-CreERT2; BrafV600E/wt; Pten+/- C57BL/6 mice were not of melanoma origin. However, 

staining with a lung-specific marker named TTF1 (thyroid transcription factor 1) 

revealed that those anomalies were of lung origin and showed characteristics of lung 

adenomas (Appendix Figure 3C) [172].  

Taken together, these results show that there was no difference in regard to tumor 

progression of wildtype, Cth knockout, and PAG treated Tyr-CreERT2; BrafV600E/wt; 

Pten+/- C57BL/6 mice and there was no alteration in metastases. However, metastases 

are generally rare in this genetic model and other mouse models with stronger 

metastasis formation might be better suitable for elucidating metastatic differences 

[173]. Interestingly, marker-specific stainings of lung tissue revealed that Cth knockout 
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or PAG treated Tyr-CreERT2; BrafV600E/wt; Pten+/- C57Bl/6 mice seemed to have 

developed lung adenomas. So far, it was shown that inhibition of Cth and Cbs in rats 

reduces the gasotransmitter hydrogen sulfide (H2S) which is a crucial mediator of 

inflammation and lung physiology and disease [174, 175]. Conclusively, it was 

observed that lungs were less complex and displayed less large alveoli upon CTH 

inhibition [175]. For this reason, future experiments also need to consider the role of 

H2S in this mouse model.  
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Appendix Figure 3: Histological analysis of tumor tissue 
A: Overview of metastases and lung adenomas in investigated mouse organs. Tissue was collected 
from wildtype, Cth knockout, and PAG treated Tyr-CreERT2; BrafV600E/wt; Pten+/- C57Bl/6 mice, as 
indicated. B: Representative SOX10 staining of tumors of wildtype, Cth knockout, and PAG treated mice 
(upper row). Size bar: 50 µm. Second row: representative S100 stainings of lymph nodes of wildtype, 
Cth knockout, and PAG treated mice. Size bar: 50 µm (second row). Representative SOX10 staining of 
lymph nodes of wildtype, Cth knockout, and PAG treated mice (size bar: 50 µm; lower row).                          
C: Representative stainings (H&E) of lungs of wildtype, Cth knockout, and PAG treated mice. Further 
representative staining of lungs in PAG treated mice with the melanoma marker SOX10 and the lung 
marker TTF1. Size bar: 50 µm.  
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