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l. Introduction and aim of the thesis

Skin melanoma remains one of the most aggressive types of cancer, affecting more people
each year including the young. Approximately 50% of skin melanoma patients carry the
V600 activating mutation of BRAF oncogene, which is usually V600E or V600K mutations.
This activating mutation in B-Raf protein leads to overactivation of the MAPK pathway
resulting in uncontrolled cell proliferation. Although the available therapeutic agents
successfully inhibit the growth of BRAF mutant melanomas, development of acquired
resistance is mostly inevitable (Robert et al, 2015, N Engl J Med). Previous studies
suggested a higher level of oxidative stress in resistant cells which could act as a potential

vulnerability that could be targeted in the future to develop more efficient therapies.

Previous studies showed that the development of acquired resistance is linked to multiple
changes in cellular signaling and cell metabolism. The two most common changes in cell
signaling are the reactivation of the MAPK pathway by various receptor tyrosine kinases
and the overactivation of the PI3K/Akt pathway to counteract MAPK inhibition (Sun et al,
2014, Nature). Regarding cellular metabolism, melanoma cells usually use aerob glycolysis
to support uncontrolled proliferation which is further activated by the mutant B-Raf.
Previous studies showed that by acquiring resistance, melanoma cells have elevated
oxidative phosphorylation leading to increased production of reactive oxygen species (ROS)
(Corazao-Rozas et al, 2013, Oncotarget, Wang et al, 2018, Cell). Cancer cells are usually
characterized by increased levels of ROS which damage proteins and DNA leading to the
rise of new mutations, and if the stress persist for a long period of time, to cell death.
Increased oxidative stress leads to an elevation in antioxidant production as the
neutralization of oxidants is inevitable to survive. Increased production along with elevated
neutralization leads to altered redox environment with increased flux of ROS. This means
that these cells are well-adapted to oxidative stress, but consequently, they are more

susceptible to further increase of oxidant levels.

Cysteine plays a crucial role in maintaining redox homeostasis as this amino acid is used
for the synthesis of redox active proteins, redox cofactors, glutathione and other sulfur-
containing antioxidant molecules. Intracellular levels of cysteine are tightly regulated by its
uptake, production and oxidative catabolism. As cysteine is a semi-essential amino acid, it
can be taken up from the extracellular space in an oxidized form (cystine), and upon

extracellular cystine limitation, cells can synthesize cysteine from serine and methionine-



derived homocysteine. Previous studies showed in various tumor types that cancer cells are
sensitive to cystine transporter inhibition (Zhu és mtsai, 2019, Cell Metab, Bonifacio és
mtsai, 2021, Br J Cancer). Depletion of cystine or inhibition of its transporter leads to the
accumulation of lipid radicals and therefore to an iron-dependent type of cell death,

ferroptosis.

Roles of sulfur-containing molecules in tumor progression is a heavily studied area.
Hydrogen sulfide exerts its versatile biological functions by reacting with metalloprotein
heme centers, by regulating protein function through persulfidation and by reacting with
nitrogen monoxide. Persulfides (R-SSH) are closely linked biochemically to hydrogen
sulfide via various reactions, including some enzyme-catalyzed reactions. Regarding the
chemical properties of R-SSH species, despite being more nucleophilic in contrast to thiols
(R-SH) they also engage in biochemical reactions as electrophiles. Physiological roles of
persulfies include protection against oxidative stress, altering cellular signaling via
posttranslational modifications and regulating cell metabolism, all playing vital roles in

cancer cell biology (Borbenyi-Galambos et al, 2024, Curr Op Chem Biol).

Based on these observations our aim was to identify pathways involved in the development
of resistance and to reveal the role of cysteine metabolism along with sulfides/persulfides
in melanoma cells acquiring resistance. We assumed that the inhibition of the MAPK
pathway and the consequent oxidative stress reported in resistant melanomas would strongly
affect different metabolic pathways including the metabolism of sulfur-containing redox
active molecules. We aimed to unfold the roles of cysteine and other sulfur-containing
molecules by targeted metabolome analysis including a fluxomics approach. Apart from
unraveling which pathways are essential in resistance development, our major goal was to
identify potential weak points that could act as targets in the future to inhibit the onset of
acquired resistance leading to an increase in progression free survival provided by the

available therapies.



1. Methods

1. Model systems

1.1. In vitro models

To investigate the acute effects of the drugs along with resistance development, we used
BRAF V600E mutant melanoma cell lines A375 and SK-MEL-28. To gain resistant lines,
cells were treated in increasing doses of vemurafenib or the combination of dabrafenib and
trametinib. Cell proliferation was constantly checked, and cells were considered resistant
when their proliferation rate reached the therapy-naive cells’. Resistant cells were further
cultured in the presence of the inhibitors. Proliferation of cells under various treatments was

checked using Sulforhodamine B assay.
1.2. In vivo models

To test the effects of MAPK inhibition under in vivo conditions, cell line- and patient-
derived xenograft murine models were established by subcutaneous inoculation of cultured
cells or human tumor samples to immunodeficient mice. Tumor volumes were estimated by
measuring the length and width of tumors using a digital vernier caliper. Before the start of
the treatments, mice were randomized into subgroups. At the end of the experiment, mice
were sacrificed, and tumors were removed. To investigate the effects of dabrafenib-
trametinib treatment on sulfur metabolism, a targeted metabolomics approach was used
utilizing frozen tumor tissue samples. Vascularization of tumors was measured by

immunohistochemistry.
1.3. Patient samples

To examine the role of cystathionine y-lyase (CSE) in melanoma, melanoma patients’
samples were collected from the Biobank of the National Institute of Oncology. Levels of
CSE were measured from patients’ samples removed before and after dabrafenib-trametinib

therapy was applied using immunohistochemistry.



2. Gene expression analysis

To investigate the acute effects of dabrafenib-trametinib treatment along with the
development of acquired resistance on gene expression, mRNA levels were measured using
reverse transcriptase quantitative polymerase chain reaction and protein levels were
measured by sodium dodecyl sulfate polyacrylamide gel electrophoresis followed by

Western blot analysis.
3. Genetically modified strains

To unravel the roles of CSE in persister cells receiving targeted therapy, we generated a
CSE overexpressing A375 cell line using the Sleeping beauty transposon system. Moreover,
using CRISPR/Cas9 technology, we generated A375 and SK-MEL-28 cells lines lacking
CSE. To investigate the effects of altered CSE levels, cell metabolism was examined by
targeted metabolome analysis and cell proliferation was measured by Sulforhodamine B
assay. To examine the roles of persulfidation in persister cells under targeted therapy, we
generated a persulfide dioxygenase (ETHEL) silenced A375 cell line using lentiviral system
based on RNA interference. After that, effects of ETHE1 gene silencing were investigated
by measuring proteins and metabolites involved in sulfur metabolism and examining

changes in cell proliferation under dabrafenib-trametinib treatment.
4. Investigating the importance of cystine uptake

To examine the importance of cystine uptake in melanoma cells undergoing targeted
therapy, we measured cystine uptake of cells by measuring the levels of cystine in the
culture media using a mass spectrometry approach. Moreover, we measured cell viability
under cystine deprived conditions. In an additional experiment, we cultured cells with
dabrafenib-trametinib with or without the inhibitor of cystine transporter, erastin. Cell

proliferation after two months of treatment was measured using Sulforhodamine B assay.



5. Measuring intracellular metabolites
5.1. Measurement of sulfane sulfur

To measure intracellular sulfane sulfur live-cell light microscopy approach was used with
Sulfane Sulfur Probe 4 fluorescent dye.

5.2. Measuring amino acids

To measure differences in amino acid levels upon dabrafenib-trametinib treatment, the
commercially available EZ:faast amino acid analysis kit was used according to the
manufacturer’s instructions. After derivatization, amino acid levels were measured using
mass spectrometry. Measured amounts were normalized to total protein content of cell

lysates.
5.3. Measurement of low molecular weight sulfur-containing metabolites

Measurements were based on the methods previously described by Akaike et al (Akaike et
al, 2017, Nature Communications). Briefly, cells or frozen tissue samples were lysed in
methanol and metabolites were alkylated by B-(4-hydroxyphenyl)ethyl iodoacetamide.
After derivatization of analytes by high performance liquid chromatography, measurements
were carried out by mass spectrometry. Measured amounts were normalized to total protein

content of cell lysates.
5.4. Measuring thiols using monobromobimane alkylating agent

To measure hydrogen sulfide and thiosulfate, thiols were alkylated with
monobromobimane, and after sample preparation fluorescently labeled analytes were
detected. Quantification was carried out with a calibration curve using standard solutions.

Measured amounts were normalized to total protein content of cell lysates.
6. Measurement of protein persulfidation

Protein persulfidation was measured by using two different approaches. The first method
was also based on the work of Akaike et al. Briefly, proteins were alkylated by B-(4-
hydroxyphenyl)ethyl iodoacetamide, derivatization was carried out using high performance
liquid chromatography followed by measuring with mass spectrometry. The other method
was carried out by alkylating with EZ-Link iodoacetyl-PEG2-biotin followed by separation
of the persulfide fraction using magnetic beads. The persulfide fraction was examined using

sodium dodecyl sulfate polyacrylamide gel electrophoresis followed by silver staining.



Protein content of the total lysate was measured by Coomassie staining. To identify
persulfidated proteins, bands were cut out from the gel and after in-gel digestion, a
proteomics approach was used. Moreover, validation of identified proteins was carried out
by sodium dodecyl sulfate polyacrylamide gel electrophoresis followed by Western blot

analysis.



111. New results of the thesis

1. Counteracting oxidative stress in cells under targeted therapy
1.1. Oxidative stress due to MAPK inhibition

To understand the molecular background of acquiring resistance, we generated a cell line
resistant to the B-Raf V60O0E inhibitor dabrafenib and the MEK1/2 inhibitor trametinib.
During our work, we examined the acute effects of dabrafenib-trametinib treatment in the
drug-tolerant, persister cells that survive therapy, and also monitored changes upon acquired

resistance. Detected changes were compared to therapy-naive control cells.

Previous studies showed that melanoma cells resistant to targeted therapy are characterized
by increased levels of oxidative stress. In line with this, we found that upon dabrafenib-
trametinib treatment protein oxidation was more prominent, and upon additional oxidative
stress the irreversibly oxidized forms of peroxiredoxins were accumulated. Moreover, under
excessive oxidative stress conditions, we saw an increase in poly-ADP-ribosylation due to
dabrafenib-trametinib treatment, which is a marker of oxidative DNA damage. These results
confirmed that dabrafenib-trametinib treatment caused oxidative stress. Increased
endogenous oxidative stress can be induced by elevated cytochrome P450 expression

because these code monooxygenases that produce ROS while neutralizing xenobiotics.

1.2. Changes in enzyme levels in the redox enzyme systems

Counteracting oxidative stress is essential to ensure cell survival, because long-term stress
can impair the DNA, lipids and proteins leading to an iron-dependent cell death form, called
ferroptosis. We found that melanoma cells treated with dabrafenib and trametinib
overexpressed several proteins involved in protection against oxidative stress including
catalase, glutathione peroxidase 1 and 4, superoxide dismutase 2 and thioredoxin reductase
1 to ensure persister cell survival. The last two enzymes were also found to be overexpressed
in resistant cells. To operate these antioxidant systems, cells need reducing power in the
form of NADPH which is mostly produced through the pentose phosphate pathway by
glucose-6-phosphate dehydrogenase. In accordance with our previous observation,
overexpression of glucose-6-phosphate dehydrogenase along with 6-phosphofructo-2-
kinase/fructose-2,6-biphosphatase (PFKB) 4, which induce pentose phosphate pathway

activity, were found upon dabrafenib-trametinib treatment.



2. Changes in cellular metabolism upon MAPK inhibition

2.1. Effects of dabrafenib-trametinib treatment on energy metabolism in cells

By investigating pathways involved in energy production we found that glycolytic activity
and the glycolytic capacity were decreased upon dabrafenib-trametinib treatment. This
could be reasoned by B-Raf inhibition, as B-Raf directly activates glycolysis under therapy-
naive conditions. Another explanation could be that PFKFB 3 and 4 levels were altered
upon dabrafenib-trametinib treatment, and these are responsible for regulating the metabolic
flux between glycolysis and the pentose phosphate pathway. Upon dabrafenib-trametinib
treatment, the level of PFKFB4 was increased, while PFKFB3 was decreased which directly
suggest decreased glycolytic activity and an increased flux towards the pentose phosphate
pathway. This is in line with the increased ROS levels and the elevated expression of redox

enzymes as these require NADPH to counteract oxidative stress.

By measuring mitochondrial respiration, we found that upon dabrafenib-trametinib
treatment the reverse respiratory capacity of cells was increased, while in resistant cells both
the respiratory capacity and the basal respiration were higher than in therapy-naive cells.
Elevated mitochondrial respiration can be another source of increased ROS production
along with increased cytochrome P450 activity. To support increased respiration, cells need
electron donors to support the electron transport chain. In line with the increased respiration,
we found that upon dabrafenib-trametinib treatment expression of proteins responsible for
NADH and FADH: production was elevated. Several of these are involved in the citric acid

cycle.

2.2. Changes in glutamine metabolism

As the citric acid cycle is connected to the metabolism of several amino acids, we performed
targeted amino acid analyses and examined the effects of dabrafenib-trametinib treatment.
We found that upon dabrafenib-trametinib treatment, levels of glutamine, asparagine and
aspartate increased and in resistant cells elevated levels of aspartate were found. In the
culture media, we found that asparagine levels increased upon dabrafenib-trametinib
treatment, whereas in the case of resistant cells both asparagine and aspartate levels were
increased. Moreover, we found that both dabrafenib-trametinib treated and resistant cells
took up more glutamine from the extracellular space than therapy-naive ones. This is in line
with previous observations that melanomas resistant to MAPK inhibitors have an increased

glutamine demand.
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By investigating expressions of proteins involved in the conversion of glutamine and
glutamate, we found that upon dabrafenib-trametinib treatment expression of the glutamate
producing protein was increased, while in resistant cells we found decreased expression of
the glutamate consuming protein. These findings together with the increased glutamine
demand suggest that melanoma cells under dabrafenib-trametinib treatment have an
increased glutamate demand. Apart from producing alfa-ketoglutarate to feed the citric acid
cycle, glutamate can be utilized to glutathione synthesis and cystine uptake, both playing
crucial roles in maintaining redox homeostasis. We assumed that all three processes could

be important in melanoma cell survival under dabrafenib-trametinib treatment.
3. Roles of cysteine metabolism in acquiring resistance

3.1. Increased cystine demand

The role of cysteine in maintaining redox homeostasis is essential to protect cells from
oxidative stress as it is a substrate for the synthesis of several cofactors, sulfur-containing
antioxidant molecules and proteins involved in redox balance. A previous study suggested
that melanoma cells resistant to targeted therapy are more vulnerable to the transcriptional
inhibition of the cystine transporter (Wang et al, 2018, Cell). In line with this we found that
perister and resistant melanoma cells took up more cystine and resistant cells were more
sensitive to cystine and selenite deprivation. Moreover, we found that co-treating cells with
the inhibitor of the cystine transporter and MAPK inhibitors delayed the onset of acquired
resistance. Cystine-derived cysteine along with glutamate are used for glutathione synthesis
which plays a crucial role in maintaining redox homeostasis. Moreover, glutathione can be
also utilized by glutathione S-transferases to neutralize certain xenobiotics. Increased levels
of glutathione in resistant cells along with overexpression of glutathione S-transferase pi in
both dabrafenib-trametinib-treated and resistant cells infer that glutathione has a dual role
in acquiring resistance 1) by protecting cells against oxidative stress and 2) by neutralizing

the drugs.
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3.2. Reprogramming cysteine metabolism

Upon entering the cells, cystine is rapidly reduced to cysteine by the thioredoxin pathway
and utilized by many different routes. Despite the increased cystine demand, we found
decreased intracellular levels of cysteine and an increase in its oxidized/reduced forms upon
dabrafenib-trametinib treatment. This may be explained by 1) the increased utilization of
this amino acid or 2) its more prominent oxidative catabolism. Interestingly, we found that
despite the increased cysteine demand, oxidative catabolism of cysteine was upregulated
upon dabrafenib-trametinib treatment, which together with the increased uptake of cystine

resulted in increased cystine/cysteine ratio.

Upon extracellular cystine limitation, cysteine can be synthesized from serine and
methionine-derived homocysteine via the transsulfuration pathway. By measuring the levels
of transsulfuration enzymes and further investigating their reactions using fluxomics
approach, we found that under in vitro conditions melanoma cells did not synthesize
measurable amounts of cysteine. This is not surprising as cystine is abundant in the culture
media and it is easier to take it up from the extracellular space than to synthesize it through
multiple reaction steps. However, in another study we showed in an embryonic kidney cell
line using fluxomics approach that under lower cysteine availability the canonical, cysteine
producing function of the transsulfuration pathway was upregulated. Moreover, we found
that knocking out thioredoxin-related protein of 14 kDa (TRP14) further increased the
canonical activity of the transsulfuration pathway under lower cystine availability.

Upon dabrafenib-trametinib treatment, we found that one of the transsulfuration enyzmes,
cystathionine y-lyase (CSE), was increased, which, based on fluxomics results, is
responsible for the excess production of reactive sulfur species and not cysteine. Increased
CSE expression was coupled with decreased cystathionine B-synthase (CBS) levels upon
dabrafenib-trametinib treatment. Whereas in resistant cells, these enzyme levels were

similar to therapy-naive control cells.

3.3. Production of low molecular weight cysteine persulfide

By measuring the levels of sulfur-containing metabolites we found that upon dabrafenib-
trametinib treatment, levels of sulfane sulfur, hydrogen sulfide, cysteine persulfide and
glutathione persulfide were increased, whereas in resistant cells levels only the levels of
glutathione persulfide remained high. These results were confirmed in other in vitro model

systems. Moreover, by using genetically modified cell lines, we found that CSE is
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responsible for the production of low molecular weight cysteine persulfide by directly using
cystine as substrate. This observation was strengthened by showing that CSE
overexpression resulted in decreased cystine (substrate) and increased cysteine persulfide
(product) levels. In cells lacking CSE, cysteine persulfide levels were low even under
dabrafenib-trametinib treatment, which gives credence that dabrafenib-trametinib treatment
induced increase in cysteine persulfide levels is caused by elevated CSE function.

3.4. Investigating sulfur metabolism in vivo

In the following, we were interested in whether the dabrafenib-trametinib treatment induced
changes in sulfur metabolism observed in vitro can also be detected under in vivo conditions.
To examine this, we established cell line- and patient-derived xenograft murine models. We
treated mice with dabrafenib and trametinib, removed the tumors and examined the drug
effect using targeted metabolome analysis. Using these xenograft models, we were able to
confirm our in vitro results: levels of hydrogen sulfide and persulfides increased which
protect persister melanoma cells from drug induced oxidative damage. Moreover, these
experiments showed that CBS activity was downregulated upon dabrafenib-trametinib

treatment in vivo in line with our previous in vitro observations.

4. Roles of persulfidation in protecting melanoma cells under therapy

4.1. Protection role of protein persulfidation

Increased sulfide and persulfide levels protect cells from oxidative stress and lipid
peroxidation induced ferroptosis. Moreover, persulfidation of protein cysteine residues as a
posttranslational modification, is an important mediator of signaling events and protects
proteins from the formation of irreversible oxidative modifications. Using two different
methods, we showed that dabrafenib-trametinib treatment resulted in elevated protein
persulfidation. In addition, protein sulfenic acid (protein-SOH) and -perthiosulfenic acid
(protein-SSOH) modifications were also increased, which further demonstrates the
increased oxidative stress upon dabrafenib-trametinib treatment and directly shows that

protein persulfidation protects thiols from overoxidation induced degradation.

From the persulfidated protein fraction, we were able to identify proteins involved in stress
response including protein disulfide isomerases, peroxiredoxins and catalase. Elevated
levels of persulfidated peroxiredoxin 2 were confirmed by immunoblotting technique.

These data together show that elevated oxidative stress upon dabrafenib-trametinib

13



treatment is counteracted by increased levels of low molecular weight persulfides and
protein persulfidation.

Persulfide dioxygenase (ETHEL) is one of the key enzymes in persulfide degradation. To
investigate the role of persulfidation in melanoma cells under dabrafenib-trametinib
therapy, we silenced ETHE1 in melanoma cells. Gene silencing resulted in increased
glutathione persulfide and protein persulfide levels. Most importantly, ETHE1 silenced cells
became resistant earlier to dabrafenib-trametinib therapy than normal melanoma cells
underlying the importance of elevated persulfide levels in persister cells survival and
therefore in acquired resistance.

4.2. Fueling the electron transport chain

Hydrogen sulfide and persulfide levels are tightly regulated by their degradation through
the mitochondrial sulfide catabolic pathway which is crucial in maintaining their
physiological concentrations. By measuring the end-product and the expression of the
enzymes in this pathway, we found that dabrafenib-trametinib induced overactivation of
sulfide and persulfide catabolism in all three model systems. These results show that not
only the production but also the degradation of sulfide and persulfide species were elevated
resulting in an increased flux. As hydrogen sulfide donates electrons to the electron transport
chain via its catabolism, sulfide catabolism can stimulate mitochondrial respiration.
Therefore, in addition to increased NADH and FADH: production the increased flux of
hydrogen sulfide can also stimulate mitochondrial respiration and oxidative

phosphorylation upon dabrafenib-trametinib treatment.

5. Dual inhibition of cystathionine y-lyase and the MAPK pathway
delays the onset of drug resistance

5.1. Investigating the role of cystathionine y-lyase by gene editing

Apart from revealing the molecular background of therapy resistance, the most important
goal of the work presented here was to find potential weak points of persister cells and target
them to delay the onset of acquired resistance. We found elevated levels of CSE upon
dabrafenib-trametinib treatment in melanoma patients’ samples which strengthens our in
vitro observations. CSE could act as a potential target as it has a commercially available,
relatively selective inhibitor D,L-propargylglycine (PAG). Moreover, upon dabrafenib-

trametinib treatment induced elevation in CSE levels, the other transsulfuration enzyme,
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CBS, which could produce sulfide and persulfide species was downregulated. Therefore,
we hypothesized that with downregulated CBS, melanoma cells would be more sensitive to
CSE inhibition because they cannot cover their increased persulfide demand upon DT

treatment.

By using a CSE overexpressing melanoma cells line, we found that the increase in CSE
levels and therefore in low molecular weight cysteine persulfide production was beneficial
for melanoma cells under dabrafenib-trametinib therapy, which is in line with our
observation using the ETHEL silenced cell line. In another experiment, using melanoma
cells lacking CSE, we found that in the absence of CSE the onset of acquired resistance was
delayed. These results highlight the importance of CSE in persister cell survival and suggest
that dual inhibition of CSE and the MAPK pathway could lead to a better therapeutic

response.

5.2. Pharmacological inhibition of cystathionine y-lyase

Our in vitro experiments showed that dual inhibition of CSE and the MAPK pathway
delayed the onset of acquired resistance in all three model systems used. By measuring
phosphorylated Akt levels, we found decreased levels of the active Akt in melanoma cells
treated with the combination of CSE inhibitor PAG and MAPK inhibitors, which suggests
a decreased activation of the PI3K/Akt pathway. This is crucial, as overactivation of this
signaling pathway is important in developing resistance to MAPK inhibitors. This
observation could partly explain why co-treatment with PAG and MAPK inhibitors delays
the onset of acquired resistance. Although the exact molecular background behind these
observations remains to be elucidated, we believe that elevated CSE activity leads to
increased cysteine persulfide levels and therefore protects persister melanoma cells from
drug-induced oxidative stress. Moreover, as a posttranslational modification, elevated
persulfidation can result in altered activation of signaling pathways, including the PI3K/Akt
pathway, which is important in the development of acquired resistance, but these need
further elucidation. It is important to highlight that the applied concentrations of PAG alone
did not alter proliferation of melanoma cells and tumor growth of xenograft tumors under

therapy-naive conditions.

Dual inhibition of CSE and the MAPK pathway in xenograft mice delayed the onset of
acquired resistance and increased progression free survival. These results show that the

addition of CSE inhibition to MAPK inhibitor therapy could increase progression free
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survival of melanoma patients and open new avenues in drug development to increase

therapeutic efficacy.
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Figure 1. | The most important findings of the thesis are summarized in this figure. Upon
B-Raf V600E and MEKZ1/2 inhibition, oxidative phosphorylation and cytochrome P450
expression are elevated leading to increased production of reactive oxygen species (ROS).
To counteract oxidative stress, cells take up more cystine (CySSCy) to produce reactive
sulfur species via cystathionine y-lyase (CSE), thereby further stimulating mitochondrial
respiration. Elevated levels of reactive sulfur species lead to increased protein
persulfidation, which protects proteins from oxidative stress and alters cell signaling
pathways leading to persister cell survival and therefore to acquired resistance. Dual
inhibition of CSE and the MAPK pathway delayed the onset of acquired resistance.
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6. Summary of the new results in thesis statements

e By characterizing our in vitro models, we found increased expression of genes that
play a vital role in acquiring resistance upon dabrafenib-trametinib treatment,
including the ABCG2 transporter, glutathione S-transferase pi and cytochrome
P450, the latter potentially contributing to the elevated oxidative stress caused by
the therapy.

e We showed that the oxidative stress caused by the inhibition of the MAPK pathway
in BRAF V600E mutant melanoma led to oxidative modifications of protein cysteine

residues.

e We found that expressions of several antioxidant enzymes were elevated upon
dabrafenib-trametinib treatment from which thioredoxin reductase 1 and superoxide

dismutase 2 remained high in resistant cells.

e We showed that 6-phosphofructo-2-kinase (PFKFB) 3 levels were decreased upon
dabrafenib-trametinib treatment, whereas PFKFB 4 levels increased. These regulate
the flux between glycolysis and the pentose phosphate pathway.

e We found that elevated glutamine uptake upon dabrafenib-trametinib treatment was
coupled with increased glutaminase expression in persister cells and decreased

glutamine synthase levels in resistant cells.

e \We showed that in line with the dabrafenib-trametinib treatment induced elevation
in cystine uptake combining targeted therapy with erastin, which inhibits the cystine-

glutamate antiporter, could delay the onset of acquired resistance.

e We found that upon the inhibition of B-Raf V600E, cystathionine y-lyase (CSE)
expression was elevated which was associated with increased levels of reactive
sulfur species protection, whereas CBS levels decreased. In resistant cells, levels of
CSE, CBS and reactive sulfur species were restored to therapy-naive control levels,

whereas glutathione persulfide levels remained high.

e We showed that cysteine levels were increased in cells under dabrafenib-trametinib
treatment, whereas cysteine levels were decreased in both persister and resistant
cells, which was associated with increased activity of the catabolic pathway in both

cell lines.
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Using metabolomics and fluxomics approaches we found that in persister cells under
dabrafenib-trametinib treatment increased levels of CSE led to elevated hydrogen

sulfide and homolanthionine production using homocysteine as substrate.

Using melanoma cells lines lacking or overexpressing CSE we showed that
increased levels of CSE were responsible for cysteine persulfide production in

persister cells under therapy by using cystine as substrate.

We found that the oxidative stress caused by dabrafenib-trametinib treatment led to
oxidation and persulfidation of protein cysteine residues. Moreover, we showed that
persulfidation protected proteins from the formation of irreversible oxidative

modifications.

We showed that increased persulfidation is important for the protection of persister
cells, as silencing the enzyme responsible for persulfide degradation led to elevated
persulfide levels and silenced cells acquired resistance earlier to dabrafenib-

trametinib treatment.

We found elevated flux of the mitochondrial catabolism of hydrogen sulfide upon
dabrafenib-trametinib treatment.

Our findings regarding the changes in cysteine and hydrogen sulfide metabolism
were confirmed in A375 cells under vemurafenib treatment, and in the SK-MEL-28
cell line, in A375 cell line-derived and in patient-derived xenografts under

dabrafenib-trametinib treatment.

We found elevated CSE levels upon dabrafenib-trametinib treatment in paired

before and after treatment human samples.

Using a CSE-overexpressing melanoma cell line, we showed that with elevated CSE

levels cells acquire resistance earlier.

Our in vitro experiments showed that genetical or pharmacological inhibition of
CSE delayed the onset of acquired resistance.

Using an animal model, we showed that combining B-Raf V600E and MEK
inhibitors with a CSE inhibitor, the progression free survival of mice can be

increased.
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