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1 Introduction  

1.1 Structure of the skin 

The skin is the largest organ in the human body, with a size of two square metres, representing 

the primary interface between the body and environmental impacts. In addition to its protection 

against mechanical stress, UV radiation and the entry of microorganisms, the functions of the 

skin also include regulation of temperature and water balance (Fritsch 2009). Structurally, the 

skin can be divided into three layers: epidermis, dermis and subcutis. The outer layer is the 

epidermis serving as a barrier against external influences. It consists of four layers which differ 

in morphology and function. These include, from inside to outside, stratum (str.) basale, str. 

spinosum, str. granulosum and str. corneum resulting in a so-called stratified epithelium 

(Fritsch 2009, Muroyama and Lechler 2012). Keratinocytes represent the majority of cells in 

the epidermis with about 90%. The cells are formed by mitotic division of epidermal stem cells 

in the basal layer, followed by increasing differentiation through the epidermis finally leading 

to horny cells (corneocytes). Due to the balance between proliferation and cell death caused 

by terminal differentiation, the epidermis renews itself every 28 days (Fritsch 2009, Goebeler 

and Hamm 2017). In addition to keratinocytes, the epidermis also contains other cells such as 

Langerhans cells, Merkel cells and melanocytes. The latter are dendritic cells located in the 

str. basale and are responsible for melanin synthesis which plays a crucial role in the protection 

of the skin against UV radiation. This endogenous pigment responsible for skin and hair colour 

is transferred to neighbouring keratinocytes via the dendrites of the melanocytes in special 

cytoplasmic organelles, so-called melanosomes (Fritsch 2009, Wu and Hammer 2014, 

Goebeler and Hamm 2017). Two major pigment types are distinguished due to colour and 

synthesis pathway involving the brown-black eumelanin and the red-yellow pheomelanin, 

which define the type of skin classified into group I to VI by Fitzpatrick (Fitzpatrick 1988, 

Cichorek et al. 2013).  

The epidermis is connected to the dermis via the basal membrane enabling the exchange of 

molecules between these layers. The dermis consists of fibroelastic the connective tissue and 

comprises the str. papillare and str. reticulare. The str. papillare contains vessels and nerves 

and supplies the dermis, whereas the latter is responsible for the architectural core structure. 

Tensile strength and elasticity of the skin are mediated by collagen and elastic fibres (Fritsch 

2009, Goebeler and Hamm 2017). The ground substance of the dermis, consisting mainly of 

collagens and proteoglycans, is involved in cell-cell communication, cell migration, water 

storage and wound healing, among others (Fritsch 2009). Collectively, fibres and ground 

substance are termed extracellular matrix. In addition to the above mentioned vessels, the 

dermis also contains a lymphatic system for the removal of fluids and substances requiring 
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lymphatic drainage. Below the dermis lies the subcutis consisting of fatty tissues that serves 

as thermal insulation, energy storage and protector against mechanical impacts (Fritsch 2009, 

Goebeler and Hamm 2017).  

1.2 Skin cancer 

The direct exposure of the skin to environmental impacts, such as UV radiation, results in a 

high incidence and variety of neoplasms of the organ that increased dramatically in the last 

decades (D'Orazio et al. 2013, ZfKD 2019, ZfKD 2021). Most changes are benign, but some 

neoplasms of the skin are considered as very aggressive and metastatic (Fritsch 2009). Skin 

cancer is divided in non-melanoma skin cancer (NMSC), including basal cell carcinoma and 

squamous cell carcinoma, and melanocytic tumours, such as the highly aggressive malignant 

melanoma (Yan et al. 2011, Kornek and Augustin 2013). In the following, squamous cell 

carcinoma and malignant melanoma are described in more detail.  

1.2.1 Cutaneous squamous cell carcinoma (CSCC) 

Squamous cell carcinoma has its origin in diverse anatomic tissues covered with squamous 

epithelium. Mostly affected are areas of the skin, head and neck, oesophagus and lung (Yan 

et al. 2011). Cutaneous squamous cell carcinoma (CSCC) is the second most common form 

of skin cancer with increasing incidence over the last decades (Que et al. 2018, Stang et al. 

2019, Stratigos et al. 2020). The benign form shows a good chance of cure. However, 

metastasis may occur in some cases which dramatically lowers the survival outcome and is 

associated with a poor prognosis (Varra et al. 2018). CSCC derives from proliferating 

epidermal keratinocytes caused by several risk factors resulting in a malignant cell type (Kwa 

et al. 1992, Nagarajan et al. 2019, Corchado-Cobos et al. 2020). The greatest risk of 

developing CSCC is due to chronic UV radiation, combined with a fair skin type (Brash et al. 

1991, Armstrong and Kricker 2001, Que et al. 2018). Furthermore, human papilloma viruses 

(HPV) may facilitate the formation of CSCC, while personal behaviour like habits of smoking 

may even double the risk of cancer development (Akgul et al. 2006, Morita 2007, Yan et al. 

2011). In addition, immunosuppression caused by viral infections or organ transplantation and 

certain drug applications promote the development of metastatic CSCC as well (Webb et al. 

1997, Euvrard et al. 2003, Stratigos et al. 2020).  

CSCC is grouped into an in situ and an invasive form. The invasive type is further classified 

into primary and advanced CSCC (Stratigos et al. 2020). The CSCC in situ is a non-metastatic 

form of this cancer that can be easily treated by local therapy, such as curettage and 

electrodesiccation, superficial therapies, like topical 5-fluorouracil (5-FU) and cryotherapy, or 

radiation (Bichakjian et al. 2018). In contrast, the previously mentioned therapies are often 
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ineffective for treatment of the advanced CSCC, which includes locally advanced and 

metastatic types, and there is no common standard therapy to treat these cancer cells 

effectively (Pickering et al. 2014, Migden et al. 2018). Tumour stages of CSCC are classified 

according to TNM classification as defined by the American Joint Committee of Cancer (AJCC) 

and the Union for International Cancer Control (UICC). TNM stands for tumour, nodes and 

metastasis indicating the primary tumour site (T1-4 category), the number and location of 

involved lymph nodes (N0-N3 category) as well as the presence or absence of distant 

metastases (M0-M1 category) (Stratigos et al. 2020). Although this classification is an 

internationally accepted standard, it does not provide an estimation of the risk of CSCC 

patients developing metastasis (Breuninger et al. 2012). 

Therapeutic options of advanced CSCC imply surgery and chemotherapy, alone or in 

combination with radiation, although response rates tend to be low. Despite the lack of an 

established standard therapy in these cases, the National Comprehensive Cancer Network 

guideline recommends using cisplatin alone or in combination with 5-fluorouracil (5-FU) 

(Burton et al. 2016, Ribero et al. 2017, Bichakjian et al. 2018). The combination of drugs 

increases the efficacy but is associated with increasing adverse side effects (Ribero et al. 

2017). Therefore, the development of so-called targeted therapies is even more important. 

Epidermal growth factor receptor (EGFR) expressed in metastatic CSCC offers a potential 

approach (Corchado-Cobos et al. 2020). Some EGFR inhibitors tested in clinical trials, such 

as cetuximab and gefitinib, show an enhanced response rate, also in combination with 5-FU 

and radiotherapy. The use of these compounds is well tolerated, but the fast development of 

resistance, particularly to cetuximab, limits their use (Wheeler et al. 2008, Ribero et al. 2017). 

Another option is the use of programmed death (PD) 1 antibodies, such as cemiplimab, 

showing an efficacy of approximately 50% in locally advanced or metastatic CSCC. However, 

these studies only include immunocompetent patients (Migden et al. 2018).  

1.2.2 Malignant melanoma 

Malignant melanoma originating from melanocytes is the most aggressive type of skin cancer. 

The high potential to metastasise correlates with poor prognosis (Miller and Mihm 2006, Zbytek 

et al. 2008, Janostiak et al. 2019, Bertrand et al. 2020). The incidence is steadily increasing in 

the recent decades, particularly in the Caucasian population (Krensel et al. 2019, Bertrand et 

al. 2020, The Global Cancer Observatory 2020). High UV radiation exposure, the number of 

severe sunburns, especially in childhood, Clark’s nevi and immunodeficiency significantly 

contribute to the development of melanoma. In addition to that, dispositional factors such as 

ethnicity, skin type I and II, albinism and impaired DNA repair play an important role in 

melanoma formation (Gandini et al. 2005, Fritsch 2009, D'Orazio et al. 2013). The macroscopic 
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differentiation of benign melanocytic nevi from malignant melanoma is based on the ABCDE 

guideline (Asymmetry, Border irregularity, Colour variegation, Diameter >6 mm, Evolution) 

(Friedman et al. 1985, Abbasi et al. 2004, Marghoob et al. 2019). Melanoma is classified into 

different subtypes including superficial spreading, nodular, lentigo maligna, acral lentiginous 

and desmoplastic melanoma which differ with regard to affected areas and their growth pattern. 

The classification into different tumour stages is carried out according to the TNM (Tumour, 

Nodes, Metastasis) classification similar to the squamous cell carcinoma, taking into account 

the presence or absence of ulceration, the tumour thickness as defined by Breslow and the 

invasion level as described by Clark (Clark et al. 1969, Breslow 1970, Balch et al. 2001).  

The gold standard in diagnosis and treatment of melanoma is the surgical excision of the 

primary tumour with an appropriate safety margin, partially in combination with radiation 

therapy (Garbe et al. 2008). On the occurrence of metastasis, the use of chemotherapeutic 

agents is the common procedure for the treatment. The discovery of B-Raf as an oncogene 

and the identification of V600E being the most relevant somatic missense mutation of B-Raf in 

melanoma are the basis for new targeted therapies (Davies et al. 2002, Wellbrock et al. 2004). 

The application of specific B-Raf inhibitors, for example vemurafenib and dabrafenib, which 

targets the protooncogene B-Raf (Davies et al. 2002, Luke et al. 2017, Peng et al. 2017), 

shows improved efficacy in comparison to conventional chemotherapeutic agents, but 

response rates of around 50% and onset of resistances are observed within months (Nazarian 

et al. 2010, Chapman et al. 2011, Flaherty et al. 2012). Furthermore, immunotherapy was 

applied to treat melanoma. However, this is limited due to variable response rates (Larkin et 

al. 2015, Luke et al. 2017).  

1.3 Multistep carcinogenesis  

The maintenance between cell proliferation and cell death plays an important role in the body 

and is subject to tight regulations. An imbalance can result in cell death, but can also facilitate 

uncontrolled growth. Carcinogenesis is postulated as a multistage process consisting of 

initiation, promotion and progression (Weinberg 1994, Hiddemann and Bartram 2010, Müller-

Esterl 2018). Initiation requires the emergence of a single mutated cell. Mutations occur 

spontaneously and constantly throughout the genome (Hiddemann and Bartram 2010). The 

most crucial mutations are found in genes whose products regulate the balance between cell 

proliferation and cell death, including protooncogenes/oncogenes and tumour suppressor 

genes (Morris and Chan 2015, Chandrashekar et al. 2020). Initiation is followed by promotion 

comprising the clonal expansion. This underlying selection mechanism is reversible and 

depends on the exposure to so-called tumour promoters. Thereafter, progression is the final 

step of tumour development (Hiddemann and Bartram 2010). Whereas a selective growth of a 
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(mutated) preneoplastic clone leads to the formation of a benign tumour, further mutations 

enhancing genetic instability facilitate the formation of a malignant tumour. These tumours 

differ in their boundaries and growth pattern. While the benign cancer type occurs locally and 

has a clear boundary, the malignant form is characterised by invasive and metastatic growth 

(Müller-Esterl 2018, Patel 2020). The interaction of several exogenous and endogenous 

factors causes tumour development. These include genetic predisposition, spontaneous 

somatic mutations as well as noxious agents, such as carcinogens, radiation and cancer-

causing viruses (Hiddemann and Bartram 2010, Morris and Chan 2015, Schneider et al. 2017). 

As mentioned above, protooncogenes and tumour suppressor genes play a crucial role in this 

context. Mutations in the former resulting in an oncogene are dominant gain-of-function 

mutations leading to constitutive activation of signalling pathways (Chandrashekar et al. 2020). 

One well-studied oncogene is the Ras protein. These small GTPases are involved in several 

signalling cascades including proliferation, differentiation and apoptosis. Three isoforms are 

identified including H-Ras, K-Ras and N-Ras, of which the first often plays a role particularly in 

melanoma. The effector protein rapidly accelerated fibrosarcoma (Raf) being a kinase is 

activated by Ras, thus, triggering a downstream signal cascade of several kinases. For 

example, Raf phosphorylates mitogen-activated protein kinase (MAPK) extracellular signal-

regulated kinase (ERK) kinase (MEK) which further phosphorylates ERK, resulting in the 

induction of cell cycle progression. The constitutive activation of this pathway can be induced 

by mutation in each of the individual steps (Zhang and Liu 2002, Chang et al. 2010, Manna 

and Stocco 2011, Han et al. 2017, Müller-Esterl 2018). In contrast, tumour suppressor genes 

are recessive, thus, both alleles must be mutated that is often accompanied by loss-of-function. 

Tumour suppressors can be grouped into gatekeeper genes regulating cell cycle processes 

and caretaker genes maintaining the integrity of the genome (Kinzler and Vogelstein 1997, 

Morris and Chan 2015, Mantovani et al. 2019, Chandrashekar et al. 2020). A prominent 

example is the tumour suppressor gene TP53 encoding the p53 protein which is altered in 

numerous different human tumours (Kandoth et al. 2013, Mantovani et al. 2019). The protein 

functions as a negative regulator in cell proliferation, cell cycle arrest during DNA repair and 

apoptosis conducting the term “guardian of the genome” (Lane 1992, Kruiswijk et al. 2015). 

Depending on the appearance on somatic mutation, they can be grouped into general-cancer 

and specific-cancer genes. For example, p53 is mutated in numerous tumour cells referred to 

the first group, whereas the breast cancer gene 1 (BRCA1), which is exclusively mutated in 

breast tissue, belongs to the specific-cancer genes. Thus, the tissue and context of each 

tumour has to be considered to understand the tumour biology and to identify potential points 

of attack for targeted therapies (Visvader 2011, Schaefer and Serrano 2016, Schneider et al. 

2017, Chandrashekar et al. 2020). For better understanding of the complexity of 

carcinogenesis, Hanahan and Weinberg summarized the relevant biological properties of 
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tumours cells and named it hallmarks of cancer (Hanahan and Weinberg 2011). These include, 

amongst others, activating invasion and metastasis, inducing angiogenesis, resisting cell 

death, genome instability and deregulating cellular energetics. By identifying tumour-specific 

parameters, it is possible to develop new therapeutic approaches that specifically target 

individual characteristics. Exemplary representatives of potential anti-cancer drugs regarding 

the hallmarks of cancer are presented in Fig. 1.1 (Hanahan and Weinberg 2011). Since this 

thesis deals in particular with the evasion of cell death, this topic will be described in more 

detail in the following.   

 

Fig. 1.1 Hallmarks of cancers summarised by Hanahan and Weinberg. Representatives of potential anti-

cancer drugs with regard to the individual hallmarks are shown. Reprinted from Cell, 144/5, Hanahan and 

Weinberg, Hallmarks of Cancer: The Next Generation, 646-674, Copyright (2011), with permission from 

Elsevier; (Hanahan and Weinberg 2011). 

1.4 Cell death pathways 

Maintenance of cellular homeostasis requires a balance between proliferation and cell death. 

In this context, programmed cell death plays an important role not only for cell homeostasis 

but also in developmental processes relating to the nervous and immune system (Renehan et 

al. 2001, Czabotar et al. 2014). Dysfunction in these pathways leads to the formation of 

diseases such as cancer, autoimmune and neurodegenerative diseases (Renehan et al. 2001, 

Elmore 2007). In regard to cancer development, malfunctioning cell cycle regulation resulting 

in enhanced proliferation or decreased cell death facilitate carcinogenesis (King and Cidlowski 
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1998). Apoptosis and necroptosis, two processes belonging to the programmed cell death, are 

described below in more detail.  

1.4.1 Apoptosis 

Programmed cell death was first characterised by Kerr et al. in the early 70s. It was termed 

apoptosis and was defined to have two morphological features, including the formation of 

apoptotic bodies and phagocytosis (Kerr et al. 1972). Mechanistically, apoptosis compromises 

intrinsic and extrinsic pathways as well as the perforin/granzyme pathway (Fig. 1.2) (Elmore 

2007). The main enzymes involved in these pathways are caspases acting as cysteine-

aspartic proteases. These are synthesised in cells as inactive zymogens (procaspases) and 

are activated in response to apoptotic stimuli. So far, ten major caspases have been identified 

and due to their functions classified in initiator (2, 8, 9, 10), effector (3, 6, 7) and inflammatory 

(1, 4, 5) caspases. Upon activation, a proteolytic cascade is initiated for degradation of 

intracellular content (Cohen 1997, Rai et al. 2005, Elmore 2007).  

Initiation of the extrinsic pathway occurs through the interaction of respective ligands with 

transmembrane receptors, so-called death receptors, resulting in recruitment of cytoplasmic 

adaptor proteins (Elmore 2007). The best characterised ligand/death receptor couples are Fas 

ligand (FasL)/Fas receptor (FasR) and tumour necrosis factor (TNF) α/TNF receptor (TNFR) 

1 recruiting the adaptor proteins Fas-associating death domain-containing protein (FADD) and 

TNFR1-associated death domain protein (TRADD), respectively. To the latter, FADD and 

receptor-interacting serine/threonine-protein kinase (RIP) are binding upon activation. FADD 

contains a C-terminal death domain (DD), responsible for binding to death receptors, and a N-

terminal death effector domain (DED), whereof procaspase 8 is binding resulting in the 

formation of a death inducing signalling complex (DISC) (Kischkel et al. 1995, Cohen 1997, 

Elmore 2007, Fu et al. 2016). This complex leads to autocatalytic activation of procaspase 8, 

followed by the activation of effector caspases that perform their proteolytic work (Chang and 

Yang 2000, Elmore 2007). In addition, effector caspases activate endonucleases and further 

proteases leading to the degradation of nuclear material as well as proteins. Chromatin 

condensation can be mediated by caspase 3 dependent activation of caspase-activated 

DNase (CAD) (Sakahira et al. 1998, Chang and Yang 2000). Intracellular material including 

RNA, DNA and proteins is enclosed in apoptotic bodies (Xu et al. 2019). The translocation of 

phosphatidylserine to the outer surface of the cell membrane functions as a recognition site 

for phagocytes to ensure a noninflammatory death (Fadok et al. 1992, Nagata 2018). A further 

mechanism to induce the execution phase of apoptosis is the perforin/granzyme pathway, 

particularly induced by cytotoxic T lymphocytes. Perforin, a glycoprotein from T cells, forms a 

transmembrane pore on the target cell causing a release of intracellular granules containing 
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granzyme A and B. Granzyme B can activate both initiator and effector caspases resulting in 

apoptosis. In contrast, granzyme A induces DNA degradation in a caspase independent 

manner (Adrain et al. 2005, Elmore 2007, Voskoboinik et al. 2015). The major type of apoptosis 

is the intrinsic pathway, also referred to as the mitochondrial pathway. Distinct stimuli induce 

alterations in the inner mitochondrial membrane resulting in pore formation and loss of 

mitochondrial membrane potential. These changes cause the release of pro-apoptotic proteins 

into the cytosol, such as cytochrome c and Smac/Diablo (Du et al. 2000, Verhagen et al. 2000, 

Wei et al. 2001, Gogvadze et al. 2006, Elmore 2007). In the presence of ATP, the apoptosome 

is formed consisting of cytochrome c, apoptotic protease activating factor-1 (Apaf-1) and 

procaspase 9 resulting in the activation of this caspase (Zou et al. 1999). Similar to caspase 8, 

the activation of caspase 9 induces the execution phase of apoptosis (Chang and Yang 2000, 

Elmore 2007).  

 

Fig. 1.2 Overview of apoptotic pathways. 

The process of apoptosis is tightly regulated. With regard to the intrinsic (mitochondrial) 

pathway, members of the Bcl-2 family are the key regulator of this process (Singh et al. 2019). 

The BCL-2 gene was first identified in lymphoma as an oncogene in B-cell malignancies 

(McDonnell et al. 1992). Members of the Bcl-2 protein family are grouped into three groups 

due to the appearance of Bcl-2 homology (BH) domains and functions (Fig. 1.3). The anti-

apoptotic group including Bcl-2, Bcl-xL, MCL-1, Bcl-w, Bfl-1 contains all four BH domains. The 

pro-apoptotic proteins are subdivided into effector and BH3-only proteins. Bax, Bak and Bok 

belong to the first group and contain three to four BH domains. As the name indicates, BH3-
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only proteins possess only the BH3 domain (Cory and Adams 2002, Vogler 2014, Opydo-

Chanek et al. 2017, Montero and Letai 2018). In the presence of certain stressors, pro-

apoptotic effector proteins oligomerize and translocate to the outer mitochondrial membrane 

resulting in mitochondrial outer membrane permeabilization (MOMP). The oligomerisation of 

Bak and Bax can be enhanced by activator BH3-only proteins, such as Bim and Bid (Letai et 

al. 2002, Montero and Letai 2018). Under normal conditions, anti-apoptotic proteins bind the 

monomeric form of effector proteins, thus, preventing MOMP. The interaction occurs through 

the hydrophobic pocket formed by BH domain 1, 2 and 3 of anti-apoptotic proteins and the 

BH3 domain of pro-apoptotic proteins (Sattler et al. 1997, Opydo-Chanek et al. 2017). Other 

members of BH3-only proteins so-called sensitizers facilitate apoptosis induction through 

competition for binding the hydrophobic groove of anti-apoptotic proteins (Letai et al. 2002, 

Montero and Letai 2018). A crosstalk between the extrinsic and intrinsic apoptotic pathway 

have been described via the BH3-only protein Bid. Upon activation of the extrinsic pathway, 

activated caspase 8 can cleave Bid resulting in a truncated form (t-Bid) which can translocate 

to the mitochondria and activate pro-apoptotic proteins like Bak (Korsmeyer et al. 2000, Zhao 

et al. 2010).  

 

Fig. 1.3 Classification of Bcl-2 family protein members due to their function and appearance of BH domains. 

Taken from Montero and Letai, licensed under CC BY 4.0 (Montero and Letai 2018). 

The balance between pro- and anti-apoptotic Bcl-2 family members is described by 

Korsmeyer’s rheostat model. A shift to pro-apoptotic proteins results in apoptosis, whereas a 

shift towards anti-apoptotic proteins promotes cell survival which is accompanied by 

pathological alterations including cancer (Korsmeyer et al. 1993, Mohammad et al. 2015). The 

evasion of cell death is one of the hallmarks of cancer (Hanahan and Weinberg 2011). 

Concomitant by overexpression of anti-apoptotic proteins of the Bcl-2 family is often observed 
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in several cancers including lung, ovary, breast and gastric cancer as well as melanoma 

(Zhang et al. 2002, Yip and Reed 2008, Vogler 2014, Lee et al. 2019). For this reason, targeting 

these proteins offers new anti-cancer treatments. The use of antisense RNA was rejected by 

the Food Drug Administration (FDA) due to the lack of efficacy, but molecules mimicking the 

BH3 domain, so-called BH3 mimetics, entered preclinical and clinical trials demonstrating 

promising results (Vogler 2014, Merino et al. 2018, Han et al. 2019).  

1.4.2 Necroptosis 

For a long time, cell death was only divided into a programmed (regulated) cell death 

(apoptosis) and an uncontrolled (accidental) form called necrosis. But these two types only 

represent the two extremes of a cell death. Meanwhile, many other forms have been 

discovered that are also tightly regulated (D'Arcy 2019, Tang et al. 2019). One example is the 

programmed necrosis termed necroptosis (Degterev et al. 2005). Necroptosis exhibits 

similarities with both apoptosis with regard to mechanistic aspects and necrosis with respect 

to morphological characteristics (He et al. 2009, Christofferson and Yuan 2010, Gong et al. 

2019). Mechanistically, a lot is known about the TNFR 1 induced necroptotic pathway being 

the prototype of necroptosis (Fig. 1.4), although other death receptors can initiate this pathway 

as well (Fulda 2013). After binding of TNF to TNFR1, a conformationally change in the receptor 

resulting in the recruitment of further factors, including TRADD, RIP1, TNF receptor associated 

factor (TRAF) and cellular inhibitor of apoptosis protein (cIAP), forms a so-called complex I 

(Micheau and Tschopp 2003, Vandenabeele et al. 2010, Gong et al. 2019). This complex 

induces NF-κB and MAPK signalling pathways to maintain cell survival (Fulda 2013). In this 

process, however, the ubiquitination status of RIP1 plays a crucial role (Ea et al. 2006, Liu et 

al. 2019). While RIP1 is normally polyubiquitinated (by cIAPs) in complex I finally promoting 

cell survival pathways (Bertrand et al. 2008), the deubiquitination of RIP1 through the 

deubiquitinase cylindromatosis (CYLD) forces the cell towards cell death (Moquin et al. 2013) 

as another complex will be formed. This cell death mediating complex II consists of TRADD, 

FADD, RIP1 and caspase 8 but lacking TNFR1 (Micheau and Tschopp 2003). Dependent on 

the activation status of caspase 8 either apoptosis or necroptosis is induced (Fritsch et al. 

2019). In the first case, active caspase 8 initiates the activation of downstream caspase 

cascades resulting in an apoptotic cell death and the inactivation of RIP1 through cleavage 

preventing the induction of necroptosis at the same time (Lin et al. 1999). In case of non-

functional caspase 8 due to genetic or pharmacological inhibition, RIP1 is phosphorylated 

through autophosphorylation leading to its activation (Degterev et al. 2008). The step is 

required for downstream (necroptotic) processes which was demonstrated by the use of the 

RIP1 inhibitor necrostatin-1 (Nec1) (Degterev et al. 2008, Cho et al. 2009). Subsequently, RIP3 

is recruited and interacts with RIP1 through their RIP homotypic interaction motif (RHIM) 
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forming an amyloid structure named necrosome complex (Sun et al. 2002, Li et al. 2012, Liu 

et al. 2019). Hereinafter, downstream substrate such as mixed lineage kinase domain like 

pseudokinase (MLKL) are phosphorylated by RIP3 and gathered to the necrosome (Sun et al. 

2012). In the execution phase of necroptosis, phosphorylated MLKL oligomerizes and 

translocates to the plasma membrane causing its permeabilization (Wang et al. 2014, Samson 

et al. 2020). As a consequence, endogenous molecules including damage-associated 

molecular patterns (DAMP) can be released, which trigger an immune response as well as 

inflammation and cell death (Martin 2016, Kearney and Martin 2017).  

 

Fig. 1.4 Overview of the necroptotic cell death induced by TNFα. Taken from Gong et al., licensed under CC 

BY 4.0 (Gong et al. 2019). 

While the physiological role of apoptosis in terms of development and cell homeostasis is well 

described, the role of necroptosis is not fully understood. Naturally occurring necroptosis has 

been shown mainly in the context of defence against viral and bacterial pathogens as well as 

in the induction of excitotoxicity linked with pathologies of neurodegeneration diseases 

(Christofferson and Yuan 2010, Chen et al. 2016, Bedoui et al. 2020) . With respect to efficient 

killing of pathogens, necroptosis may act as a back-up mechanism due to overcome resistance 

to apoptosis (Pearson and Murphy 2017). Furthermore, viral infections are associated with 

tumorigenesis. A possible beneficial role of necroptosis to prevent cancer development 

requires more studies (Chen et al. 2016). The relevance of necroptosis in cancer is discussed 
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controversially due to its dual role and further studies are necessary to fully understand its 

function. On the one hand, the release of inflammatory molecules resulting in a tumour 

microenvironment which may favour the tumour progression and metastasis. On the other 

hand, necroptosis can serve as protective mechanism against tumour development, especially 

via increasing the anti-tumour immunity as well as when apoptosis does not work properly (Su 

et al. 2016, Najafov et al. 2017, Gong et al. 2019, Liu and Jiao 2019). Combating cancer cells 

effectively is a major obstacle, particularly with regard to the rapid development of resistance 

to conventional anti-cancer drugs targeting the apoptotic pathway. In this context, necroptosis 

offers a new promising target for the development of new drugs to successfully treat cancer 

cells (Gong et al. 2019). Thus, necroptosis activates the immune system to combat the cancer 

cells as well as acts as back-up mechanism in apoptotic resistant tumour cells. However, 

targeting the necroptotic pathway is not suitable in all cancer cells due to different levels of RIP 

proteins (Su et al. 2016, Wu et al. 2020).  

1.5 Autophagy 

Autophagy describes the cellular degradation of endogenous components including proteins 

and organelles. The term meaning “self-eating” was created by Christian De Duve (Klionsky 

2008). Three classes of autophagy have been identified: macroautophagy, microautophagy 

and chaperone-mediated autophagy. The mechanisms of the three pathways differ, but in 

principle they all serve the same purpose, namely the inclusion of cytoplasmic material with 

subsequent lysosomal degradation (Mizushima and Komatsu 2011). During microautophagy, 

small cytosolic components are engulfed by the lysosome through the invagination via the 

lysosomal membrane (Sahu et al. 2011). The chaperone-mediated autophagy based on the 

recognition of substrates having a KFERQ motif by chaperone proteins such as heat shock 

cognate (Hsc) 70. Binding is followed by translocation to the lysosome, where the import of the 

substrates is mediated through the transmembrane protein LAMP2A (Orenstein and Cuervo 

2010). Macroautophagy is the major type of autophagy which hereinafter will be referred to as 

“autophagy”. This process consists of several steps: induction, nucleation, maturation, fusion 

and degradation (Fig. 1.5). Numerous factors are involved in the respective steps 

demonstrating the complexity of autophagy (Chang 2020). The discovery of autophagy genes 

in yeast in the 1990s provided insight into the molecular mechanism of autophagy. The genes 

encoding these proteins as well as the proteins themselves are termed as ATG (AuTophaGy) 

(Klionsky et al. 2003). The regulation of autophagy in mammals requires several protein 

complexes acting in a hierarchical manner. Formation of autophagosomes starts with a double 

membrane structure (phagophore) near the endoplasmic reticulum (ER). The exact origin of 

the membrane has not been fully elucidated. In addition to the assumption that the ER 

membrane can be used directly, several studies indicate that membranes derived from the 
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Golgi, mitochondria and the plasma membrane are also involved (Hayashi-Nishino et al. 2009, 

Hailey et al. 2010, Ravikumar et al. 2010, Tooze and Yoshimori 2010, Mizushima and Komatsu 

2011). The induction of autophagy in mammals is mediated by the ULK1 complex consisting 

of ULK1/2, ATG13, FIP200 and ATG101. In this context, FIP200 acts as scaffold protein for 

the assembly of ATG proteins. Subsequently, the class III phosphatidylinositol 3-kinase (PI3K) 

complex is gathered which is composed of VPS34, VPS15, Beclin 1 and ATG14L. VPS34 is 

required to phosphorylate phosphatidylinositol (PI) to phosphatidylinositol 3-phosphate 

(PI(3)P) through its kinase activity. This step is essential for the formation of the initial 

autophagosome structure (omegasome) (Axe et al. 2008, Chang 2020, Li et al. 2020). The 

subsequent elongation involves two ubiquitin like conjugation steps. ATG12-ATG5 conjugate 

mediated by ATG7 and ATG10 forms a complex with ATG16L1 acting as E3-like ligase. After 

proteolytic cleavage of microtubule-associated protein 1 light chain 3 beta (MAP1LC3B; LC3B) 

via ATG4, phosphatidyl-ethanolamine (PE) is conjugated to LC3B by the multiprotein complex. 

Lipidated LC3B, also named LC3 II, is integrated into the phagophore during elongation 

(Chang 2020, Li et al. 2020). The maturation step comprises the formation of a circular closed 

autophagosome enclosing cytoplasmic material. Subsequently, mature autophagosomes are 

trafficking to the perinuclear region, where primary lysosomes are predominantly located, and 

fuse with these resulting in the formation of an autolysosome. This process is mediated by 

members of the Rab family of small GTPases (Kimura et al. 2008, Wijdeven et al. 2016, Li et 

al. 2020). Finally, degradation takes place via lysosomal acidic hydrolases and separate the 

resulting degraded components can be reused again (Mizushima 2007).  

Fig. 1.5 Mechanism of macroautophagy in mammals . Taken from Chang et al., licensed under CC BY (Chang 

2020). 

Autophagy, as an evolutionarily conserved mechanism, is a fundamental cellular process to 

sustain homeostasis and immunity as well as to prevent diseases. In addition to the quality 

control in order to remove damaged proteins and organelles, autophagy serves to maintain 

energy levels during low-energy conditions, for example mediated by starvation. The pathway 

is induced by several stressors including oxidative stress, DNA damage, hypoxia and infection 

(Mizushima 2007, Mizushima and Yoshimori 2007, Mizushima and Komatsu 2011, Li et al. 

2020). Defects in this tightly regulated process are associated with cancer, neurodegenerative 
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diseases and aging (Mizushima 2007, Mizushima and Komatsu 2011, Tran and Reddy 2020). 

The first link between autophagy and cancer was discovered through the identification of 

Beclin-1 as tumour suppressor protein (Yue et al. 2003). The role of autophagy in 

tumorigenesis is controversially discussed. On the one hand, prevention of tissue damage and 

maintenance of genome stability deals with tumour suppression properties, whereas 

autophagy supports tumour progression at late stages of carcinogenesis by promoting survival 

and resistance of cancer cells (Levine 2007, Li et al. 2020). The effect of autophagy with regard 

to tumour development or inhibition of tumour growth depends on the tumour 

microenvironment, the cancer type and stage as well as the genetic background (White 2012, 

Li et al. 2020).   

1.6 BH3 mimetics 

To overcome resistance of tumour cells acquired by upregulation of anti-apoptotic Bcl-2 

proteins, small molecules have been developed to treat these cancer cells. The underlying 

mechanism of so-called BH3 mimetics is the antagonising of anti-apoptotic proteins by the 

release of pro-apoptotic proteins from their binding to anti-apoptotic proteins resulting in the 

induction of the intrinsic pathway of apoptosis (Zhang et al. 2007, Vogler 2014, Mohammad et 

al. 2015). BH3 mimetics include both peptides and non-peptide synthetic small molecules. The 

latter group comprises different putative Bcl-2 inhibitors already tested as single agents or in 

combination with other drugs in preclinical and clinical trials (Opydo-Chanek et al. 2017). ABT-

737 is a synthetic acrylsulfonamide-based BH3 mimetic compound antagonising Bcl-2, Bcl-xL 

and Bcl-w (Oltersdorf et al. 2005, Konopleva et al. 2006). In addition to the potent single-agent 

activity in leukaemia and lymphoma cell lines, synergistic effects in combination with other 

drugs, such as the topoisomerase inhibitor topotecan and the spindle inhibitors vincristine or 

docetaxel, are observed in leukaemia and solid tumours (Oltersdorf et al. 2005, Konopleva et 

al. 2006, High et al. 2010, Oakes et al. 2012). Due to its poor bioavailability and low aqueous 

solubility, the use of ABT-737 is limited (Opydo-Chanek et al. 2017). Thus, new derivates have 

been developed like the analogue ABT-263 (navitoclax) which exerts similar activities and is 

available orally at the same time (Park et al. 2008, Tse et al. 2008, Lin et al. 2017). However, 

navitoclax tested as single drug or in combination induces thrombocytopenia (Opydo-Chanek 

et al. 2017). Based on this compounds, ABT-199 (venetoclax) was designed. It was the first 

BH3 mimetic approved by the Food and Drug Administration (FDA) for the treatment of patients 

with chronic lymphocytic leukaemia carrying a p17 deletion (FDA 2016, Opydo-Chanek et al. 

2017). Meanwhile, venetoclax has been approved for further tumour treatments including 

acute myeloid leukaemia (FDA 2019). Obatoclax, a synthetic indolyldipyrromethene, 

represents another BH3 mimetic. This pan-Bcl-2 inhibitor shows promising results in tumour 

growth inhibition in xenograft mouse models of various cancer types (Li et al. 2008, Champa 
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et al. 2014). In contrast to synthetically produced BH3 mimetics, gossypol (GP) is a naturally 

occurring polyphenolic aldehyde from cotton seed plants (Adams et al. 1960). Even though it 

was originally tested as a male contraceptive, it is now being tested as an anti-cancer drug in 

preclinical and clinical phases (Wu 1989, Opydo-Chanek et al. 2017, Zeng et al. 2019). GP is 

described to be a pan-Bcl-2 inhibitor through interaction with Bcl-2, Bcl-xL, Bcl-2 and MCL1 

(Kitada et al. 2003, Oliver et al. 2005, Lessene et al. 2008, Kang and Reynolds 2009). The 

natural GP is a ratio metric mixture consisting of (+) and (-) enantiomers. The bioavailable GP 

derivative AT101 contains only the GP (-) enantiomer and shows promising efficacy, 

particularly in combination with other drugs, in numerous tumour cell lines including melanoma, 

gastric cancer and non-small cell lung cancer (Ren et al. 2015, Wei et al. 2016, Opydo-Chanek 

et al. 2017). For example, B-Raf kinase inhibitor (vemurafenib) and anaplastic lymphoma 

kinase inhibitor (ceritinib) resistant A375 melanoma cells are sensitive to AT101 treatment 

(Janostiak et al. 2019).  

In general, all BH3 mimetic molecules aim to activate the mitochondrial apoptosis pathway. 

However, also several off-target effects of these compounds are described in a tissue and 

context dependent manner. These include autophagy, ER-stress, necrotic cell death as well 

as cell cycle arrest (Zhong et al. 2012, Koehler et al. 2014, Opydo-Chanek et al. 2017, 

Sulkshane and Teni 2017). Relating to autophagy, anti-apoptotic Bcl-2 proteins interact not 

only with pro-apoptotic Bcl-2 proteins but also with Beclin-1 containing a BH3 domain required 

for the induction of autophagy (Liang et al. 1998, Oberstein et al. 2007). When Beclin-1 is 

bound to Bcl-2, this protein cannot contribute to the induction of autophagy through the PI3K 

complexes. Once Bcl-2 is scavenged by BH3 mimetic substances, released Beclin-1 may 

initiate autophagic processes (Pattingre et al. 2005). The development of BH3 mimetics offers 

a new approach in the fight against cancer used as single drug or in a combination treatment 

(Han et al. 2019). However, it has to be considered that the underlying mechanism possibly 

depends on the (cancer) cell type resulting in different efficacies and cell death pathways 

(Opydo-Chanek et al. 2017).  

1.7 Aim of this thesis 

Increased incidences of skin cancers including melanoma and non-melanoma skin cancer 

accompanied with growing resistance of tumour cells against conventional therapeutic drugs 

requires the development of new approaches to kill cancer cells effectively (Flaherty et al. 

2012, Gracia-Cazaña et al. 2016, Luke et al. 2017). Not only the efficacy of an anti-cancer drug 

is pivotal but also its tolerability by the patients with regard to undesired adverse side effects 

(Oun et al. 2018, Songbo et al. 2019). The hallmarks of cancer summarize key features 

acquired for tumorigenesis and indicate potential attacking points of targeted therapies 
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(Hanahan and Weinberg 2011). Among them is the evasion of apoptosis by upregulating of 

anti-apoptotic proteins preventing the intrinsic pathway of apoptosis. BH3 mimetics have been 

developed to bind these proteins forcing tumour cells towards cell death. Thus, these 

compounds offer new therapeutic opportunities in the treatment of cancer (Kang and Reynolds 

2009, Adams and Cory 2018). For that reason, different BH3 mimetics were tested in order to 

find an effective drug combining both a detrimental effect on tumour cells and a “beneficial” 

effect on normal (healthy) cells. The FDA-approved ABT-199 and the naturally occurring 

compound (±) gossypol (GP) were chosen to investigate their effect on both skin cancer cells 

A375 melanoma and SCL-1 carcinoma cells, and normal (healthy) cells such as normal human 

epidermal melanocytes (NHEM), normal human epidermal keratinocytes (NHEK) and normal 

human dermal fibroblasts (NHDF). The focus herein lies on working out concentration of the 

drug(s) being toxic for skin cancer cells. In this thesis, GP showed a selective toxic effect on 

those tumour cells and being non-toxic for normal (healthy) cells. Thereafter, the underlying 

molecular mechanism of GP should be studied with regard to the involved cell death pathways. 

Additionally, the effect of GP on mitochondria being involved in cell death should be addressed, 

as BH3 mimetics are described to interact with Bcl-2 proteins which are important in regulating 

mitochondria dependent signalling. In summary, the aim of the thesis is to study the effect of 

GP on tumour cells in comparison to normal (healthy) cells and to work out a possible selective 

mode of action.   
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2 Materials and Methods 

2.1  Materials 

All materials used in this study are listed below.  

2.1.1 Substances 

In this thesis, two different compounds belonging to the class of Bcl-2 inhibitors were tested: 

the pan-Bcl2 inhibitor gossypol (GP) and the specific Bcl2 inhibitor ABT-199.  

2.1.1.1 Gossypol  

(±) Gossypol (GP, CAS 303-45-7) was purchased from Abcam (Cambridge, UK). Its purity was 

>98% according to the manufacturer’s specifications. GP was dissolved in DMSO (25 mM), 

aliquoted and stored at -80°C for up to one month. For treatment of the cells, 1:500 to 1:1000 

working stocks were prepared in DMSO and the compound was directly added to the cells, 

unless otherwise stated.  

2.1.1.2  ABT-199 

ABT-199 (CAS 1257044-40-8) was obtained from Abcam (Cambridge, UK). According the 

manufacturer, the purity was >98%. ABT-199 was dissolved in DMSO (50 mM), aliquoted and 

stored at -20°C. Working stocks (1:500) in DMSO were used for treatment of the cells.  

2.1.2  Cell lines  

A375 – human malignant melanoma cell line  

The A375 cell line (ATCC ® CRL-1619) originated from human, amelanotic cells of malignant 

melanoma, which was taken from a 54-year-old woman. The cells were obtained from the 

American Type Culture Collection (ATCC, Virginia, USA) 

SCL-1 – human cutaneous squamous cell carcinoma cell line 

The squamous cell carcinoma cell line consists of poorly differentiated human skin cells 

derived from the carcinoma of a 74-year-old woman (Boukamp et al. 1982). The cells were 

kindly obtained from Prof. Dr. Norbert Fusenig from the German Cancer Research Center 

(DKFZ, Heidelberg, Germany).  

NHEM – normal human epidermal melanocytes 

NHEM (C-12400) are normal human epidermal skin melanocytes derived from the foreskin of 

a juvenile donor. The cells were purchased from Promocell (Heidelberg, Germany).  
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NHEK – normal human epidermal keratinocytes  

Primary normal human epidermal keratinocytes (NHEK, C-12001) derived from the epidermis 

of juvenile foreskin were from Promocell (Heidelberg, Germany).  

NHDF – normal human dermal fibroblasts 

NHDF (C-12300) are normal human dermal fibroblasts isolated from the dermis of juvenile 

foreskin which was also obtained from Promocell (Heidelberg, Germany).  

2.1.3  Chemicals 

2-Mercaptoethanol Sigma, Taufkirchen 

ABT-199  Abcam, Cambridge, UK 

Acetic acid (100%) Merck, Darmstadt  

Acetone VWR, Darmstadt 

Acetonitrile (AcN) VWR, Darmstadt 

Agar Sigma, Taufkirchen 

Ammonium persulfate (APS) Sigma, Taufkirchen 

Bad Stabil ® Water Bath Stabilizer neoLab, Heidelberg 

Bafilomycin A1 Sigma, Taufkirchen 

Bovine serum albumin (BSA) Sigma, Taufkirchen 

Bromophenol blue Merck, Darmstadt 

Carbonyl cyanide 3-chlorophenylhydrazone 

(CCCP) 

Sigma, Taufkirchen 

Chloroquine diphosphate Sigma, Taufkirchen 

Clarity™ Western ECL substrate BioRad, Munich  

Coomassie © Brilliant Blue R250 Merck, Darmstadt 

Dimethyl sulfoxide (DMSO) Roth, Karlsruhe 

Dimethyl sulfoxide (DMSO), BioUltra ≥99.5 (GC) Sigma, Taufkirchen 

D-mannitol Roth, Karlsruhe 

DMEM (low and high glucose) Sigma, Taufkirchen 

D-sucrose Merck, Darmstadt 
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EDTA Merck, Darmstadt 

Ethanol, absolute VWR, Darmstadt 

Ethanol, denatured Merck, Darmstadt 

Fetal bovine serum (FBS) PAA Laboratories GmbH, Pasching 

Freezing Medium Cryo-SFM  PromoCell, Heidelberg 

GeneJuice® Transfection Reagent Merck, Darmstadt 

GlutaMAX™ Gibco, Darmstadt 

Glycerol Roth, Karlsruhe 

Glycine Roth, Karlsruhe 

Gossypol (GP, ab141050, CAS 303-45-7) Abcam, Cambridge, UK 

H2DCFDA Sigma, Taufkirchen 

H2O2 Sigma, Taufkirchen 

HBSS  Invitrogen, Karlsruhe 

HCl Merck, Darmstadt 

HEPES Sigma, Taufkirchen 

Hoechst 33342 solution  Thermo Fisher Scientific, MA, USA 

Kanamycin sulphate Roth, Karlsruhe 

Keratinocyte Medium (Growth and Basal) PromoCell, Heidelberg 

Keratinocyte Supplement Mix PromoCell, Heidelberg 

Lipofectamine RNAiMAX Thermo Fisher Scientific, MA, USA 

Melanocyte Medium (Growth and Basal) PromoCell, Heidelberg 

Melanocyte Supplement Mix PromoCell, Heidelberg 

Methanol VWR, Darmstadt 

Milk powder Roth, Karlsruhe 

Molecular Probes MitoTracker Green FM Thermo Fisher Scientific, MA, USA 

MTT 98% Sigma, Taufkirchen 

NaCl Roth, Karlsruhe 

NaOH Roth, Karlsruhe 
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Necrostatin-1 (Nec1) Cayman Chemicals, Michigan, USA 

Normal Goat Serum (NGS) Sigma, Taufkirchen 

Opti-MEM™ I Reduced Serum Medium Thermo Fisher Scientific, MA, USA 

PageRulerTM Prestained Protein Ladder Thermo Fisher Scientific, MA, USA 

Paraformaldehyde (PFA) Sigma, Taufkirchen 

PBS Sigma, Taufkirchen 

Penicillin/Streptomycin Biochrom, Darmstadt 

ProLong™ Gold Antifade Mountant with DAPI Thermo Fisher Scientific, MA, USA 

Protease Inhibitor Cocktail  Sigma, Taufkirchen 

Protein Assay reagents (A, B, S) BioRad, Munich 

ROTIPHORESE® Gel 40 (37:5:1) Roth, Karlsruhe 

SDS pellets  Roth, Karlsruhe 

SDS ultra-pure  Roth, Karlsruhe 

Seahorse XF DMEM medium, pH 7.4 Agilent Technologies, California, USA 

Sodium Pyruvate Sigma, Taufkirchen 

Staurosporine Sigma, Taufkirchen 

Sulforhodamine B Sigma, Taufkirchen  

Super SignalTM West Femto Maximum Sensitivity 

Substrate 

Thermo Fisher Scientific, MA, USA 

TEMED Roth, Karlsruhe 

Tetramethylrhodamine methyl ester (TMRM) Thermo Fisher Scientific, MA, USA 

Trichloroacetic acid (TCA)  Sigma, Taufkirchen  

Trifluoroaetic acid (TFA) Merck, Darmstadt 

Tris Pufferan  Roth, Karlsruhe 

Triton-X-100 Sigma, Taufkirchen 

Trypan blue stain (0.4%) Gibco, Darmstadt 

Trypsin-EDTA solution  Sigma, Taufkirchen 

Tryptone enzymatic digest from casein MP Biomedicals GmbH, Eschwege 
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Tween 20 Merck, Darmstadt 

Western Blot Stripping Buffer Thermo Fisher Scientific, MA, USA 

Yeast Extract Sigma, Taufkirchen 

zVAD-(OMe-)-FMK Santa Cruz Biotechnology, Heidelberg 

2.1.4 Solutions and buffers 

1x TBS-T 10% 10x TBS 

0.1% Tween 

add 1l dH2O 

 

10x TBS 0.5 M Tris 

1.5 M NaCl 

add 1l dH2O 

pH 7.5 

 

10x SDS running buffer 10 g SDS 

30.3 g Tris 

144.1 g glycine 

add 1 l dH2O 

 

12% running SDS gel 4.3 ml dH2O 

3 ml ROTIPHORESE® Gel 40 

2.5 ml Tris (1.5 M, pH 8.8) 

100 µl 10% SDS 

100 µl 10% APS 

4 µl TEMED 

 

15% running SDS gel 3.55 ml dH2O 

3.75 ml ROTIPHORESE® Gel 40 

2.5 ml Tris (1.5 M, pH 8.8) 

100 µl 10% SDS 

100 µl 10% APS 

4 µl TEMED 
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4x SDS-PAGE sample buffer  

(Laemmli buffer) 

40% glycerol 

20% 2-mercaptoethanol 

12% SDS 

0.4% bromophenol blue 

add dH2O 

 

5% Stacking gel 3.53 ml dH2O 

720 µl ROTIPHORESE® Gel 40 

650 µl Tris (1.5 M, pH 6.8) 

50 µl 10% SDS 

50 µl 10% APS 

5 µl TEMED 

 

Anode buffer 1  0.3 M Tris 

10% (v/v) MeOH 

add 1 l dH2O 

pH 10.4 

 

Anode buffer 2 25 mM Tris 

10% (v/v) MeOH 

add 1 l dH2O 

pH 10.4 

 

Blocking buffer (Western Blot) 5% milk powder or BSA in 1x TBS-T 

Cathode buffer 25 mM Tris 

10% (v/v) MeOH 

40 mM glycine  

add 1 l dH2O 

pH 9.4 

 

Coomassie destaining solution 50% (v/v) MeOH 

1% (v/v) acetic acid 

add dH2O 
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Coomassie staining solution 0.05% (w/v) Coomassie Brilliant Blue 

20% (v/v) MeOH 

7.5% (v/v) acetic acid 

add dH2O 

 

LB agar 5 g tryptone 

5 g NaCl 

2.5 g yeast extract 

7.5 g agar 

add 500 ml dH2O 

50 µg/ml kanamycin sulphate 

 

LB medium 5 g tryptone 

5 g NaCl 

2.5 g yeast extract 

add 500 ml dH2O 

pH 7.0 

 

Mobile phase (HPLC) 90% (v/v) AcN 

10% (v/v) dH2O 

1% (v/v) TFA 

 

MTT incubation solution 10% MTT stock solution in incubation 

medium (DMEM without FBS, MBM, KBM) 

 

MTT stock solution 5 mg/ml MTT in PBS 

 

SDS lysis buffer 1% SDS  

0.1% Protease inhibitor cocktail 

 

Seahorse Medium 

 

supplemented with 

1 g glucose/l  

2 mM GlutaMAX™ 

1% pyruvate 

pH 7.4 
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2.1.5  Consumables 

Aluminum foil VWR, Darmstadt 

Autoclave tapes VWR, Darmstadt 

Beakers (different sizes) VWR, Darmstadt 

Bemis™ Curwood Parafilm™ Thermo Fisher Scientific, MA, USA 

Cell culture plates (6-, 24-, 96-well) Greiner Bio-One, Frickenhausen 

Cell scraper Greiner Bio-One, Frickenhausen 

CELLSTAR® Tissue Culture Dishes (3, 6, 10 cm) Greiner Bio-One, Frickenhausen 

CELLSTAR® Tissue Culture Flask (T-75, T-175) Greiner Bio-One, Frickenhausen 

Centrifuge tubes Greiner Bio-One, Frickenhausen 

Coverslips (High Precision), 18 mm Ø, DHR3 Hartenstein, Würzbürg 

Cryo tube 2 ml Greiner Bio-One, Frickenhausen 

Cuvettes Sarstedt, Nümbrecht 

Dispenser tips (1.25, 2.5, 5, 10, 12.5 ml) VWR, Darmstadt 

Disposable pipettes (5, 10, 25 ml) Greiner Bio-One, Frickenhausen 

Disposal bags Sarstedt, Nümbrecht 

Eppendorf Reagent Reservoir Eppendorf, Hamburg 

Falcon tubes (15 ml, 50 ml) Greiner Bio-One, Frickenhausen 

Filter paper Bio-Rad, California, USA 

Filter tips (10, 100, 300, 1250 µl) Greiner Bio-One, Frickenhausen 

Gas cartridges CV360 Roth, Karlsruhe 

Gloves, nitrile Ansell, Brussels, Belgium 

Inoculating Loop VWR, Darmstadt 

Kleenex® Satino Wepa, Arnsberg-Müschede 

Mat Tek Glass bottom dishes MatTek Corporation, Ashland, MA, USA 

Measuring cylinder (different sizes) VWR, Darmstadt 

Microscope slide, 76 x 26 mm Engelbreft, Edermünde 

Microscope slides folder VWR, Darmstadt  
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Novex Empty Gel Cassettes Mini 1.5 mm Thermo Fisher Scientific, MA, USA 

Pasteur pipette Brand, Wertheim 

PCR soft tubes 0.2 ml  Biozym, Oldendorf 

Polyvinylidene difluoride (PVDF) membranes GE Healthcare, Solingen 

Seahorse XFe Flux Paks 

• Cell culture microplates 

• Sensor cartridges 

• Seahorse calibrant 

Agilent Technologies, Santa Clara, 

California, USA 

Sterican®cannula (0.90x40 mm) B. Braun, Melsungen 

Sterile filter 0.2 µm Sarstedt, Nümbrecht 

Stirrers VWR, Darmstadt 

Tweezers neoLab, Heidelberg 

Vials (HPLC) CS Chromatography Service, 

Langerwehe 

Whatman paper Bio-Rad, California, USA 

2.1.6  Kits 

Cell Meter™ Caspase 3/7 Activity Apoptosis 

Assay Kit *Blue Fluorescence* 

AAT Bioquest, Sunnyvale, California, USA 

Cell Meter™ Caspase 8 Activity Apoptosis 

Assay Kit *Blue Fluorescence* 

AAT Bioquest, Sunnyvale, California, USA 

Cell Meter™ Caspase 9 Activity Apoptosis 

Assay Kit *Blue Fluorescence* 

AAT Bioquest, Sunnyvale, California, USA 

DC™ protein assay kit Bio-Rad, Feldkirchen 

Human Lactate Dehydrogenase ELISA Kit Abcam, Cambridge, UK 

QIAprep Spin Miniprep Kit Qiagen, Hilden  

Seahorse XF Cell Mito Stress Test Kit Agilent Technologies, California, USA 
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2.1.7  siRNA oligos  

Control siRNA (4404021), Ambion Thermo Fisher Scientific, MA, USA 

Drp1 siRNA (ID19561, AM51331), Ambion Thermo Fisher Scientific, MA, USA 

2.1.8  Antibodies 

The antibodies used in this work are listed below. For Western Blot, the primary antibodies 

were diluted 1:1,000 and the secondary antibodies 1:15,000 in blocking buffer. For 

immunostaining experiments, the primary antibodies were used at a dilution of 1:100 and the 

secondary 1:1,000 in 1% NGS. 

2.1.8.1 Primary antibodies for Western Blot 

anti-Bax (5023) Cell Signaling Technology, MA, USA 

anti-Bcl-2 (ab32124) Abcam, Cambridge, UK 

anti-Bcl-xL (54H6) Cell Signaling Technology, MA, USA 

anti-Beta actin (D6A8) Cell Signaling Technology, MA, USA 

anti-Beta tubulin (9F3) Cell Signaling Technology, MA, USA 

anti-Caspase 3 (ab32351) Abcam, Cambridge, UK 

anti-Drp1 (14647) Cell Signaling Technology, MA, USA 

anti-GAPDH (G8795) Sigma, Taufkirchen 

anti-GFP (11814460001) Sigma, Taufkirchen 

anti-Hexokinase II (C64G5) Cell Signaling Technology, MA, USA 

anti-LC3B (ab51520) Abcam, Cambridge, UK 

anti-MIC60 (ab110329) Abcam, Cambridge, UK 

anti-NDUFB4 (ab110243) Abcam, Cambridge, UK 

anti-PARP (9542) Cell Signaling Technology, MA, USA 

anti-Smac/DIABLO (15108) Cell Signaling Technology, MA, USA 

anti-SQSTM1/p62 Cell Signaling Technology, MA, USA 

anti-TOM20 (11802-1-AP) Proteintech, St. Leon-Rot 
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2.1.8.2 Secondary antibodies for Western Blot 

HRP-conjugated rabbit anti-mouse IgG Dako, Glostrup, Denmark 

HRP-conjugated goat anti-rabbit IgG (111035144) Dianova, Hamburg 

2.1.8.3 Primary antibodies for Immunostaining 

anti-phospho-RIP3 (Ser227) (D6W2T) Cell Signaling Technology, MA, USA 

anti-RIP3 (B-2) (sc-374639) Santa Cruz Biotechnology, Heidelberg 

2.1.8.4 Secondary antibodies for Immunostaining 

Abberior STAR 635P goat anti-rabbit (far-red) Abberior, Göttingen 

Alexa Fluor 568 goat anti-mouse IgG (red) Life Technologies, California, USA  

2.1.9 Devices 

µCuvette G 1.0 Eppendorf, Hamburg 

8er Multichannel digital pipet Eppendorf, Hamburg 

Allegra® X-15R centrifuge Beckman Coulter, Krefeld 

Analytical balance TE1245 Sartorius, Göttingen 

Autoclave Systec VX-95 Systec GmbH, Linden 

BioSpectrometer Eppendorf, Hamburg 

Blotting apparatus (semi-dry) Bio-Rad, Munich 

Branson Sonifier 250 Emerson, Ferguson, USA 

Centrifuge 5417C/5424R Eppendorf, Hamburg 

Fireboys Integra Biosciences, Biebertal 

FL Detector L7485 Merck Hitachi, Darmstadt 

Freezer (-20°C) Liebherr, Ochsenhausen 

Freezer (-80°C) Thermo Fisher Scientific, MA, USA 

Fridges (+4°C) Liebherr, Ochsenhausen 

Fusion SL Advance gel documentation 

device 

Peqlab, Erlangen 
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Gel champers XCell Sure Lock™, Novex 

Mini Cell 

Invitrogen, Karlsruhe 

Heating block Peqlab, Erlangen 

Heraeus Megafuge 16R Centrifuge Thermo Fisher Scientific, MA, USA 

Heraeus Sepatech Labofuge Ae Thermo Fisher Scientific, MA, USA 

HERAtherm Incubator Thermo Fisher Scientific, MA, USA 

HPLC Auto-Sampler L2200 Merck Hitachi, Darmstadt 

HPLC Degasser 2004 VWR, Darmstadt 

HPLC L4250 UV-VIS Detector Merck Hitachi, Darmstadt 

HPLC pump L6200A Merck Hitachi, Darmstadt 

Incubator Thermo Fisher Scientific, MA, USA 

Infors HT Multitron Pro Incubator Infors, Einsbach 

Laboratory balance Sartorius, Göttingen 

Leica SP8 confocal microscope Leica Mikrosysteme Vertrieb GmbH, Wetzlar 

Magnetic stirrer J&K IKAMAG®RCT, Staufen 

Microscope Nikon Eclipse Ts2 Nikon, Tokio, Japan 

Microtiter Plate Reader FLUOstar OPTIMA BMG Labtech, Ortenberg 

Microtiter Plate Reader Tecan infinity M200 

pro 

Männedorf, Switzerland 

Milli-Q® Integral water treatment Millipore, Schwalbach 

Neubauer counting chamber Brand, Göttingen 

PerkinElmer Spinning Disk PerkinElmer Corporation, Waltham, MA, 

USA 

pH meter Hanna Instruments, Kehl 

Photometer Ultrospec 1000/3000 Pharmacia Biotech, Freiburg 

Pipetboys Integra Biosciences, Biebertal 

Pipettes Eppendorf, Hamburg 

Powersupplier Consort EV265 Sigma, Taufkirchen 

SDS-PAGE pocket spacer (1.5 mm), Novex Thermo Fisher Scientific, MA, USA 
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Seahorse XFe96 analyser Agilent Technologies, California, USA 

Shaker DOS-10L neoLab, Heidelberg 

Shaker Polymax 1040/Rotamax 120 Heidolph Instruments, Schwabach 

Shaker Vibrax VXR basic VWR, Darmstadt 

Shaking water bath GFL 1083 GFL, Burgwedel 

SpeedVac  Thermo Fisher Scientific, MA, USA 

Stepper Eppendorf, Hamburg 

Sterile bench Clean Air Thermo Fisher Scientific, MA, USA 

Supelco pKb 100 (250 x 4.6 mm) column 

(HPLC) 

Supelco, Sigma, Taufkirchen 

Water bath Aqualine AL 250 Lauda, Königshofen 

2.1.10  Software 

Agilent Seahorse Wave Desktop software  

ChemDraw Professional 16.0  

Corel Draw 2017  

FusionCapt Advance software  

Graph Pad Prism 5  

FIJI/Image J  

Microsoft Office 2019  

2.2 Methods 

All methods used in this work are described below.  

2.2.1 Cell culture 

The cells were cultured in growth medium in a humified atmosphere (37 °C in 5% CO2). The 

composition of the growth medium depended on the cell type and is listed in Tab. 2.1. For 

cultivation, cells were seeded in 75 or 175 cm² flasks. The growth of the cells was monitored 

using a microscope. After reaching subconfluence (70-80% confluence), cells were passaged 

for further experiments. For that, cells were washed once with PBS and incubated with 3 ml 

trypsin-EDTA-solution for 5 to 10 min at 37°C in 5% CO2. For trypsination of normal human 
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epidermal melanocytes (NHEM) and normal human epidermal keratinocytes (NHEK), trypsin 

solution was diluted in PBS (1:1 ratio). After complete detachment of the cells, 7 ml growth 

medium was added to stop the reaction and the cell suspension was transferred to a 15 ml 

tube. For reduction of trypsin concentration, NHEM and NHEK were centrifuged at 500 x g for 

5 min and resuspend in fresh growth medium. The cell number was determined using a 

Neubauer counting chamber. Subsequently, the cells were seeded for experiments with 

appropriate cell numbers in plates and dishes, respectively, or further cultivated in flasks. 

Subconfluent cells (70-80% confluence) were used for all experiments, unless otherwise 

stated. For treatment of the cells, cells were washed once with PBS and incubation medium 

was added (Tab. 2.1). The substances were directly added to the cells.  

Tab. 2.1 Cell culture condition of all cell lines used in this thesis. Growth medium was used for cultivation and 

incubation medium for treatment, unless otherwise stated. DMEM (Dubecco’s Minimun Eagle Medium), LG 

(low glucose), HG (high glucose), MGM (Melanocyte Growth Medium), MBM (Melanocyte Basal Medium), 

KGM (Keratinocyte Growth Medium), KBM (Keratinocyte Basal Medium)

Cell 
line 

Growth 
medium 

Supplements 
Incubation 

medium 
Supplements 

A375 
SCL-1 

LG 

DMEM 

10% FBS 

Streptomycin (100 µg/ml) 

Penicillin (100 U/ml) 

GlutaMAX™ (2 mM) 

 

HG DMEM Streptomycin (100 µg/ml) 

Penicillin (100 U/ml) 

GlutaMAX™ (2 mM) 

 

NHEM MGM Supplement Mix 

Streptomycin (100 µg/ml) 

Penicillin (100 U/ml) 

MBM Streptomycin (100 µg/ml) 

Penicillin (100 U/ml) 

 

NHEK KGM Supplement Mix 

CaCl2-Solution (0.5 M) 

Streptomycin (100 µg/ml) 

Penicillin (100 U/ml) 

KBM Streptomycin (100 µg/ml) 

Penicillin (100 U/ml) 

 

NHDF LG 

DMEM 

10% FBS 

Streptomycin (100 µg/ml) 

Penicillin (100 U/ml)  

GlutaMAX™ (2 mM) 

LG DMEM Streptomycin (100 µg/ml) 

Penicillin (100 U/ml) 

 GlutaMAX™ (2 mM) 
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2.2.1.1 Cryopreservation and revitalisation 

For long term storage, cells were frozen in cryopreservation medium and stored at -80°C or 

liquid nitrogen. Subconfluent cells growing in 175 cm² flasks were detached using a trypsin-

EDTA solution as described in 2.2.1. After that, the cell suspension was centrifuged at 1000 x g 

for 5 min at 4°C. The pellet was resuspended in freezing medium with a density of 1x106 

cells/ml and transferred in cryotubes. The freezing medium for A375, SCL-1 and NHDF 

consisted of low glucose DMEM supplemented with 20% FBS and 5% DMSO. For NHEM and 

NHEK, Cryo-SFM medium was used.  

For revitalisation, frozen cells were thawed for 2 min at 37°C in a water bath and diluted with 

1 ml fresh growth medium. The suspension was transferred into a 75 cm² flasks containing 

15 ml medium and incubated in a humidified atmosphere (37°C, 5% CO2). Depending on the 

time required for the cells to adhere, the medium is changed after 6 to 24 h in order to remove 

residues of DMSO. Before the freshly thawed cells were used for experiments, they were 

passaged at least once.  

2.2.1.2 Mycoplasma test 

To guarantee robust and reliable data, it is important to perform all experiments under sterile 

conditions. In order to regularly monitor the cell cultures for contamination, the mycoplasma 

test was performed at frequent intervals. Mycoplasma are bacteria lacking a cell wall and cause 

biochemical alteration in host organisms. It has been reported that contaminated cell cultures 

can lead to experimental artifacts and false results (Stanbridge 1971, Pisal et al. 2016).  

To ensure a contamination free cell culture, cells were seeded onto coverslips in a 3 cm dish 

and grown to subconfluence. After that, cells were fixed with ice cold MeOH for 1 h at 4°C and 

washed twice with PBS. To fix the coverslips on the microscopic slides, one drop of ProLong™ 

Gold Antifade Mountant with DAPI was used. DAPI is a fluorescent dye which labels DNA 

(Coleman and Coleman 1980). In presence of mycoplasma, smaller nuclei would be detected 

in addition to the nucleus of the cells used in the experiments. The cells were monitored using 

fluorescence microscopy. No contamination with mycoplasma was detected at any time during 

this thesis.  

2.2.2 Cell viability assays 

To investigate whether the substances used in this thesis show an effect on cell viability in 

different cells, two different methods were chosen as toxicity screening of the compounds. On 

the one hand, the MTT assay based on an enzymatic reaction and on the other hand, the SRB 

assay based on the staining of total protein amount were used. 
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2.2.2.1  MTT assay 

The MTT assay is a quantitative and colorimetric assay to determine the cell viability based on 

the metabolic activity of living cells. The activity of mitochondrial dehydrogenase which 

catalyses the conversion from yellow MTT to an insoluble purple formazan dye can be 

measured by absorbance (Mosmann 1983). The reaction scheme is shown in Fig. 2.1. 

 

Fig. 2.1 MTT assay. Reaction scheme of the reduction of a yellow tetrazolium salt (MTT) to insoluble purple 

formazan by mitochondrial dehydrogenase activity.  

Here, subconfluent cells were treated with a variety of substances at different concentration 

for different time points in 24-well plates. A solvent control served as negative controls, 2 mM 

H2O2 as positive control. Technical triplicates were used for each experiment. After incubation, 

cells were washed once with PBS and MTT solution (0.5 mg/ml) was directly added to the cells 

which were incubated for different time points depending on the cell line at 37 °C in 5% CO2. 

The incubation medium as well as the incubation time of each cell line are listed in Tab. 2.2. 

Following, MTT was removed and the cells were washed one time with PBS. DMSO 

(0.5 ml/well) was added for formazan extraction and the absorbance was measured at 570 nm 

with a plate reader. For the evaluation, the background was subtracted and the mock-treated 

control of each experiment was set at 100%.  

Tab. 2.2 Incubation medium and time for the MTT assay. DMEM (Dubecco’s Minimun Eagle Medium), LG 

(low glucose), HG (high glucose), MBM (Melanocyte Basal Medium), KBM (Keratinocyte Basal Medium).

Cell line Incubation medium Incubation time of MTT (h) 
A375 HG DMEM without FBS 0.5 

SCL-1 HG DMEM without FBS 0.75 

NHEM MBM 2 

NHEK KBM 1 

NHDF LG DMEM without FBS 2 
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2.2.2.2 SRB assay 

The sulforhodamine B (SRB) assay is also a quantitative and colorimetric assay for an indirect 

determination of cell viability. It was performed in this work to validate the results of the MTT 

assay. The principle is based on pH dependent staining of total protein with the dye SRB 

containing two sulfonic acid groups (Fig. 2.2) which can bind to basic amino acids residues 

under mildly acidic conditions and dissociate under basic conditions (Skehan et al. 1990, Maydt 

et al. 2013).  

 

Fig. 2.2 Structure of sulforhodamine B. 

Like the MTT assay, the SRB assay was carried out in 24-well plates and incubation with the 

test compounds was performed analogously. After washing with PBS and fixation with 0.5 ml 

10% (w/v) cold trichloroacetic acid solution for 1 h at 4 °C, cells were washed five times with 

dH2O and dried at RT. For the staining, cells were incubated with 0.3 ml 0.4% SRB dissolved 

in 1% acetic acid for 15 min at RT, washed five times with 1% acetic acid quickly and dried at 

RT. The dye was extracted with 0.4 ml unbuffered Tris-Base per well (10 mmol/l, pH 10.5) by 

gently rotation for 5 min. The absorbance was measured at 492 and 620 nm using a plate 

reader. For the analysis, the background values at 620 nm were subtracted from the values at 

492 nm. Cell viability of control was set at 100%. 

2.2.2.3 Determination of IC50 values 

The inhibitory concentration (IC) 50 value represents the concentration at which a compound 

exerts half of its maximal effect. The smaller the value, the stronger the effect of the compound 

on the cells. To compare the effect of GP between skin cancer cells and normal (healthy) cells 

regarding cell viability, the IC50 values were determined. IC50 values of GP treated cells were 

calculated by non-linear curve fit analysis using Graph Pad Prism software with R2>0.8 and P 

(run tests) as parameter of goodness-of-fit. 
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2.2.3 Extra- and intracellular measurement of GP (HPLC) 

High Performance Liquid Chromatography (HPLC) is an analytical method which is able to 

detect and quantify substances under certain settings including stationary and mobile phase 

as well as detection wavelength. In this study, two questions were addressed. On the one 

hand, the stability of GP in cell culture medium was investigated and on the other hand, the 

intracellular uptake of GP was determined.  

2.2.3.1 Stability of GP in cell culture medium 

To measure the stability of GP in medium used for the treatment of the cells, GP dissolved in 

DMSO was diluted in water and different medium including DMEM and MGM. After incubation 

of GP in a cell-free system for different time points, 50 µl was immediately injected. Acetonitrile 

(AcN) served as control. The experiments were performed using a Supelco pKb 100 

(250 x 4.6 mm) column isocratically with a mobile phase consisting of AcN/water/trifluoroacetic 

acid (90/10/0.1, v/v/v) pumped at a flow rate of 1.0 ml/min. The detection was made at 254 and 

367 nm, respectively, with a retention time of GP around 5 min (Fig. 2.3). GP concentrations 

were quantified using a standard curve. The concentration of GP diluted in AcN was set at 

5 µM (100%) at the first measurement point.  

 

Fig. 2.3 Representative chromatogram of HPLC analysis. 

2.2.3.2 Intracellular GP content 

For measurement of the cellular uptake of GP, cells were grown to subconfluence in Ø 10 cm 

culture dishes and treated with 5 µM GP for different time points. After two wash steps, cells 

were harvested in 2 ml PBS and centrifuged at 500 x g for 8 min at 4°C. After removal of the 

supernatant, cells were washed with PBS once and centrifuged again (5,000 x g for 6 min at 

4°C). Subsequently, the cell pellets resuspended in 150 µl AcN were mixed and centrifuged at 

20,000 x g for 5 min at 4°C. The HPLC conditions are mentioned above. For analysis, 50 µl of 
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the extract were injected. To quantify the protein amount of each sample, the solvent residue 

was evaporated and the cell pellet was solved in SDS lysis buffer. After sonification, protein 

concentrations were determined by the DCTM Protein Assay Kit in accordance with the 

manufacturer’s instructions. For quantification of the intracellular GP content, the measured 

concentration by HPLC was set in relation to the protein amount of each sample. The 

percentage of detectable GP was estimated by calculating the amount of GP measured at the 

first measurement point (t=15 min) in relation to the total amount of GP added extracellularly.  

2.2.4 Mitochondrial membrane potential (𝚫𝚿m) 

Mitochondrial integrity plays an important role to maintain several processes within the cells. 

One key parameter is the mitochondrial membrane potential (𝚫𝚿m) (Tilokani et al. 2018). To 

assess 𝚫𝚿m, cells were seeded on glass bottom dishes until achievement of 50% confluence. 

Subsequently, cells were mock-treated and treated with 2.5 µM GP for 2 and 4 h. Carbonyl 

cyanide m-chlorophenyl hydrazine (CCCP) at a concentration of 10 µM for 2 h served as 

positive control due to its functions as uncoupler of oxidative phosphorylation (Leblanc 1971). 

Hereinafter, cells were washed one time with PBS followed by the addition of 100 nM 

tetramythelrhodamine methyl ester (TMRM) and 100 nM MitoTRACKER™ for 30 min at 37°C. 

After a further washing step with PBS, 2 ml of fresh incubation medium was added and cells 

were analysed with a spinning disc confocal microscope. The weakening of fluorescence 

signal of TMRM induced by several stressor, such as apoptosis stimuli, compared to control 

cells indicate a loss of 𝚫𝚿m (Scaduto and Grotyohann 1999, Creed and McKenzie 2019). The 

quantification of fluorescence intensity was performed using Image J. The 𝚫𝚿m is defined as 

quotient of TMRM and MitoTRACKER™. The mock-treated control was set at 100%.  

2.2.5 Mitochondrial fragmentation 

To assess the mitochondrial morphology, cells were treated as described in 0. For evaluation, 

MitoTRACKER™ images were used. Quantification was performed using at least 30 cells per 

sample and according to Duvezin-Caubet et al. (Duvezin-Caubet et al. 2006): tubular (at least 

one mitochondrial tube ≥5 µm), intermediate (at least one tubule ≥0.5 µm and ≤5 µm) and 

fragmented (no tubules ≥0.5 µm).  

2.2.6 Fluorescent measurement of H2O2 using HyPer and SypHer 

For measuring intracellular H2O2 levels, the redox sensor HyPer was used which contains a 

H2O2 sensing domain (OxyR) and a circularly permuted Yellow Fluorescence Protein (cpYFP) 

resulting in a change of fluorescence spectrum in the presence of H2O2. SypHer serves as 
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negative control as a mutation in the OxyR domain leads to redox insensitivity (Bilan and 

Belousov 2016, Booth et al. 2016, Booth et al. 2016).  

Cells were seeded onto glass bottom dishes and were transfected using GeneJuice with 1 µg 

of the following plasmids: mito HyPer (mitochondrial matrix targeted), mito SypHer 

(mitochondrial matrix targeted, HyPer (cytosolic) and SypHer (cytosolic). After 8 h, cells were 

treated with 2.5 µM GP or mock-treated for further 16 h until microscopy. Imaging and 

quantification were performed as described earlier (Haasler et al. 2021). Briefly, live-cell 

fluorescence analysis was performed by Dr. Arun Kondadi using Leica SP8 confocal 

microscope. Instrument’s settings include 93x glycerol objective (N.A. =1.3) at 2x zoom at 37°C 

and 5% CO2. Single optical plane images were obtained by excitation at 488 and 405 nm and 

emission channel between 495 and 545 nm. For validation of the experiment, 100 µM H2O2 

was added as positive control to the cells and directly imaged. For quantification of the ratio at 

488 and 405 nm, Fiji software was used (custom written macro). The analysis of the data was 

performed by Thanos Tsigaras. Cytosolic and matrix-targeted HyPer and SypHer plasmids 

were a kind gift from Prof. György Hajnóczky (Thomas Jefferson University, Philadelphia, 

USA). The fluorescence based H2O2 measurements were performed at the Centre for Advance 

Imaging (CAi), Heinrich Heine University Düsseldorf. 

2.2.7 Intracellular ROS measurement (DCF assay) 

The formation of intracellular reactive oxygen species (ROS) was measured by 2’,7’-

dichlorodihydrofluorescein diacetate (H2DCF-DA). The principle is based on the entering of the 

cell permeable substance which is intracellularly cleaved by esterases. The formed H2DCF 

can be further oxidized by ROS to the fluorescent DCF which can be measured by 

fluorescence (Chen et al. 2010). The assay was performed in 24-well plates and technical 

triplicates were used for each experiment. Cells were grown to subconfluence and treated with 

100 µM H2DCF-DA in Hanks’ Balances Salt Solution (HBSS) for 30 min at 37°C in a humified 

atmosphere. After that, they were washed twice with HBSS and treated with different 

concentrations of GP or mock-treated. H2O2 at a concentration of 2 mM served as positive 

control. As components of DMEM were described to catalyse the production of H2O2, HBSS 

medium was chosen to avoid possible interferences (Brubacher and Bols 2001, Boulton et al. 

2011, Tetz et al. 2013). The DCF fluorescence measurement was started directly after adding 

the substances with a plate reader in 5 min intervals (ex: 485 nm, em: 520 nm). For 

quantification, the basal ROS level was subtracted from the amount of ROS measured after 

90 min. Mock-treated control was set at 1.  
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2.2.8 Caspase activity assay 

Caspase activity is one of early key events occurring in the process of apoptosis within cells 

(Cohen 1997, Elmore 2007). To investigate whether the substances induce apoptosis, 

caspases activity assays were performed according to the manufacturer’s specification. In 

principle, a selective substrate for the used caspase was added to the cells which can be 

cleaved by active caspases. The formation of the fluorogenic product was fluorometrically 

measured and an increase correlated with the activation of caspases upon apoptosis. To 

distinguish between intrinsic and fluorometrically extrinsic apoptosis, both initiator caspases 8 

and 9 were analysed as well as the effector caspase 3/7 functioned as point of no return in the 

apoptotic pathway.  

In this thesis, cells were grown to subconfluence in 96-well plates and incubated with different 

concentrations of GP or mock-treated for 6 and 24 h, respectively. Staurosporine (Sts) at a 

concentration of 20 µM served as positive control. Technical duplicates were used for each 

experiment. After that, the substrate caspase working solutions (3/7, 8 or 9) were prepared 

and added for further 1 h. As control for a caspase dependent mechanism, the inhibitor zVAD-

(OMe)-FMK was added 10 min prior to the end of the incubation time to prevent the cleavage 

of the substrate. Cell-free wells served as background. Subsequently, the fluorescence was 

measured using a plate reader under different emission and excitations wavelengths 

dependent on the caspase (Tab. 2.3). For quantification, the background values were 

subtracted, the mock-treated control was set at 1 and the treatment in relation to control.  

Tab. 2.3 Experimental settings to measure different caspase activities .

Component Excitation Emission Cut off 
Caspase 3/7 360 nm 470 nm 420 nm 

Caspase 8 370 nm 450 nm 420 nm 

Caspase 9 375 nm 435 nm 420 nm 

 

2.2.9 Preparation of cell lysate 

Cells were grown to subconfluence in cell culture dishes in different sizes dependent on the 

experiment (Ø 3, 6, 10 cm) and treated with different substances for various time points. 

Subsequently, the supernatant was collected in a 10 ml falcon, cells were detached by a cell 

scraper and transferred to the falcon. To detach all cells from the dish, it was washed with 5 ml 

PBS. After centrifugation at 500 x g for 5 min at 4°C, the pellet was washed with 500 µl PBS, 

transferred into a fresh 2 ml tube and centrifuged again at 14,000 x g for 10 min at 4°C. After 

that, the supernatant was discarded and the pellet was lysed in an appropriate volume of SDS 



38 
 

lysis buffer according to the size of the pellet. The samples were stored at -20°C until further 

use. 

2.2.10 Determination of protein concentration according to Lowry 

The protein quantification of the lysed cell samples was based on the principle of Lowry using 

the DC™ protein assay kit in accordance to the manufacturer’s instructions with minor 

modifications. The principle of the protein measurement with the folin phenol reagent was 

described by Lowry in 1951 (Lowry et al. 1951). First, copper (II) ions are complexed by peptide 

bonds to form blue dye complexes in alkali named Biuret reaction. Secondly, copper (II) ions 

are reduced to copper (I) ions, which then convert the reduction of yellow phosphomolybdic-

phosphotungstic reagent to molybdenum blue. The resulting blue coloration was measured at 

750 nm using a photometer.  

To measure the protein amount, 10 µl of each sample was incubated with 100 µl reagent A’ 

consisting of reagents A and S (50:1, v/v) and 750 µl reagent B in a plastic cuvette for 15 min 

in the dark. Subsequently, the optical density (OD) was photometrically measured and the 

amount of protein was calculated using a protein standard curve of bovine serum albumin 

(BSA, Fig. 2.4).  

 

Fig. 2.4 BSA protein standard curve.  

2.2.11 SDS PAGE and Western Blot 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) is a variant of gel 

electrophoreses for the separation of a cell lysate in an electric field developed by Laemmli 

(Laemmli 1970). The charge of the proteins is masked by adding negatively charged SDS, 

which binds to these (Takagi et al. 1975). Moreover, the addition of 2-mercaptoethanol and 

heating of the samples lead to the linearisation of the proteins. Thereby, the separation of the 
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proteins is only according to molecular mass. The polymerization of the gel is initiated by free 

radicals and consists of acrylamide and bisacrylamide forming a defined pore size dependent 

on the applied concentration (Blatter et al. 1972). The SDS PAGE is a discontinuous gel 

electrophoresis based on a Tris-HCl/Tris-glycerol buffer system (Laemmli 1970). For that, two 

different density polyacrylamide gels were used. A wide pore stacking gel (5%) which enables 

the collection and concentration of all proteins at the interface to a narrow-pored running SDS 

gel (12 and 15%) in order to ensure a simultaneous entry of the proteins into it. In the running 

gel, the separation of the proteins takes place in accordance to their size. A constant current 

of 20 mA per gel was applied for the stacking gel and increased up to 40 mA for the running 

gel. To determine the size of the proteins, a prestained protein ladder consisting of proteins of 

defined size was used.  

For immobilization of the proteins on a solid matrix, they were blotted onto a polyvinylidene 

difluoride (PVDF) membrane by electroblotting. The semi-dry transfer consisted of a horizontal 

transfer sandwich which is set between a cathode and anode (Fig. 2.5). The filter papers were 

equilibrated in anode and cathode buffer, respectively, as well as the PVDF membrane was 

activated in 100% MeOH. The transfer is performed at constant current (75 mA per gel) for 

1.5 h. 

 

Fig. 2.5 Scheme of semi-dry transfer. The arrow shows the direction of transfer. 

For visualization the proteins of interests, immunoblotting was performed. After electrophoretic 

transfer onto a PVDF membrane, this was blocked with blocking buffer (5% (w/v) BSA or 5% 

(w/v) milk powder in 1x TBS-T) to saturate unspecific binding sites. After that, the membrane 

was incubated with the first antibody (see 2.1.8) diluted in the blocking buffer (1:1,000) at 4°C 

while shaking overnight. All further steps were carried out with shaking at RT. After washing of 

the membrane thrice with 1x TBS-T for 15 min, the secondary antibody (see 2.1.8) was added 

in blocking buffer (1:15,000, 5% milk powder in 1x TBS-T) for 1 h. Subsequently, the 

membrane was washed three times with 1x TBS-T for 15 min. Since the secondary antibodies 

are coupled to Horseradish peroxidase (HRP), these could be detected by a 

chemiluminescence reaction (Zhang et al. 2018). For that, the membrane was treated with 

luminol/peroxidase solution (1:1). The principle is based on the oxidation of luminol to 3-

aminophthalate by HRP resulting in a light signal monitored by the Fusion SL Advance gel 

documentation device. As the intensity of the signal is proportional to the amount of protein 



40 
 

bound, a semiquantitative determination of the protein was performed. Housekeeping genes 

(GAPDH, beta tubulin, beta actin) were used as internal loading controls and quantification of 

proteins was done using the FusionCapt Advance software.  

2.2.12 Reuse of PVDF membranes 

Dependent on the experiment, the expression level of more than one protein was addressed. 

For that purpose, the PVDF membrane was prepared for reuse. For removal of bound 

antibodies, stripping buffer was added to the membrane which was shaken for 25 min in a 

water bath at 37°C. Subsequently, the membrane was washed thrice with 1x TBS-T for 15 min 

at RT followed by blocking and antibody incubation as described in 2.2.11.  

2.2.13 Coomassie blue staining  

To examine the consistent transfer from a polyacrylamide gel onto a PVDF membrane, 

Coomassie blue staining can be performed, especially when internal loading did not work 

properly. As the staining is irreversible, it was done after measurement of all proteins of 

interest. The staining was performed according to a protocol published elsewhere with minor 

modifications (Goldman et al. 2016). The membrane was incubated with Coomassie staining 

solution (0.05% Coomassie, 20% MeOH, 7.5% acetic acid) for 5 min while shaking. After that, 

it was washed several times with Coomassie destaining solution (50% MeOH, 1% acetic acid) 

until the desired colouring was reached and dried at RT. The protein lanes were detected by 

the Fusion SL Advance gel documentation device.  

2.2.14 Mitochondria isolation 

For determination of intracellular localization of proteins, the whole cell lysate was separated 

into a mitochondrial and cytosolic fraction. The protocol was performed with minor 

modifications as described before (Wieckowski et al. 2009). Cells were grown to 

subconfluence in Ø 10 cm dishes and treated with different substances for various time points. 

After treatment, cells were washed with 5 ml ice cold PBS and detached using a cell scraper. 

Cells of four dishes were pooled in a 15 ml tube and centrifuged at 500 x g for 5 min at 4°C. 

The supernatant was discarded and cells were lysed in 2 ml ice cold lysis buffer (210 mM 

mannitol, 70 mM sucrose,1 mM EDTA, 20 mM HEPES, 1x protease inhibitor) for 10 min on 

ice. Subsequently, cells were homogenised using Sterican® cannula (Ø 0.90 x 40 mm, 20 G) 

and centrifuged at 600 x g for 10 min at 4°C. If the supernatant was turbid, cells were 

centrifuged again at 1,000 x g for 10 min at 4°C. The supernatant was transferred to a fresh 

2 ml tube and centrifuged at 6,500 x g for 15 min at 4°C. After that, the supernatant containing 

the cytosol was collected in a fresh 2 ml tube. The pellet including the mitochondrial fraction 
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was washed with 500 µl lysis buffer, centrifuged at 6,500 x g for 10 min and resuspend in 50 µl 

of lysis buffer. The protein concentration of the fractions followed the method of Lowry 

described in 2.2.10.  

2.2.15 Protein precipitation  

A precipitation was performed to concentrate the protein lysate for subsequent use in Western 

Blot analysis. A defined amount of protein (20-30 µg) was incubated with one-quarter volume 

with TCA (1.42 g/ml dH2O) for 10 min at 4°C. Then, the samples were centrifuged at 14,000 x g 

for 5 min at 4°C. After removal of the supernatant, 200 µl ice cold acetone was added and 

centrifuged again. This step was repeated once. Subsequently, the supernatant was removed, 

the pellet was dried at 95°C in a heating block and resuspended in SDS lysis buffer and 

Laemmli buffer. The samples were used for Western Blot.  

2.2.16 RNA interference 

To investigate the role of individual genes in particular biochemical pathways, RNA 

interference (RNAi) experiments were performed. The first discovery of this method was in the 

nematode C.elegans (Fire et al. 1998). The principle based on a loss-of-function mutation in 

individual genes through the gene specific degradation by double stranded RNA at the 

posttranscriptional level (Han 2018).  

To establish the transient knockdown, cells were grown to subconfluence in 6-well plates and 

treated with the respective siRNA according to the manufacturer’s specifications with minor 

modifications (Tab. 2.4). First, the transfection reagent Lipofectamine® RNA iMAX was diluted 

in serum free OptiMEM® Medium (1:16 ratio), vortexed for 20 sec and incubated for 5 min. 

Then, the siRNA was diluted in OptiMEM® to the desired concentration. The diluted siRNA 

was mixed with diluted Lipofectamine® RNAiMAX reagent (1:1 ratio) and incubated for further 

5 min. Meanwhile, cells were washed once with PBS and fresh growth medium was added 

(2.25 ml/6-well). For transfection, the formed siRNA-lipid complex was added dropwise to the 

cells (250 µl/6-well) and incubated for different periods of time. After incubation, cells were 

lysed as described earlier (see 2.2.9) and prepared for Western Blot analysis to verify the 

efficiency of the knockdown at protein level (see 0). Negative siRNA and treatment with 

transfection reagent only served as negative control. The used siRNAs are listed in 2.1.7. The 

transfection efficiency was calculated using FusionCapt Advance Software to quantify the 

protein amount in relation to the respective control. The time point showing the best efficiency 

was used for the further experiments.  
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Tab. 2.4 Pipetting scheme of RNAiMAX transfection procedure according to the manufacturer’s specification. 

Component 24-well 6-well 

Opti-MEM® Medium 50 µl 150 µl 

Lipofectamin® RNAiMAX reagent 3 µl 9 µl 

Opti-MEM® Medium 50 µl 150 µl 

siRNA (10 µM Stock) 1 µl 3 µl 

Diluted siRNA 50 µl 150 µl 

Diluted Lipofectamine® RNAiMAX reagent 50 µl 150 µl 

siRNA-lipid complex per well 50 µl 250 µl 

Final siRNA used per well 5 pmol 25 pmol 

 

To investigate whether the transient knockdown of Drp1 has an effect on mitochondrial 

morphology, cells were seeded on glass bottom dishes. The cells were treated as described 

before. After the optimal siRNA incubation time, cells were washed and incubated with different 

substances for defined time points. Subsequently, mitochondrial morphology was assessed as 

described in 2.2.5.  

2.2.17 Extracellular LDH measurement  

Loss of membrane integrity is one marker of an inflammatory cell death. The most prominent 

form is necrosis but there exists also a programmed form  called necroptosis which leads to a 

rupture of the cell membrane (Zhang et al. 2018). To measure this, the extracellular amount of 

lactate dehydrogenase, an intracellular enzyme catalysing the conversion from pyruvate to 

lactate and vice versa, can be detected using a LDH ELISA.  

Subconfluent cells were mock-treated or treated with GP for 6, 24 and 48 h. The detergent 

triton-X-100 (500 ppm) was used as positive control. After incubation, the supernatant was 

collected and centrifuged at 2,000 x g for 10 min at RT. The supernatant (50 µl/well) was used 

for the LDH Elisa. Duplicates were performed for each condition. The assay was performed in 

accordance to the manufacturer’s specifications. For quantification, the cell number was 

determined using a Neubauer counting chamber. A standard curve was included in each 

experiment. One example is shown in Fig. 2.6. The absorbance was measured at 450 nm and 

the amount of extracellular LDH was derived from the standard curve. Triton-X-100 treated 

samples were set at 100% release and all other conditions were set in relation to it. Then, 

mock-treated control was set at 1.  
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Fig. 2.6 Standard curve for determination of extracellular LDH content. 

2.2.18 Trypan blue staining 

For determination of the cell membrane integrity, trypan blue exclusion method was performed. 

Trypan blue is a diazo dye and is negatively charged which prevents its interaction with intact 

cells. The staining allows discriminating between viable cells and cells with damaged 

membranes since the dyes can enter the latter because of a cell lysis or membrane 

permeability (Tran et al. 2011).  

In this study, cells were grown in 6-well plates to subconfluence. Then, cells were mock-treated 

or treated with different concentration of GP alone or in combination with Nec1, a necroptosis 

inhibitor, respectively. H2O2 at a concentration of 2 mM served as positive control. After 

incubation, the supernatants of the cells were collected in a fresh tube and cells were washed 

with 1 ml PBS once which was also collected in the tube. Subsequently, 200 µl of trypsin was 

added and incubated for 5 min in a humidified atmosphere (37°C, 5% CO2) to detach the cells. 

The reaction was stopped by adding 800 µl growth medium and the suspension was added to 

the supernatant. After mixing, 10 µl of the cell suspension was mixed with 10 µl of a 

0.4% trypan blue solution and 10 µl of this was used to determine the number of unstained 

and blue coloured cells using a Neubauer counting chamber. Duplicates were counted on each 

condition. For evaluation, the total cell number was calculated and the percentage of cells with 

an intact membrane and permeable cells was determined, respectively.  

2.2.19 Seahorse Experiments (Cell characterisation and Mito Stress Test) 

To assess mitochondrial function in cells, the Seahorse XF Cell Mito Stress Test was 

performed based on the measurement of the oxygen consumption rate (OCR). Reduction of 

molecular oxygen to water by electron transport through the electron transport chain (ETC) is 

coupled with protonmotive force (∆p) generated by proton pumps which allow the use of cellular 

respiration to determine energy metabolism. The oxygen consumption comprises of measuring 

flow of electrons through the respiratory chain and the consumption of ∆p. The following 
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parameters can be measured during the Mito Stress Test: basal, ATP-linked and maximal 

respiration as well as spare respiratory capacity (SRC), proton leak and non-mitochondrial 

respiration (Divakaruni et al. 2014).  

The basal respiration comprises of ATP synthesis and proton leak. The percentage of the ATP 

production can be determined after the addition of the ATP synthase inhibitor oligomycin, which 

decreases the oxygen consumption. The difference between the values represents the ATP 

production. Basal respiration usually does not show the full capacity of cellular respiration. The 

use of protonophores like FCCP allows to determine the maximal respiration. The principle is 

based on the dissipation of the ∆p which leads to the maximum activation of the ETC to 

maintain it. Due to a small optimum of FCCP, it is important to test different concentrations of 

FCCP in each cell line to find the concentration resulting in maximal respiration. The spare 

respiratory capacity (SRC) represents the cell’s ability to respond to increased energy demand. 

It can be calculated by the difference between the maximal and basal respiration. Lowered 

SRC can indicate mitochondrial dysfunction or enhanced ATP demand. Lastly, the complex I 

(rotenone) and complex III (antimycin A) inhibitors are applied to completely inhibit 

mitochondrial respiration. The remaining oxygen consumption is due to non-mitochondrial 

respiration. The proton leak can be calculated from the difference between basal respiration 

and ATP production (Divakaruni et al. 2014).  

 

Fig. 2.7 Measurement example of oxygen consumption using the Mito Stress Test. Oxygen consumption of 

untreated A375 melanoma cells is shown in response to the stressors oligomycin (Oligo), FCCP and rotenone 

plus antimycin A (Rot/AA). Automatic calculation of the parameters spare respiratory capacity (SRC), ATP 

production, proton leak, non-mitochondrial oxygen consumption, basal and maximal respiration using the 

Agilent Seahorse Wave Desktop software.  

To determine the most suitable conditions for Seahorse experiments, a cell line 

characterization of each cell line was performed. For that, a different number of cells were 

seeded overnight in a Seahorse 96-well plate (80 µl/well) as well as different concentrations of 
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FCCP were tested. The sensor was equilibrated in Seahorse equilibration buffer in a CO2 free 

incubator overnight. As it was important to use cells growing in a monolayer, the appearance 

of the cells was controlled under a light microscope. The cells were washed with Seahorse 

medium once and 180 µl Seahorse medium was left on the cells which was incubated for 1 h 

in a CO2 free incubator at 37°C. Meanwhile, the cartridge was loaded. Oligomycin at a 

concentration of 20 µM was added in port A and FCCP was filled with increasing 

concentrations in port B to D (Tab. 2.5). The sensor was put into Seahorse XFe96 analyser 

and was equilibrated with respect to pH and O2 values. After that, the cell plate was loaded 

and the measurement started. One cycle of measurement consists of thrice mixing for 30 sec 

and measuring for 3 min. Then, the injection from the respective port took place and the 

measurement cycle was repeated. For normalisation, Hoechst staining was performed. A 

working concentration of Hoechst solution (160 µM) was prepared in PBS and 27 µl was added 

to each well. The plate was shaken for 3 sec followed by a five-minute incubation in the dark. 

Subsequently, the fluorescence was measured using a plate reader (ex: 361 nm, em: 486 nm). 

For evaluation, the mean of the background values was subtracted from the measuring data, 

which were then inserted into the Agilent Seahorse Wave Desktop software. 

Tab. 2.5 Pipetting scheme of cell characterization for Seahorse experiments.

Row Port 
Injection 

volume 
Compound 

Final 

concentration 

1: background, cell free 

2-6: increasing number of 

cells 

A 20 Oligo (20 µM) 2 µM 

B 22 FCCP (1.25 µM) 0.125 µM 

C 25 FCCP (1.25 µM) 0.25 µM 

D 27 FCCP (2.5 µM) 0.5 µM 

7-11: increasing number of 

cells 

12: background, cell free 

A 20 Oligo (20 µM) 2 µM 

B 22 FCCP (5 µM) 0.5 µM 

C 25 FCCP (5 µM) 1 µM 

D 27 FCCP (10 µM 2 µM 
 

For subsequent Mito Stress Test, optimal cell numbers and FCCP concentrations were figured 

out based on the cell characterisation assays. These differ between the used cell lines and are 

listed in Tab. 2.6. As described before, the appropriate cell numbers were seeded overnight in 

a Seahorse 96-well plate as well as the sensor was equilibrated in Seahorse equilibration 

buffer in a CO2 free incubator overnight. All cells were washed and were untreated, mock-

treated or treated with different concentrations of GP in Seahorse medium (eight 

replicates/conditions) and were incubated for 1 h in a CO2 free incubator at 37°C. Meanwhile, 

the cartridge was loaded with appropriate concentrations of Oligo (Port A), FCCP (Port B) and 
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Rot/AA (Port C). After equilibrating of the sensor in the Seahorse devise relating to pH and O2 

values, the cell plate was loaded and the measurement started. As mentioned previously, one 

cycle of measurement consists of thrice mixing for 0.5 min and measuring for 3 min. Then, the 

injection took place and the measurement cycle was repeated. After measuring the OCR, 

Hoechst staining was performed for normalisation as described before.  

Tab. 2.6 Overview of chosen parameters for Seahorse experiments.

Cell 

line 
Seeded cell number 

Final concentration (µM) 

Oligo FCCP Rot/AA 

A375 20,000 2 0.5 0.5 

SCL-1 15,000 2 0.5 0.5 

NHEM 20,000 2 1 0.5 

NHEK 20,000 2 0.5 0.5 

NHDF 17,000 2 2 0.5 
 

For analysis of the data, the Agilent Seahorse Wave Desktop software was used. The raw data 

were normalised to the corresponding Hoechst staining. The program calculated the 

parameters based on the OCR, including basal, maximal and non-mitochondrial respiration, 

SRC, proton leak and ATP production. The percentage of each parameter was referred to 

untreated cells. At least three experiments of each cell line were performed. As it was important 

to exclude effects of the solvents, the statistical analysis was referred to mock-treated cells.  

2.2.20 Immunostaining 

Immunofluorescence experiments were performed to visualize the protein of interest in a 

cellular context using antibodies. Cells were grown until a confluence of 50-70% onto 6-well 

plates containing coverslips and, then, treated with the appropriate substance. After the 

incubation, cells were washed with warm (37°C) PBS twice. For fixation, preheated (37°C) 4% 

paraformaldehyde (PFA) was added for 20 min at RT. After that, cells were washed three times 

with PBS. All steps were performed without shaking at RT, unless otherwise stated. For 

permeabilization, 1 ml triton-X-100 (0.15% in PBS) was added for 15 min. Subsequently, the 

solution was removed and cells were blocked in 10% normal goat serum (NGS) in PBS for 

further 15 min. The concerned primary antibody was diluted 1:100 in 1% NGS in PBS and 

100 µl was added to each coverslip. The cells were incubated at 4°C overnight. The primary 

antibody was kept and stored at -20°C for further use. To wash off the primary antibody, the 

cells were washed with PBS three times for 10 min. The secondary antibody (100 µl/coverslip) 

at a concentration of 0.1% in 1% NGS in PBS was added and incubated for 1 h in the dark. 

After discarding of the antibody solution and three washing steps with PBS for 10 min in the 
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dark, the coverslips were fixed on the microscopic slides using ProLong™ Gold Antifade 

Mountant with DAPI. The samples were stored at 4°C. Immunofluorescences of pRIP3 and 

RIP3 after GP treatment were recorded using a spinning disk microscope by Mathias 

Golombek. The intensity of the signals was calculated using Image J. At least 10 pictures of 

each condition were quantified. The ratio of pRIP3 to RIP3 was determined and mock-treated 

control was set at 1.  

2.2.21 Transient transfection of pEGFP-LC3 II 

Different methods can be used to monitor autophagic flux. One approach is based on the use 

of a fusion protein, which consists of a GFP and a LC3 II fragment. The fusion protein is 

cleaved within the autolysosomes during autophagy and the released, free GFP can be 

detected by Western Blot analysis. Thus, the measurement of free GFP indicates an 

autophagic flux (Mizushima et al. 2010). For that reason, a plasmid encoding enhanced GFP 

(EGFP)-LC3 II fusion protein was used. EGFP-LC3 II was a kind gift from Karla Kirkegaard 

(Addgene plasmid # 11546; http://n2t.net/addgene:11546; RRID: Addgene_11546) (Jackson 

et al. 2005).  

The streaking and isolation of E. coli on LB agar plates were performed according to the 

manufacturer’s instructions. Briefly, LB agar plates containing 50 µM kanamycin sulphate were 

used to streak the bacteria over the plate using an inoculation loop. After incubation overnight 

at 37°C, single colonies were visible. A single colony was picked and transferred in a 15 ml 

falcon containing 5 ml LB medium supplemented with 50 µM kanamycin sulphate. The bacteria 

were grown overnight at 37°C. For long term storage (-80°C), glycerol stocks were prepared 

containing 500 µl of the overnight culture and 500 µl of sterile glycerol. For plasmid isolation, 

an overnight culture was inoculated as described before and the isolation was performed using 

the QIAprep Spin Miniprep Kit according to the manufacturer’s instructions. The DNA 

concentration of the plasmid was measured using a spectrometer. The plasmid was stored at 

-20°C until further use.  

For transient transfection, cells were grown to subconfluence in 6-well plates and treated with 

the plasmid according to the manufacturer’s specifications with minor modifications. For one 

approach, 3 µl of the transfection reagent GeneJuice® was mixed in 100 µl serum free 

OptiMEM® medium vortexed for 20 sec and incubated for 5 min at RT. After addition of 1 µg 

DNA, the mix was incubated for further 20 min and added dropwise to the cells. As negative 

control, cells were only treated with transfection reagent lacking the plasmid. After 48 h 

incubation with the plasmid, cells were washed once with PBS and mock-treated or treated 

with 2.5 µM GP for further 24 h. Subsequently, cell lysates were prepared as described in 
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2.2.9. For detection of the construct (EGFP-LC3 II), free EGPF and LC3 II, Western Blot 

analysis was performed.  

2.2.22 Statistics 

Means were calculated from at least three independent experiments, unless otherwise stated. 

Error bars represent the standard error of mean (SEM). Statistical analysis was performed by 

one-way ANOVA with post-hoc test (Dunnett or Bonferroni) or student’s t-test using Graph Pad 

Prism 5; *p≤0.05; **p≤0.01 and ***p≤0.001 were chosen as levels of significance.   
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3 Results 
The incidence of skin tumours is constantly increasing in the last decades (ZfKD 2019, ZfKD 

2021). Growing resistance of tumour cells requires the on-going development of new 

therapeutic approaches (Flaherty et al. 2012, Gracia-Cazaña et al. 2016, Luke et al. 2017). 

This study focussed on substances which are able to induce cell death in tumours cells without 

affecting normal cells. The tumour cells used in this work include A375 melanoma cells, an 

aggressive and fast-growing tumour of the skin (Miller and Mihm 2006, Janostiak et al. 2019), 

and SCL-1 carcinoma cells, the second most common form of skin cancer (Que et al. 2018). 

As representatives of normal (healthy) cells, human normal epidermal melanocytes (NHEM) 

and normal human normal epidermal keratinocytes (NHEK) as well as normal human dermal 

fibroblasts (NHDF) were chosen.  

3.1 Skin cancer cells exhibited high expression of anti-apoptotic Bcl-2 proteins 

Tumour cells are characterised by different properties including the evasion of cell death in 

order to proliferate uncontrollably (Hanahan and Weinberg 2011). Therefore, high expression 

of anti-apoptotic proteins is often observed in several tumour cells (Yip and Reed 2008). The 

Bcl-2 protein family is a key regulator in the programmed form of cell death called apoptosis 

and a misbalance towards anti-apoptotic proteins results in survival of tumour cells (Korsmeyer 

et al. 1993, Mohammad et al. 2015). To examine whether A375 melanoma and SCL-1 

carcinoma cells exhibit high expression of pro-survival Bcl-2 proteins in comparison to NHEM, 

NHEK and NHDF, the basal expression of members of the Bcl-2 protein family was determined 

by Western Blot (Fig. 3.1). The expression of the anti-apoptotic protein Bcl-2 was significantly 

increased in A375 melanoma cells and Bcl-xL in SCL-1 carcinoma cells. In contrast, no trend 

in the expression of pro-apoptotic Bax between tumour and normal cells was apparent.  

One possibility to overcome the survival strategy of tumour cells by upregulating of anti-

apoptotic Bcl-2 proteins, is the use of antagonists, so-called BH3 mimetic substances, which 

disturb the balance of the Bcl-2 protein family by binding the anti-apoptotic members and 

release of pro-apoptotic members of the Bcl-2 family. Thus, the pro-apoptotic protein can 

induce apoptosis (Zhang et al. 2007, Mohammad et al. 2015). In this study, two different BH3 

mimetic substances were tested in the following.  
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Fig. 3.1 Tumour cells exhibited higher expression of anti-apoptotic Bcl-2 proteins compared to normal cells. 
Basal protein expression of anti-apoptotic (Bcl-2, Bcl-xL) and pro-apoptotic proteins (Bax) in tumour cells 

(A375 melanoma cells, SCL-1 carcinoma cells) and normal cells (melanocytes (NHEM), keratinocytes 

(NHEK), fibroblasts (NHDF)) were determined by Western Blot. a A representative Blot is depicted. Tubulin 

served as loading control. b-d Densitometric analysis of the Western Blots was performed. The protein 

amount was set in relation to the respective loading control. Data represent means ± SEM of three 

independent experiment, n=3. One-way ANOVA with Bonferroni’s Multiple Comparison Test was used for the 

determination of statistical significance. ***p<0.001.  

3.2 ABT-199 lowered cell viability in both tumour and normal (healthy) cells 

ABT-199 is an inhibitor which is described to bind the anti-apoptotic Bcl-2 resulting in cell death 

of tumour cells (Adams and Cory 2018, Casara et al. 2018, Guo et al. 2020). It is the first BH3 

mimetic compound approved by the U.S. Food and Drug Administration (FDA). Since 2016, 

Venclexta (venetoclax/ABT-199) are used as oral Bcl-2 inhibitor for the treatment of patients 

with chronic lymphocytic leukaemia (CLL) with a 17p deletion (FDA 2019). The effect of ABT-

199 on cell viability was determined in both tumour and normal cells. For that, the cells were 

treated with different concentrations of the compound for 96 h and cell viability was measured 

using the MTT assay (Fig. 3.2). ABT-199 decreased cell viability dose dependently in A375 

melanoma cells (Fig. 3.2a), SCL-1 carcinoma cells (Fig. 3.2b), NHEM (Fig. 3.2c), NHEK (Fig. 

3.2d) and NHDF (Fig. 3.2e). ABT-199 showed a similar effect on normal cells compared to 
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both tumour cell lines which is reflected in the calculation of the IC50 values (Fig. 3.2f). These 

indicate the concentration at which half of the effect, here 50% of cell viability, is achieved. The 

smaller the value, the stronger the effect. The strongest effect was observed in NHEK 

(IC50=0.7 µM), the weakest in NHDF (IC50=2.6 µM).  

 

Fig. 3.2 Effect of ABT-199 on the cell viability of skin cancer and normal cells. a-e To determine the effect of 

ABT-199 on cell viability, A375 melanoma cells (a), SCL-1 carcinoma cells (b), melanocytes (NHEM) (c), 

keratinocytes (NHEK) (d) and fibroblasts (NHDF) (e) were treated with different concentrations of ABT-199 

for 96 h. Cell viability was measured by MTT assay. Mock-treated control was set at 100%. Data represent 

means ± SEM of at least three independent experiments, n≥3. One-way ANOVA with Dunnett’s Multiple 

Comparison Test was used for the determination of statistical significance. *p<0.05, **p<0.01, ***p<0.001. 

f Calculation of IC50 values after ABT-199 treatment in all cells after 96 h. IC50 value were calculated by 

non-linear curve fit analysis. 
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The occurrence of unwanted side effects often limits the application of anti-cancer drugs. In 

context of a minimisation of toxic effect on normal cells, ABT-199 was not used for further 

experiments as normal cells partially respond more sensitive to this compound.  

3.3 GP exerted a selective effect on cell viability on tumour cells  

Gossypol (GP), a natural compound derived from cotton seed plant (Adams et al. 1960), is 

described to act as a pan-Bcl-2 inhibitor by antagonising Bcl-2, Bcl-xL and MCL-1 (Kitada et 

al. 2003, Oliver et al. 2005, Lessene et al. 2008, Kang and Reynolds 2009). It consists of (+) 

and (-) enantiomers (Fig. 3.3), whereby the latter called AT101 and is orally bioavailable 

(Opydo-Chanek et al. 2017). The effect of (±) GP on cell viability of skin tumour and normal 

cells were tested. After 96 h treatment of GP on A375 melanoma cells (Fig. 3.4a), SCL-1 

carcinoma cells (Fig. 3.4b), NHEM (Fig. 3.4c), NHEK (Fig. 3.4d) and NHDF (Fig. 3.4e), cell 

viability was determined by MTT assay. GP lowered cell viability in both tumour cell lines in a 

dose dependent manner. A complete loss of cell viability was determined in the higher 

concentration range between 2 and 5 µM GP. In contrast to that, only the highest concentration 

of 5 µM significantly lowered cell viability in melanocytes and fibroblasts.  

 

Fig. 3.3 Chemical structures of GP’s enantiomers (-, +).  
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Fig. 3.4 Effect of GP on the cell viability of skin cancer and normal cells. a-e To examine the effect of GP on 

cell viability, A375 melanoma cells (a), SCL-1 carcinoma cells (b), melanocytes (NHEM) (c), keratinocytes 

(NHEK) (d) and fibroblasts (NHDF) (e) were treated with different concentrations of GP for 96 h. Cell viability 

was measured by MTT assay. Mock-treated control was set at 100%. Data represent means ± SEM of at 

least three independent experiments, n≥3. One-way ANOVA with Dunnett’s Multiple Comparison Test was 

used for the determination of statistical significance. *p<0.05, **p<0.01, ***p<0.001. Data referred to A375 

and NHEM were already published in (Haasler et al. 2021). 

As MTT itself was described to be toxic and the measuring principle is based on the enzyme 

activity within the cells (Riss et al. 2004), a second cell viability assay was chosen to confirm 

the previous data (Fig. 3.5). For that, cells were treated for 96 h as described above and cell 

viability was measured using the SRB assay which is based on the staining of total protein 

amount (Maydt et al. 2013). GP significantly lowered the cell viability in a dose dependent 
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manner at concentrations ≥1.5 µM in SCL-1 carcinoma cells (Fig. 3.5b). The strongest effect 

of GP was observed in A375 melanoma cells (Fig. 3.5a) as already concentrations as low as 

1.5 µM resulted in a complete loss of cell viability. The effect of GP was less on normal cells. 

Similar to the MTT data, the highest concentration of 5 µM significantly lowered cell viability 

significantly in NHEM (Fig. 3.5c), NHDF (Fig. 3.5e) and also NHEK (Fig. 3.5d).  

 

Fig. 3.5 Effect of GP on the cell viability of skin cancer cells and normal cells. a-e To examine the effect of 

GP on cell viability, A375 melanoma cells (a), SCL-1 carcinoma cells (b), melanocytes (NHEM) (c), 

keratinocytes (NHEK) (d) and fibroblasts (NHDF) (e) were treated with different concentrations of GP for 96 h. 

Cell viability was measured by SRB assay. Mock-treated control was set at 100%. Data represent means 

± SEM of at least three independent experiments in A375, SCL-1, NHEM, NHEK, n≥3. Two experiments were 

performed in NHDF, n=2. One-way ANOVA with Dunnett’s Multiple Comparison Test was used for the 

determination of statistical significance. *p<0.05, **p<0.01, ***p<0.001. Data referred to A375 and NHEM 

were already published in (Haasler et al. 2021). 
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Since low concentrations of GP had a strong effect on cell viability in tumour cells after 96 h, 

the different concentrations were tested in a time course in A375 melanoma and SCL-1 

carcinoma cells. GP lowered the cell viability in A375 melanoma cells in a dose and time 

dependent manner. After 24 h, the concentration of 1.5 µM GP reduced the cell viability almost 

half (Fig. 3.6 a, c). A decrease of cell viability was also observed in SCL-1 carcinoma cells but 

the effect is less pronounced in these cells compared to A375 melanoma cells (Fig. 3.6b, d).

 

Fig. 3.6 Effect of GP on the cell viability of skin cancer cells. Subconfluent A375 melanoma (a, c) and SCL-1 

carcinoma cells (b, d) were treated with different concentrations of GP for different time periods. Cell viability 

was determined by MTT (a, b) and SRB (c, d) assay. Mock-treated control was set at 100%. Data represent 

means ± SEM of at least three independent experiments, n≥3. Data (a, c) were already published in (Haasler 

et al. 2021). 

To estimate the magnitude of the effect of GP on the cells, the IC50 values were calculated 

(Fig. 3.7, Fig. 3.8). The smaller the value, the stronger is the effect. After 24 h, depending on 

the performed cell viability assay (Fig. 3.7a), the IC50 value ranged from 1.86 (MTT) and 2.14 

(SRB) in A375 melanoma cells which further decreased up to 96 h (Fig. 3.7b and c). The effect 

of GP on SCL-1 carcinoma cells is a little less compared to A375 melanoma cells. The IC50 

values were 2.79 (MTT) and 3.05 (SRB) after 24 h treatment (Fig. 3.8a). However, a strong 

decrease in these values was shown after 96 h (Fig. 3.8b, c). For comparison of the effect 

between tumour and normal cells, the IC50 values for 96 h treatment were summarized in Tab. 

3.1.The factor between the tumour and normal cells was at least 2-fold with the exemption of 

comparison between SCL-1 carcinoma cells and NHDF in regard to the IC50 values derived 

from the MTT assay. The greatest difference was between NHEK and both tumour cells. The 
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differences in IC50 values may indicate a therapeutic window where tumour cells could be killed 

successfully and normal cells remain predominantly intact at the same time. With regard to 

undesirable side effects after the administration of chemotherapeutic agents, it is desirable that 

these substances show such a therapeutic range.  

 

Fig. 3.7 Calculation of IC50 values after GP treatment in A375 melanoma cells and melanocytes 

(NHEM).a A375 melanoma cells were treated with different concentrations of GP for 24 h. Cell viability was 

measured by MTT (continuous line) and SRB (dotted line). b-c A375 melanoma cells (continuous lines) and 

NHEM (dotted lines) were incubated with different concentrations of GP for 96h. MTT (b) and SRB (c) assay 

were used to determine the effect on cell viability. The means of at least three independent experiments were 

shown, n≥3. IC50 values were calculated by non-linear curve fit analysis. Data were already published in 

(Haasler et al. 2021). 

 



57 
 

 

Fig. 3.8 Calculation of IC50 values after GP treatment in SCL-1 carcinoma cells, keratinocytes (NHEK) and 

fibroblasts (NHDF). a SCL-1 carcinoma cells were treated with different concentrations of GP for 24 h. Cell 

viability was measured using MTT (continuous line) and SRB (dotted line). b-c SCL-1 carcinoma cells 

(continuous lines) and NHEK (dotted lines) were incubated with different concentrations of GP for 96h. MTT 

(b) and SRB (c) assay were used to determine the effect on cell viability. d NHDF were treated with different 

concentrations of GP for 96 h. MTT (continuous line) and SRB (dotted line) were used for the determination 

of cell viability. The means of at least three independent experiments in SCL-1 and NHEK were shown, n≥3, 

and at least two independent experiments in NHDF, n≥2. IC50 values were calculated by non-linear curve fit 

analysis.  

Tab. 3.1 Overview of IC50 values in tumour and normal cells after GP treatment for 96 h. Values were 

calculated from MTT and SRB assay (Fig. 3.7, Fig. 3.8). n.d. (not determined). 

Cell line IC50 (96h, MTT) IC50 (96h, SRB) 
A375 1.15 1.40 

SCL-1 1.70 1.74 

NHEM 3.34 3.51 

NHEK n.d. 5.36 

NHDF 2.7 3.74 

 

To understand the molecular mechanism of GP in tumour cells compared to normal cells, a 

concentration of 2.5 µM was chosen for the majority of upcoming experiments. This 
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concentration already showed subtoxic effects up to 24 h and toxic effects up to 48 h in tumour 

cells. At these time points, the NHEM, NHEK and NHDF not affected after treatment with 

2.5 µM GP.  

3.4 Cellular uptake of GP 

The experiments regarding cytotoxicity of GP showed a selective effect of this compound. To 

examine whether the selective effect of GP is due to differences in uptake, the concentration 

of GP within the cells was determined by HPLC. Therefore, A375 melanoma cells, SCL-1 

carcinoma cells, NHEM, NHEK and NHDF were incubated with 5 µM GP for 0.25, 1 and 2 h. 

The results are shown in Fig. 3.9. The average of intracellular concentrations of GP was about 

10 µg per mg protein. The detectable amount of GP (t=0.25 h) within the cells related to the 

amount of GP applied was on the average of 15%. There was no difference in the absorbed 

GP amount between tumour and normal cells. In tendency, the amount of intracellular GP 

decreased over time in all cells.  

 

Fig. 3.9 Cellular uptake of GP. Detection of intracellular GP content in tumour cells (A375 melanoma cells 

and SCL-1 carcinoma cells) and normal cells (melanocytes (NHEM), keratinocytes (NHEK), fibroblasts 

(NHDF)). Cells were harvested after treatment with 5 µM GP for 0.25, 1 and 2 h and analysed by HPLC. The 

amount of intracellular GP was related to the respective protein level. Data represent means ± SEM of three 

independent experiments, n=3. Data referred to A375 and NHEM were already published in (Haasler et al. 

2021). 

3.5 Parental GP exerted the cytotoxic effect 

Due to the reported low stability of GP in plasma (Jia et al. 2008) and the measured time-

dependent decrease of the intracellular GP concentration in the cells (Fig. 3.9), the stability of 

GP was tested in different solutions including acetonitrile (AcN), H2O and cell culture media 
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(DMEM, MBM). GP was stable in AcN but was degraded more than half in H2O up to 5 h 

remaining thereafter at this level. In comparison, GP was completely lost after few hours in 

DMEM and MBM (Fig. 3.10, Fig. 3.11).  

 

Fig. 3.10 Stability of GP in a cell-free system. GP at a concentration of 5 µM was added to acetonitrile (AcN), 

H2O, DMEM as well as Melanocyte Basal Medium (MBM) and incubated for different time points in a 

humifidied atmosphere. Following, the amount of GP was detected by HPLC. Data were already published in 

(Haasler et al. 2021). 

 

Fig. 3.11 Stability of GP in DMEM in a cell-free system. For determination of the stability of GP in cell culture 

medium, the compound was incubated for 24 h in DMEM in a humidified atmosphere. a, b GP was detected 

by HPLC directly after adding (a) and after 24 h incubation in DMEM (b). The arrows indicate the retention 

time point of GP. c As control, DMEM without GP was injected to HPLC referred to as “blank”.   

Due to the rapid degradation of GP in DMEM, the questions raised whether the non-

decomposed (“parental”) GP or a degradation product was responsible for the reduction of cell 

viability in skin tumour cells. For that, A375 melanoma and SCL-1 carcinoma cells were treated 

directly with GP or with decomposed GP which was preincubated in DMEM for 5 h in a 

humidified atmosphere. Decomposed GP was obtained after treatment of parental GP for 5 h 
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in DMEM. The cell viability was measured after 24 and 48 h treatment using the MTT assay 

(Fig. 3.12). The GP induced decrease in cell viability in A375 melanoma (Fig. 3.10a) and SCL-

1 carcinoma cells (Fig. 3.10b) was significantly abolished after degradation of GP indicating 

that the parental compound exerted the cytotoxic effect.  

 

Fig. 3.12 Effect of parental GP on the cell viability of tumour cells. a-b Subconfluent A375 melanoma (a) and 

SCL-1 carcinoma cells (b) were treated with both decomposed GP or parental GP directly for 24 and 48 h. 

Cell viability was measured by MTT assay. The mock-treated control was set at 100%. Data represent means 

± SEM of three independent experiments, n=3. One-way ANOVA with Bonferroni’s Multiple Comparison Test 

was used for the determination of statistical significance. *p<0.05, **p<0.01, ***p<0.001. Data referred to 

A375 (a) were already published in (Haasler et al. 2021). 
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3.6 GP decreased mitochondrial membrane potential and induced 

mitochondrial fragmentation 

BH3 mimetic substances are described to induce the mitochondrial dependent apoptotic 

pathway through binding to anti-apoptotic Bcl-2 proteins which correlates with a change in 

mitochondrial membrane potential (∆ψm) (Henz et al. 2019). To examine whether GP has an 

effect on mitochondria, the ∆ψm was investigated. Due to the selectivity of GP on the cell 

viability, the effect on mitochondrial dysfunction associated with changes of ∆ψm was studied 

not only on tumour cells, but also on normal cells to determine if the compound showed 

different effects there as well. GP significantly diminished ∆ψm after 4 h in A375 melanoma 

(Fig. 3.13a, b) and SCL-1 carcinoma cells (Fig. 3.14a, b). In contrast, no decrease of ∆ψm was 

observed in NHEM (Fig. 3.13d, e), NHEK (Fig. 3.14d, e) and NHDF (Fig. 3.15a, b). In tendency, 

∆ψm increased slightly but not significantly in the normal cells. With regard to a reported 

correlation between a drop in ∆ψm and a change in mitochondrial fragmentation being a 

measure for mitochondrial dysfunction (Legros et al. 2002, Tang et al. 2018), the mitochondrial 

morphology was assessed after GP treatment in all cells. GP induced a fragmentation in about 

80% of A375 melanoma cells (Fig. 3.13c) and SCL-1 carcinoma cells (Fig. 3.14c) after 2 h 

which was further increased over 95% after 4 h similar to CCCP treated cells, which served as 

a positive control. As opposed to the tumour cells, no change in mitochondrial morphology 

after GP treatment was determined in NHEK (Fig. 3.14f). The number of intermediate 

mitochondria was increased after GP treatment about 20% in NHEM (Fig. 3.13f) and about 

50% in NHDF but the percentage of fragmented cells was below 15% (Fig. 3.15c).  
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Fig. 3.13 Effect of GP on mitochondrial membrane potential (∆ψm) and mitochondrial fragmentation in A375 

melanoma cells and melanocytes (NHEM). Subconfluent A375 melanoma cells (a-c) and NHEM (d-f) were 

mock-treated or treated with 2.5 µM GP for 2 and 4 h, respectively. CCCP at a concentration of 10 µM (2h) 

served as positive control. Subsequently, cells were incubated with 100 nM TMRM and 100 nM 

MitoTRACKER™ Green for 30 min and analysed by confocal microscopy. The scale bar is 20 µm. 

a, d Representative pictures are shown. b, e Calculation of the intensity of TMRM to MitoTRACKER™ Green 

was performed using Image J. The mock-treated control was set at 100%. One-way ANOVA with Dunnett’s 

Multiple Comparison Test was used for the determination of statistical significance. *p<0.05, **p<0.01 c, f For 

quantification of the mitochondrial morphology, at least 30 cells of each condition were used. Data represent 

means ± SEM of three independent experiments, n=3. Data were already published in (Haasler et al. 2021). 
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Fig. 3.14 Effect of GP on mitochondrial membrane potential mitochondrial (∆ψm) and fragmentation in SCL-1 

carcinoma cells and keratinocytes (NHEK). Subconfluent SCL-1carcinoma cells (a-c) and NHEK (d-f) were 

mock-treated or treated with 2.5 µM GP for 2 and 4 h, respectively. CCCP at a concentration of 10 µM (2h) 

served as positive control. Subsequently, cells were incubated with 100 nM TMRM and 100 nM 

MitoTRACKER™ Green for 30 min and analysed by confocal microscopy. The scale bar is 20 µm. 

a, d Representative pictures are shown. b, e Calculation of the intensity of TMRM to MitoTRACKER™ Green 

was performed using Image J. The mock-treated control was set at 100%. One-way ANOVA with Dunnett’s 

Multiple Comparison Test was used for the determination of statistical significance. *p<0.05. c, f For 

quantification of the mitochondrial morphology, at least 30 cells of each condition were used. Data represent 

means ± SEM, of three independent experiments, n=3.  
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Fig. 3.15 Effect of GP on mitochondrial membrane potential (∆ψm) and mitochondrial fragmentation in 

fibroblasts (NHDF). Subconfluent NHDF (a-c) were mock-treated or treated with 2.5 µM GP for 2 and 4 h, 

respectively. CCCP at a concentration of 10 µM (2h) served as positive control. Subsequently, cells were 

incubated with 100 nM TMRM and 100 nM MitoTRACKER™ Green for 30 min and analysed by confocal 

microscopy. The scale bar is 10 µm. a Representative pictures are shown. b Calculation of the intensity of 

TMRM to MitoTRACKER™ Green was performed using Image J. The mock-treated control was set at 100%. 
One-way ANOVA with Dunnett’s Multiple Comparison Test was used for the determination of statistical 

significance. c For quantification of the mitochondrial morphology, at least 30 cells of each condition were 

used. Data represent means ± SEM of three independent experiments, n=3. 

3.7 GP affected oxidative phosphorylation  

Mitochondria play an important role in bioenergetic processes and dysfunction can lead to 

minor or strong impacts on cells dependent on the magnitude of the impairment. Since energy 

production by oxidative phosphorylation requires an intact ∆ψm (Zorova et al. 2018), the effect 

of GP on mitochondrial respiration was determined using Seahorse XF Analyser. As the drop 

in ∆ψm occurred rapidly after GP was added to the cells, the cells were incubated for 1 h with 

different concentrations of GP until the Mito Stress Test was performed. The assay provides 

information about the oxygen consumption rate (OCR) after the addition of different 

mitochondrial stressors including oligomycin (Oligo), FCCP and rotenone/antimycin A 

(Rot/AA), from which the parameters “basal respiration”, “ATP production”, “spare respiratory 

capacity” and “proton leak” can be derived. The basal respiration was significantly increased 

about 2-fold in A375 melanoma cells after application of 2.5 µM GP (Fig. 3.16a, b). Additionally, 
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the ATP production was lowered at the same GP concentration to 50% compared to control 

level, the spare respiratory was completely lost and the proton leak was increased significantly 

(Fig. 3.16c-e). Similar effects were observed in SCL-1 carcinoma cells. After treatment with 

0.5, 1 and 2.5 µM GP, the basal respiration rather tended to increase compared to untreated 

or mock-treated cells (Fig. 3.17a, b). Furthermore, at the lowest concentration of GP, an 

increase in ATP production was observed, but with increasing concentration the ATP 

production dropped to 50% of control level (Fig. 3.17c). The cells showed no spare respiratory 

capacity after treatment with 2.5 µM GP accompanied by a significant increase in the proton 

leak (Fig. 3.17d-e).  

 

Fig. 3.16 Effect of GP on mitochondrial respiration in A375 melanoma cells. a After treatment with different 

concentrations of GP for 1 h, the oxygen consumption rate (OCR) was meascured after successive injection 

of oligomycin (Oligo), FCCP and rotenone/antiymcin A (Rot/AA) by Seahorse XF Analyser. A representative 

curve was depicted. b-e Based on the OCR in response to these mitochondrial stressors, the parameters 

“basal respiration” (b), “ATP production” (c), “spare respiratory capacity” (d) and “proton leak” (e) were 

calculated. The value of untreated cells were set at 100%. Data represent means ± SEM of three independent 

experiments, n=3. One-way ANOVA with Dunnett’s Multiple Comparison Test was used for the determination 

of statistical significance between mock-treated (DMSO) and GP treated cells. **p<0.01 and ***p<0.001.  
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Fig. 3.17 Effect of GP on mitochondrial respiration in SCL-1 carcinoma cells. a After treatment with different 

concentrations of GP for 1 h, the oxygen consumption rate (OCR) was meascured after successive injection 

of oligomycin (Oligo), FCCP and rotenone/antiymcin A (Rot/AA) by Seahorse XF Analyser. A representative 

curve was depicted. b-e Based on the OCR in response to these mitochondrial stressors, the parameters 

“basal respiration” (b), “ATP production” (c), “spare respiratory capacity” (d) and “proton leak” (e) were 

calculated. The value of untreated cells were set at 100%. Data represent means ± SEM of three independent 

experiments, n=3. One-way ANOVA with Dunnett’s Multiple Comparison Test was used for the determination 

of statistical significance between mock-treated (DMSO) and GP treated cells. *p<0.05, and **p<0.01. 

Unlike the effect of GP on respiration in tumour cells, only minor effects were observed in 

normal (healthy) cells. The highest GP concentration of 2.5 µM increased the basal respiration 

significantly in NHEM without affecting the ATP production and spare respiratory capacity. The 

proton leak was raised after GP treatment but not significant in comparison to mock-treated 

cells (Fig. 3.18). Similar results were observed in NHEK. The basal respiration was enhanced 

slightly after GP treatment. In addition to that, the ATP production was unaffected after GP 

treatment and the spare respiratory capacity was lowered after treatment with 2.5 µM GP but 

this effect was not significant compared to mock-treated cells. The increase of the proton leak 
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after GP application was not significant (Fig. 3.19). The effects on mitochondrial respiration in 

NHDF were also less compared to both tumour cell lines. Significant changes were only 

observed at the highest GP treatment of 2.5 µM including an increase of basal respiration and 

proton leak as well as a 50% reduction of spare respiratory capacity. Interestingly, the ATP 

production was not affected after GP treatment (Fig. 3.20).  

 

Fig. 3.18 Effect of GP on mitochondrial respiration in melanocytes (NHEM). a After treatment with different 

concentrations of GP for 1 h, the oxygen consumption rate (OCR) was meascured after successive injection 

of oligomycin (Oligo), FCCP and rotenone/antiymcin A (Rot/AA) by Seahorse XF Analyser. A representative 

curve was depicted. b-e Based on the OCR in response to these mitochondrial stressors, the parameters 

“basal respiration” (b), “ATP production” (c), “spare respiratory capacity” (d) and “proton leak” (e) were 

calculated. The value of untreated cells were set at 100%. Data represent means ± SEM of three independent 

experiments, n=3. One-way ANOVA with Dunnett’s Multiple Comparison Test was used for the determination 

of statistical significance between mock-treated (DMSO) and GP treated cells. *p<0.05.  
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Fig. 3.19 Effect of GP on mitochondrial respiration in keratinocytes (NHEK). a After treatment with different 

concentrations of GP for 1 h, the oxygen consumption rate (OCR) was meascured after successive injection 

of oligomycin (Oligo), FCCP and rotenone/antiymcin A (Rot/AA) by Seahorse XF Analyser. A representative 

curve was depicted. b-e Based on the OCR in response to these mitochondrial stressors, the parameters 

“basal respiration” (b), “ATP production” (c), “spare respiratory capacity” (d) and “proton leak” (e) were 

calculated. The value of untreated cells were set at 100%. Data represent means ± SEM of three independent 

experiments, n=3. One-way ANOVA with Dunnett’s Multiple Comparison Test was used for the determination 

of statistical significance between mock-treated (DMSO) and GP treated cells. **p<0.01. 
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Fig. 3.20 Effect of GP on mitochondrial respiration in fibroblasts (NHDF). a After treatment with different 

concentrations of GP for 1 h, the oxygen consumption rate (OCR) was meascured after successive injection 

of oligomycin (Oligo), FCCP and rotenone/antiymcin A (Rot/AA) by Seahorse XF Analyser. A representative 

curve was depicted. b-e Based on the OCR in response to these mitochondrial stressors, the parameters 

“basal respiration” (b), “ATP production” (c), “spare respiratory capacity” (d) and “proton leak” (e) were 

calculated. The value of untreated cells were set at 100%. Data represent means ± SEM of three independent 

experiments, n=3. One-way ANOVA with Dunnett’s Multiple Comparison Test was used for the determination 

of statistical significance between mock-treated (DMSO) and GP treated cells. **p<0.01 and ***p<0.001. 

Consistent with GP induced impairment of mitochondrial membrane potential and 

mitochondrial respiration, proteomics analysis after 24 h GP treatment of A375 melanoma and 

SCL-1 carcinoma cells showed predominant effects on mitochondrial proteins (see appendix: 

Fig. 9.6). This mainly applied to the decrease of proteins of cellular compartments including 

respiratory chain complex, mitochondrial membranes, mitochondrial matrix and mitochondrion. 

Additionally, biological processes such as electron transport chain, mitochondrion organisation 

and aerobic respiration were downregulated. Western Blot performed for validation of the 

proteomics data showed that GP lowered the expression of NDUFB4, a subunit of the NADH 
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dehydrogenase (complex I), in A375 melanoma cells and SCL-1 carcinoma cells as well as in 

NHEM. Conversely, the expression was not changed in NHDF and upregulated in NHEK. 

Concomitantly, Mic60 belonging to the MICOS complex being part of the crista formation was 

almost completely lost in SCL-1 carcinoma cells and NHDF. The protein expression was 

almost lowered to 25% in A375 melanoma cells and half in NHEM compared to mock-treated 

cells. No effect was observed in NHEK (see appendix: Fig. 9.7). These data suggest that GP 

qualitatively affects mitochondrial respiration of all cells regarding basal respiration and proton 

leak. In contrast, the effect of GP on spare respiratory capacity and ATP production is due to 

the cell type specific demands. Tumour cells have higher energy demands than healthy cells. 

Thus, tumour cells exhibit higher respiration to meet this demand and therefore, they may be 

more susceptible to effects on respiration (Hanahan and Weinberg 2011, Barbi de Moura et 

al. 2012, Lee et al. 2020). 

3.8 ROS independent mechanism of GP 

Mitochondrial dysfunction including a drop in ∆ψm, changes in mitochondrial morphology and 

respiration are reported to be linked with increased ROS formation (Korshunov et al. 1997, Yu 

et al. 2006, Serasinghe and Chipuk 2017). To assess whether the observed GP mediated 

effects were due to ROS formation, the DCF assay was performed. The assay measured the 

generation of intracellular ROS within cells (LeBel et al. 1992, Wang and Joseph 1999) is 

described to quickly provide data (Lebel and Bondy 1990). It was shown that tumour cells 

exhibited higher basal ROS levels compared to normal cells and, as a consequence, are more 

vulnerable against a further increase in the ROS amount, for example by exogeneous ROS 

sources (Alili et al. 2013, Aplak et al. 2020). For that reason, the basal ROS level was 

determined in both tumour and normal cells (Fig. 3.21a). A375 melanoma cells showed the 

highest basal ROS level, followed by SCL-1 carcinoma cells. The basal intracellular ROS 

contents in NHEM, NHEK and NHDF were at a similar range, but lower than the ROS amount 

of the tumour cells. The addition of different concentrations of GP did not enhance the 

intracellular ROS level after 90 min in both tumour and normal cells (Fig. 3.21b). On the 

contrary, the results showed a slight falling trend in the fluorescence intensity. For validation 

of the assay, 2 mM H2O2 was applied which induced an increase of the intracellular ROS level 

at least 4-fold over control.  
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Fig. 3.21 Effect of GP on intracellular ROS formation. After addition of 100 µM H2DCF-DA A375 melanoma 

cells, SCL-1 carcinoma cells, melanocytes (NHEM), keratinocytes (NHEK) and fibroblasts (NHDF) were 

mock-treated and treated with different concentration of GP, respectively, for 90 min. H2O2 (2 mM) served as 

positive control. The ROS generation was measured by DCF assay. RFU (relative fluorescence unit) a The 

starting measuring point of mock-treated cells was defined as basal ROS level. b To calculate the formation 

of ROS, the first measuring point (0 min) was subtracted from the last measuring point (90 min). The mock-

treated control of each cell line was set at 1.0 and the treatment was set in relation to it. Data represent means 

± SEM of at least three independent experiments in A375, SCL-1, NHEM and NHEK, n≥3, and two 

experiments in NHDF, n=2. Data referred to A375 and NHEM were already published in (Haasler et al. 2021). 

To substantiate the DCF data, it was subsequently investigated whether the induced toxicity 

of GP in tumour cells can be affected in the presence of antioxidants. As the tumour cells 

showed the GP mediated toxicity, only A375 melanoma and SCL-1 carcinoma cells were pre-

treated with different concentration of the antioxidant N-acetylcysteine (NAC) before 2.5 µM 

GP was added. The cell viability, measured by MTT assay, was decreased in GP treated cells 

independent of the presence of NAC (Fig. 3.22a, b). For validation of the assay, A375 

melanoma cells were treated with 5 mM NAC in combination with and without 700 µM H2O2. 

The amount of NAC was sufficient to diminish the H2O2 induced toxicity significantly (Fig. 

3.22c). Additionally, the antioxidant and vitamin E derivative trolox was tested in A375 

melanoma cells to confirm the previous results. The presence of trolox did not abolish the GP 

induced reduction of cell viability (Fig. 3.22d), although the chosen concentrations of trolox 

were sufficient to significantly rescue H2O2 induced toxicity (Fig. 3.22e).  
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Fig. 3.22 Effect of combination treatment with GP and antioxidants on cell viability.a, b A375 melanoma (a) 

and SCL-1 carcinoma cells (b) were pre-treated with different concentration of the antioxidant N-

acetylcysteine (NAC) for 4 h, followed by treatment with and without 2.5 µM GP for further 24 h. c A375 

melanoma cells were pre-treated with 5 mM NAC and subsequent with and without 700 µM H2O2 for 24 h. d, 
e After pre-treatment with different concentration of the antioxidant trolox, A375 melanoma cells were mock 

treated or treated either with 2.5 µM GP (d) or with 700 µM H2O2 for 24 h. a-e Cell viability was measured by 

MTT assay. Data represent means ± SEM of at least three independent experiments, n≥3. Mock-treated 

control was set at 100%. For statistical significance, Student’s t-test (c) and one-way ANOVA with Bonferroni’s 

Multiple Comparison Test were performed (a-b, d-e). *p<0.05, **p<0.01 and ***p<0.001. Data referred to 

A375 (a, c-e) were already published in (Haasler et al. 2021). 

After demonstrating that GP neither increased intracellular ROS level nor its cytotoxic effect 

could be rescued by antioxidants, another approach was performed to confirm that GP 

mediates ROS independent effects. In this regard, a redox sensor named HyPer was used 

which is a genetically encoded fluorescence-based ratiometric probe being a tool for the 

detection of intracellular H2O2 (Bilan and Belousov 2016, Booth et al. 2016). Due to the same 

effect of GP on both tumour cell lines and the complexity of this assay, only A375 melanoma 

cells were chosen for the experiment. HyPer contains a bacterial H2O2 sensing domain (OxyR) 

and a circularly permuted Yellow Fluorescence Protein (cpYFP). In the presence of H2O2, 

cysteine at the position 199 was oxidized leading to a conformational change of the OxyR 

domain and, consecutively, to an alteration in the fluorescence emission of cpYFP. As HyPer 

is also sensitive to changes in the pH value, SypHer was also applied. SypHer was reported 

as redox insensitive but pH sensitive sensor and was used in this study as control (Booth et 

al. 2016). The insensitivity to H2O2 is based on a single mutation in C199S in comparison to 

HyPer. Both HyPer and SypHer can be targeted to specific compartments intracellularly 
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allowing the detection of H2O2 in the mitochondria (mito) and the cytosol (Weller et al. 2014). 

After transient transfection with HyPer, SypHer, mitoHyPer and mitoSypHer, A375 melanoma 

cells were mock-treated or treated with 2.5 µM GP for 16 h (Fig. 3.23). The amount of H2O2 

did not increase in the mitochondria and the cytosol after GP treatment compared to mock-

treated cells. For validation of the assay, 100 µM H2O2 was used which significantly increased 

the fluorescence ratio signal. In summary, the GP mediated drop in cell viability of A375 

melanoma and SCL-1 carcinoma cells accompanied by mitochondrial dysfunction is 

independent of the ROS level. 

 

Fig. 3.23 Effect of GP on the generation of H2O2 in A375 melanoma cells. a After transient transfection of 

A375 melanoma cells with one of the four plasmids – HyPer (cytosolic), SypHer (cytosolic), mitoHyPer 

(mitochondrial matrix targeted) and mitoSypHer (mitochondrial matrix targeted) –, cells were mock-treated or 

treated with 2.5 µM GP for 16 h. H2O2 at a concentration of 100 µM served as positive control. Representative 

merged images of both channels are depicted. b Box plot analysis of H2O2 levels of each condition. The 

average intensity of ratiometric fluorescence of each cell is shown. For determination of statistical 

significance, Student’s t-test was used. *p<0.05, **p<0.01 and ***p<0.001. Data were already published in 

(Haasler et al. 2021). 
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3.9 GP induced apoptosis in A375 melanoma cells 

BH3 mimetics were developed to bind anti-apoptotic proteins of the Bcl-2 family leading to 

oligomerisation of pro-apoptotic proteins which cause mitochondrial permeabilization and 

finally resulting in apoptosis (Henz et al. 2019). With respect to the calculated IC50 values after 

24 h GP treatment ranging from 1.7 to 3.0 µM in tumour cells (Fig. 3.7a), a concentration of 

2.5 µM was used for the majority of experiments relating to studies of cell death. Since GP, at 

a concentration of 2.5 µM, showed hardly any effect on cell viability in normal cells, only tumour 

cells were considered to study the death pathways. At first, the effect of GP on the release of 

inner mitochondrial proteins such as Smac/Diablo was determined in A375 melanoma cells. 

This protein exerts pro-apoptotic properties indirectly through the binding of inhibitors of 

apoptosis proteins (IAP) (Chai et al. 2000, Du et al. 2000, Verhagen et al. 2000). The treatment 

of GP increased the amount of Smac/Diablo in the cytosolic fraction over time indicating a 

preceding mitochondrial permeabilization. Staurosporine (Sts) served as positive control 

showing an increase of cytosolic Smac/Diablo (Fig. 3.24).  

 

Fig. 3.24 Effect of GP on cytosolic release of Smac/Diablo in A375 melanoma cells. After incubation with 

2.5 µM GP for 6 and 24 h, respectively, or 20 µM staurosporine (Sts) as positive control, cells were harvested 

and separated in mitochondrial and cytosolic fraction. Western Blot analysis of Smac/Diablo was performed. 

TOM20 was used as mitochondrial marker, beta actin as cytosolic marker. Quantification of the protein 

amount was calculated compared to the respective mock-treated control. Mock-treated control of both 

fractions was set at 1. Student’s t-test was used for determination of statistical significance between mock-

control and 2.5 µM GP treatment for 6 h. **p<0.01, n=3. Data were already published in (Haasler et al. 2021). 
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In addition to the release of Smac/Diablo, the activity of the initiator caspase 9 was increased 

5 to 10-fold after GP treatment for 6 h in A375 melanoma cells (Fig. 3.25a). Furthermore, GP 

increased the activity of effector caspase 3/7 after 24 h and this was abolished by adding the 

pan-caspase inhibitor zVAD (Fig. 3.25b). Moreover, the expression levels of procaspase 3, the 

inactive caspase, and cleaved as well as full length PARP were determined in A375 melanoma 

cells. For that, the cells were treated with 2.5 and 5 µM GP up to 48 h. Both concentrations 

lowered the expression levels of procaspase 3 as well as induced PARP cleavage (Fig. 3.25c). 

 

Fig. 3.25 Effect of GP on apoptotic markers in A375 melanoma cells. a Subconfluent A375 melanoma cells 

were treated with 2.5 and 5 µM GP for 6h. Staurosporine (Sts) at a concentration of 20 µM for 4 h served in 

all experiments as positive control for apoptosis induction. Caspase 9 activity was determined. Mock-treated 

control was set at 1. b A375 melanoma cells were treated with 2.5 and 5 µM GP for 24 h. zVAD (80 µM) was 

added 10 min before measuring of caspase 3/7 activity. Mock-treated control was set at 1. c Western Blot 

analysis of PARP cleavage and procaspase 3. For that, A375 melanoma cells were incubated with 2.5 and 5 

µM GP for 4, 8, 16, 24 and 48 h. Beta-actin served as loading control. Quantification of procaspase 3 and 

cleaved PARP was determined. The x-fold increase of protein levels was compared to mock-treated control 

which was set at 1. A representative Blot was depicted. For determination of statistical significance, one-way 

ANOVA with Dunnett’s Multiple Comparison Test was used. *p<0.05 and **p<0.01, n=3. Data were already 

published in (Haasler et al. 2021). 
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To confirm the GP induced caspase dependent apoptotic pathway in A375 melanoma cells, 

cell viability was assessed after GP treatment in combination with the caspase inhibitor zVAD 

(Fig. 3.26a). zVAD lowered the effect of GP significantly but not completely. At the same time, 

GP induced PARP cleavage was abolished in the presence of zVAD (Fig. 3.26b). Thus, these 

data substantiated that GP induced cell death through apoptosis in A375 melanoma cells.  

 

Fig. 3.26 Effect of the pan-caspase inhibitor zVAD on GP induced effects in A375 melanoma cells. a Cell 

viability was determined in A375 melanoma cells after treatment with 2.5 µM GP in the presence or absence 

of the caspase inhibitor zVAD (80 µM) for 24 h by MTT assay. Cell viability of mock-treated control was set 

at 100%. Data represent means ± SEM of three independent experiments, n=3. Student’s t-test was used for 

determination of statistical significance between GP and combination treatment, *p<0.05, n=3. b After 

treatment with 2.5 µM GP, 80 µM zVAD or in combination for 24 and 48 h, expression of full length and 

cleaved PARP was determined by Western Blot. GAPDH was used as internal loading control. One 

representative Blot of three independent experiments is shown, n=3. Data were already published in (Haasler 

et al. 2021). 

Since GP induced both apoptosis and mitochondrial fragmentation in A375 melanoma cells, 

the question was addressed whether Drp1, a GTPase being described to act as a major 

regulator in mitochondrial fission (Tilokani et al. 2018) and to be involved in apoptosis as well 

(Frank et al. 2001, Suen et al. 2008, Autret and Martin 2009), plays a role in those processes 

mediated by GP. Therefore, Drp1 was transiently downregulated in A375 melanoma cells (Fig. 

3.27a) and mitochondrial morphology was studied after GP treatment for 2 and 4 h (Fig. 3.27b, 

c). No tubular structures were observed after GP treatment without Drp1 knockdown. GP 

induced intermediate and fragmented mitochondria were significantly decreased in Drp1 

knockdown cells but did not reach control level. The results indicated that GP induced 

mitochondrial fragmentation is at least partly dependent on Drp1.  
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Fig. 3.27 Effect of Drp1 in GP induced fragmentation in A375 melanoma cells. a For transient Drp1 

knockdown, A375 melanoma cells were incubated with DNM1L (Drp1) siRNA and control siRNA for 48 h, 

respectively. Western Blot analysis was performed to examine the knockdown efficiency. The quantification 

is shown below. Data represent means ± SEM of three independent experiments, n=3. One-way ANOVA with 

Dunnett’s Multiple Comparison Test was used for determination of statistical significance. ***p<0.001. b To 

assess mitochondrial changes, Drp1 knockdown and control cells were mock-treated or treated with 2.5 µM 

GP for 2 and 4 h. Following, 100 nM MitoTRACKER™ was added to the cells and mitochondrial morphology 

was analysed by confocol microscopy. Representative pictures are shown. c Quantification of mitochondrial 

morphology. At least 30 cells of each conditions were counted and categorised in „tubular“, „intermediate“ 

and „fragmented“. To determine statistical significance, one-way ANOVA with Bonferroni’s Multiple 

Comparison Test was used. **p<0.01, ***p<0.001, n≥30, N=3. Data were already published in (Haasler et al. 

2021). 

3.10 GP did not induce apoptosis in SCL-1 carcinoma cells 

Due to the potential of GP inducing a cytotoxic effect in both A375 melanoma cells and SCL-1 

carcinoma cells, apoptosis markers were also analysed in carcinoma cells. In contrast to the 

previous results, GP did not activate the extrinsic initiator caspase 8 or the intrinsic initiator 

caspase 9. For validation of the assay, SCL-1 carcinoma cells were treated with 20 µM Sts 

resulting in a significant increase of both initiator caspases. Additionally, the effector caspases 

3 and 7 were also not activated after GP treatment for 24 h (Fig. 3.28). 
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Fig. 3.28 Effect of GP on caspase activity in SCL-1 carcinoma cells.After treatment with 2.5 or 5 µM GP for 

6 or 24 h, caspase activity was measured. Staurosporine (Sts, 20 µM) served as positive control. Mock-

treated control was set at 1. Data represent means ± SEM of three independent experiments, n=3. One-way 

ANOVA with Dunnett’s Multiple Comparison Test was used for the determination of statistical significance. 

*p<0.05, **p<0.01.  

In order to verify these results, the expression levels of apoptosis relevant proteins were 

determined by Western Blot. For this purpose, SCL-1 carcinoma cells were treated with 2.5 

and 5 µM GP up to 48 h to measure the protein expression of procaspase 3, the inactive form 

of caspase 3, as well as of full length and cleaved PARP (Fig. 3.29). GP treated cells showed 

no change in the amount of procaspase 3. Moreover, the cleaved PARP was increased over 

time after GP treatment but did not exceed control level. To demonstrate a caspase 

independent cell death of GP in SCL-1 carcinoma cells, cells were incubated with GP 

combined with the pan-caspase inhibitor zVAD (Fig. 3.30). The induced cytotoxic effect of GP 

did not change in the presence of zVAD indicating that the cell death occurred independent of 

apoptosis.  
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Fig. 3.29 Effect of GP on the expression levels of procaspase 3 and PARP in SCL-1 carcinoma cells. 

Subconfluent cells were treated with 2.5 or 5 µM GP for 4, 8, 16, 24 and 48 h. Mock-treated cells were used 

as negative control, 20 µM staurosporine (Sts) served as positive control. Protein expression of procaspase 

3, full length and cleaved PARP was determined by Western Blot. Tubulin functioned as loading control. A 

representative blot of three independent experiments is depicted, n=3. Quantification of the protein amount 

was calculated compared to the respective control mock-treated control. Mock-treated control was set at 1.  

 

Fig. 3.30 Effect of GP in combination with a caspase inhibitor on cell viability of SCL-1 carcinoma cells. 

Subconfluent cells were pre-treated for 4 h with 80 µM of the pan-caspase inhibitor zVAD, followed by GP 

(2.5 µM) treatment for further 24 h. Cell viability was measured by MTT assay. Mock-treated control was set 

at 100%. Data represent means ± SEM of three independent experiments, n=3.  
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3.11 GP induced necroptosis in SCL-1 carcinoma cells 

In contrast to A375 melanoma cells, no apoptotic markers could be detected in SCL-1 

carcinoma cells. In the case of non-functional apoptosis, there is increasing evidence that 

necroptosis is a back-up cell death pathway to kill tumour cells effectively (Chen et al. 2016). 

Necroptosis is a programmed cell death sharing features with both apoptosis and necrosis. 

The molecular mechanisms are based on a signal cascade mediated by receptor-interacting 

serine/threonine protein kinase (RIP) 1 and RIP3 as well as mixed lineage kinase domain like 

pseudokinase (MLKL) (Gong et al. 2019). To figure out whether the necroptotic pathway was 

activated after GP treatment in SCL-1 carcinoma cells, a pharmacological inhibitor of the 

necroptotic pathway was tested. For this purpose, necrostatin-1 (Nec1) was chosen because 

this compound inhibits RIP1 and interrupts the signal cascade required for necroptotic cell 

death (Degterev et al. 2005). SCL-1 carcinoma cells were pre-treated with the RIP1 kinase 

inhibitor Nec1 prior to the GP treatment. The GP induced decrease in cell viability was 

significantly diminished in the presence of Nec1, indicating that necroptosis could be involved 

(Fig. 3.31b). As proof of principle, Nec1 was also tested in A375 melanoma cells. Whereas 

zVAD significantly rescued the cell viability in A375 melanoma cells (Fig. 3.26a), Nec1 had no 

impact on A375 melanoma cell viability (Fig. 3.31a).  

 

Fig. 3.31 Effect of GP in combination with a necroptosis inhibitor on cell viability of A375 melanoma and SCL-

1 carcinoma cells. a-b After preincubation with 80 µM of the necroptosis inhibitor necrostatin-1 (Nec1) for 4 h, 

2.5 µM GP was added to A375 melanoma (a) and SCL-1 carcinoma cells (b) for further 24 h. Cell viability 

was measured by MTT assay. Mock-treated cells were set at 100%. Data represent means ± SEM of three 

independent experiments, n=3. Student’s t-test was used for determination of statistical significance. 

**p<0.01. 

Although necroptosis is a regulated form of cell death, it has also similarities to necrosis 

including the loss of the integrity of the cellular membrane (Pasparakis and Vandenabeele 
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2015). To determine whether GP has an impact on the permeabilization of the cellular 

membrane, trypan blue staining was performed in SCL-1 carcinoma cells (Fig. 3.32). GP at a 

concentration of 2.5 µM initiated around 30% of the counted cells having permeabilized cell 

membranes after 24 h which further increased up to 50% after 48 h. The higher doses of GP 

(5 µM) enhanced this effect up to around 90% of cells with a loss in integrity of the cellular 

membrane. To demonstrate that this effect was due to necroptosis, a combination treatment 

with Nec1 was performed. Nec1 diminished the extent of damaged cells by GP indicating that 

necroptosis was involved in the cytotoxic effect of GP on SCL-1 carcinoma cells.  

 

Fig. 3.32 Effect of GP in combination with Nec1 on cell membrane permeabilization in SCL-1 carcinoma cells. 

Subconfluent cells were pre-treated with 80 µM Nec1 for 4 h, followed by treatment with 2.5 and 5 µM GP for 

further 24 and 48 h. H2O2 (2 mM) was used as positive control. Subsequently, the number of cells was counted 

using trypan blue staining. Unstained cells were defined as containing an “intact membrane” and blue 

coloured cells as having a “permeable membrane”. The total cell number of each condition was set at 100% 

and the percentage of cells with an intact versus a permeable membrane was shown of three independent 

experiments, n=3.  

In order to confirm the necroptotic pathway in SCL-1 carcinoma cells, additional parameters 

have been tested. As a consequence of permeabilization of the membrane, cellular contents, 

such as lactate dehydrogenase (LDH), can be released. Therefore, the extracellular amount 

of LDH was measured after GP treatment for 6, 24 and 48 h in SCL-1 carcinoma cells (Fig. 

3.33). The LDH release was slightly increased after the treatment of 2.5 µM GP for different 

time points, which was further enhanced using 5 µM GP.  
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Fig. 3.33 Effect of GP on LDH release in SCL-1 carcinoma cells. After treatment of subconfluent cells with 

2.5 and 5 µM GP for 6, 24 and 48 h, the LDH content was measured in the supernatant. Triton-X-100 

(500 ppm) served as positive control and was set at 100% LDH release (not shown). Data represent x-fold 

increase of extracellular LDH compared to mock-treated control, which was set at 1. One-way ANOVA with 

Dunnett’s Multiple Comparison Test was used for the determination of statistical significance, n=4. 

As both permeabilization of the cellular membrane and LDH release cover late marker of the 

necroptotic pathway, early key events had to be examined as well. Necroptosis functions as a 

back-up mechanism when apoptosis is not working. In this context an involvement of 

caspase 8 activity was described. If caspase 8 is not functional, for example due to 

pharmacological inhibition, molecular cascades can be initiated leading to the induction of 

necroptosis (Fritsch et al. 2019, Uzunparmak et al. 2020). It was already shown that GP did 

not induce the activation of caspase 8 in SCL-1 carcinoma cells (Fig. 3.28). In that context, 

receptor-interacting protein (RIP) kinases play a crucial role. After dissociation of RIP1 from a 

complex including inactive caspase 8, the protein recruits RIP3 followed by an activation 

through reciprocal phosphorylation (Degterev et al. 2008, Gong et al. 2019). On this account, 

the phosphorylation of RIP3 was determined in GP treated SCL-1 carcinoma cells (Fig. 3.34). 

GP significantly elevated the phosphorylation of RIP3 in relation to unphosphorylated RIP3 

after 24 h (Fig. 3.34b). Moreover, the pattern localisation of unphosphorylated RIP3 changed 

after treatment. Under basal conditions RIP3 was predominantly located around the nucleus, 

whereas it was uniformly distributed in the presence of GP (Fig. 3.34a). In summary, the data 

in context of necroptosis indicate that treatment of SCL-1 carcinoma cells with GP resulted in 

a necroptotic cell death. 
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Fig. 3.34 Effect of GP on phosphorylation of RIP3 in SCL-1 carcinoma cells. a After incubation with and 

without 2.5 µM GP for 24 h, immunostaining against phosphorylated RIP3 (pRIP3) and unphosphorylated 

RIP3 (RIP3) was performed. DAPI was used for nucleus staining. Representative pictures are shown. Scale 

bars represent 20 µm. b For quantification, the fluorescence intensity of pRIP3 was set in relation to RIP3. 

Mock-treated control was set at 1. Data represent means ± SEM of three independent experiments, n=3. 

Student’s t-test was used for the determination of statistical significance, *p<0.05 

3.12 GP induced autophagic flux in both A375 melanoma and SCL-1 carcinoma 

cells 

The effect of GP on the type of cell death was specific for the studied tumour cell lines. 

Regarding the only partial rescue of the cytotoxic effect due to the use of apoptosis and 

necroptosis inhibitors, respectively, additional pathways dealing with cell death have to be 
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involved in both tumour cell lines. In addition to the known interaction with members of the Bcl-

2 protein family during apoptosis, BH3 mimetics are also described to disrupt the interaction 

between Bcl-2 and Beclin-1 leading to the induction of autophagy (Maiuri et al. 2007). In this 

context, the impact of GP on autophagy was examined in both A375 melanoma and SCL-1 

carcinoma cells. One marker for the autophagosome that emerges during autophagy is the 

conversion of LC3 I to the lipid derivative phosphatidylethanolamine (PE) forming LC3 II. Due 

to the increased hydrophobicity of the latter, it has a faster electrophoretic mobility than LC3 I 

despite its higher molecular weight (Klionsky et al. 2016).  

 

Fig. 3.35 Effect of GP on expression of autophagy related proteins in A375 melanoma cells. Subconfluent 

cells were treated with 2.5 or 5 µM GP for 4, 8, 16, 24 and 48 h. The autophagy inhibitor chloroquine (CQ, 10 

µM, 48 h) was used as positive control. Protein expression of p62 and LC3 II was determined by Western 

Blot analysis. Tubulin was used as loading control. A representative blot is shown. The quantification of the 

protein expression was presented below. The amounts of p62 and LC3 II, respectively, were referred to 

tubulin. Mock-treated control was set at 1. Data represent means ± SEM of three independent experiments, 

n=3. One-way ANOVA with Dunnett’s Multiple Comparison Test was used for the determination of statistical 

significance. 

In A375 melanoma cells, 2.5 µM GP increased the expression level of LC3 II about 5-fold after 

4 h which slightly increased further up to 48 h. At a concentration of 5 µM GP the level of LC3 II 

was elevated up to 40-fold, which was similar to chloroquine (CQ) treated cells (Fig. 3.35). CQ 
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originally discovered as antimalarial drug inhibits autophagic flux through impairment of the 

fusion of autophagosomes and primary lysosomes (Mauthe et al. 2018). Similarly, both GP 

concentrations time-dependently increased the expression of LC3 II from 2 to 8-fold in SCL-1 

carcinoma cells (Fig. 3.36). Furthermore, p62 (sequestosome 1/SQSTM1) was used as an 

additional marker to monitor autophagy. This scaffold protein plays a pivotal role in the process 

of autophagy through the direct interaction with LC3 II leading to autophagosome formation 

(Johansen and Lamark 2011, Mizushima and Komatsu 2011, Weidberg et al. 2011). After GP 

treatment, the amount of p62 was increased time-and dose-dependently in A375 melanoma 

(Fig. 3.35) and SCL-1 carcinoma cells (Fig. 3.36). Although upregulation of p62 is usually 

associated with inhibition of autophagy, several studies showed that increased p62 at both 

mRNA and protein levels also correlate with an autophagic flux depending on the cell type 

(Colosetti et al. 2009, Zheng et al. 2011, Sahani et al. 2014). 

 

Fig. 3.36 Effect of GP on expression of autophagy related proteins in SCL-1 carcinoma cells. Subconfluent 

cells were treated with 2.5 or 5 µM GP for 4, 8, 16, 24 and 48 h. The autophagy inhibitor chloroquine (CQ, 

10 µM, 48 h) was used as positive control. Protein expressions of p62 and LC3 II were determined by Western 

Blot analysis. Coomassie staining was used as internal loading control. A representative blot is shown. The 

quantification of the protein expression was presented below. The amounts of p62 and LC3 II, respectively, 

were referred to loading control. Mock-treated control was set at 1. Data represent means ± SEM of three 

independent experiments, n=3. One-way ANOVA with Dunnett’s Multiple Comparison Test was used for the 

determination of statistical significance. *p<0.05, **p<0.01, ***p<0.001. 
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A correlation between LC3 II levels and the number of autophagosomes was described earlier 

(Kabeya et al. 2000). The accumulation of LC3 II could be due to an autophagic flux as well as 

block. In the first scenario, an enhanced autophagosome synthesis accompanied by enhanced 

delivery of autophagic substrates to the lysosomes causes a higher generation than 

degradation of these molecules. In case of a block of LC3 II degradation, any steps after the 

formation of autophagosomes could be affected. This includes the impairment of trafficking, 

fusion and lysosomal enzyme activity (Rubinsztein et al. 2009). To figure out whether GP 

induce an autophagic flux or block, autophagy markers were examined in the presence or 

absence of the autophagy inhibitors CQ and bafilomycin A1 (Baf).  

 

Fig. 3.37 Effect of combination treatment of GP and CQ in A375 melanoma cells. a, c Subconfluent cells 

were incubated with 2.5 and 5 µM GP alone or in combination with 10 µM CQ for 24 (a) and 48 h (c). Protein 

expression of p62 and LC3 II was determined by Western Blot analysis. Representative blots are shown. 

Coomassie staining was used as loading control. b, d Quantification of protein expression was referred to the 

loading control. Mock-treated control was set at 1. Data represent means ± SEM of three independent 

experiments, n=3. One-way ANOVA with Bonferroni’s Multiple Comparison Test was used for the 

determination of statistical significance. *p<0.05.  

GP increased the expression level of LC3 II after 24 and 48 dose-dependently in A375 

melanoma cells (Fig. 3.37). After addition of 2.5 µM GP, the LC3 II levels were increased 5-to-

10-fold in a time dependent manner compared to mock-treated cells, whereas the 

concentration of 5 µM GP nearly doubled these expression levels. Additionally, cells treated 
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with CQ alone showed a 20-fold upregulation of LC3 II after 24 h and a 10-fold increase after 

48 h. In the presence of CQ a further increase in LC3 II was observed compared to GP and 

CQ alone treatment, respectively, with the exception of 5 µM GP after 48 h. Similar to these 

results, the same pattern of LC3 II expression was examined in SCL-1 carcinoma cells (Fig. 

3.38). Thus, 2.5 µM GP induced a 2.5-fold increase of LC3 II after 24 h which was quadrupled 

after 48 h. A 5-fold upregulation of LC3 II was observed after addition of 5 µM GP for 24 h 

which further increased up to 30-fold after 48 h treatment. CQ alone enhanced the expression 

level of LC3 II approximately 5-fold after 24 h followed by an increase to 20-fold after 48 h. 

Furthermore, the enhanced expression level of LC3 II induced by GP or CQ alone was further 

increased in the presence of CQ at both time points. Following the guidelines how to monitor 

autophagy in mammalian cells (Mizushima et al. 2010), the data herein indicated an 

autophagic flux induced by GP in A375 melanoma and SCL-1carcinoma cells at least at 24 h. 

Fig. 3.38 Effect of combination treatment of GP and CQ in SCL-1 carcinoma cells. a, c Subconfluent cells 

were incubated with 2.5 and 5 µM GP alone or in combination with 10 µM CQ for 24 (a) and 48 h (c). Protein 

expression of p62 and LC3 II was determined by Western Blot analysis. Representative Blots were depicted. 

GAPDH was used as internal loading control. b, d Quantification of protein expression in relation to the loading 

control. Mock-treated control was set at 1. Data represent means ± SEM of three independent experiments, 

n=3. One-way ANOVA with Bonferroni’s Multiple Comparison Test was used for the determination of 

statistical significance. *p<0.05, **p<0.01. 
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To demonstrate that GP induced an autophagic flux in both tumour cell lines, a further 

autophagy inhibitor was used for a combination treatment. Baf inhibits the last stage of 

autophagy through its V-ATPase inhibitor activity resulting in an increase of lysosomal pH 

(Yamamoto et al. 1998, Klionsky et al. 2016, Mauthe et al. 2018). For confirmation of the 

previous data, the lowest concentration of 2.5 µM GP was chosen as this concentration is 

already sufficient to increase LC3 II expression levels in both tumour cell lines. Furthermore, 

rapamycin (Rapa), an inducer of autophagy through the inhibition of the mechanistic target of 

rapamycin complex 1 (mTORC1) (Waldner et al. 2016), was used as experimental approach 

(Fig. 3.39, Fig. 3.40).  

 

Fig. 3.39 Effect of combination treatment of GP and bafilomycin A1 (Baf) in A375 melanoma cells. 

Subconfluent cells were incubated with 2.5 µM GP alone or in combination with 50 nM Baf for 24 and 48 h. 

As controls, cells were mock-treated, treated with the autophagy inhibitor Baf (50 nM) only or with the 

autophagy inducer Rapa (100 nM), respectively. Protein expression levels of p62 and LC3 II were determined 

by Western Blot analysis. A representative blot is shown. GAPDH was used as loading control. Quantification 

of protein expression was referred to the loading control. Mock-treated control was set at 1. Data represent 

means ± SEM of three independent experiments, n=3. One-way ANOVA with Bonferroni’s Multiple 

Comparison Test was used for the determination of statistical significance. *p<0.05, **p<0.01. 
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GP enhanced LC3 II expression levels approximately 2.5-fold after 24 h which was doubled 

after 48 h in A375 melanoma cells (Fig. 3.39). In the presence of Baf the amount of LC3 II 

achieved a 4-fold increase at both time points. In comparison to the combination treatment, 

Baf only treated cells showed the same LC3 II level after 24 h but less after 48 h. Addition of 

Rapa resulted in a slight increase of LC3 II expression after 48 h indicating that the degradation 

of molecules exceeded the number of generated molecules. Levels of p62 were only marginally 

increased after Baf treatment in the presence or absence of GP. Likewise, the expression of 

p62 was upregulated 10-fold over control level after 24 h and 30-fold after 48 h in the presence 

of Baf in SCL-1 carcinoma cells (Fig. 3.40). In the presence of GP, the amount slightly 

increased after 24 h, whereas the levels decreased in tendency after 48 h. GP alone increased 

p62 expression levels approximately 5-fold at 24 h that further enhanced to around a 10-fold 

increase compared to the control level. No change in the expression level was observed in 

untreated or Rapa treated cells. Additionally, the LC3 II protein amount was examined. GP 

induced a 5-fold increase at both time points. In the presence of Baf, the expression levels 

were doubled. Compared to addition of Baf alone, the combination treatment showed in 

tendency an increase in the protein levels of LC3 II. Rapa showed minor effects towards an 

enhancement of LC3 II.To determine whether these protein patterns indicate an autophagic 

flux or block, the data were evaluated in context of the criteria described earlier (Rubinsztein 

et al. 2009). Higher LC3 II levels after a combination treatment compared to Baf alone indicates 

an increase of autophagosome formation. Furthermore, when the LC3 II protein level is 

enhanced by a compound and further rises in the presence of Baf, LC3 II degradation occur 

via autophagic flux. If the level is the same, it indicates a partial block of LC3 II degradation. 

Transferred to the Western Blot results, GP induced both the formation of autophagosomes 

and the LC3 II degradation in SCL-1 carcinoma cells after 24 and 48 h. Similarly, LC3 II 

degradation was induced in A375 melanoma cells at both timepoints, whereas the formation 

of autophagosomes occurred after 48 h.  
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Fig. 3.40 Effect of combination treatment of GP and bafilomycin A1 ( (Baf) in SCL-1 carcinoma cells. 

Subconfluent cells were incubated with 2.5 µM GP alone or in combination with 50 nM Baf for 24 and 48 h. 

As controls, cells were mock-treated, treated with the autophagy inhibitor Baf (50 nM) only or with the 

autophagy inducer Rapa (100 nM), respectively. Protein expression levels of p62 and LC3 II were determined 

by Western Blot analysis. A representative blots was shown. GAPDH was used as loading control. 

Quantification of protein expression was referred to the loading control. Mock-treated control was set at 1. 

Data represent means ± SEM of three independent experiments, n=3. One-way ANOVA with Bonferroni’s 

Multiple Comparison Test was used for the determination of statistical significance. 

To confirm the previous results indicating an autophagic flux in A375 melanoma and SCL-

1carcinoma cells, an EGFP-LC3 II plasmid was used for final representative transient 

transfection experiment (Jackson et al. 2005). Due to the same effect of GP in both tumour 

cells, only SCL-1 carcinoma cells were chosen to represent both cell lines. The principle of this 

approach is based on the cleavage of an EGFP-LC3 II construct during autophagy. During an 

autophagic flux the EGFP-LC3 II fusion protein is transported to autophagosomes and 
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autolysosomes, followed by the cleavage of the fusion protein to LC3 II and free GFP. After 

GP treatment, transiently transfected cells showed a signal in free GFP which was not present 

in mock-treated cells (Fig. 3.41). The EGFP-LC3 II fusion protein was detectable by both 

antibodies which recognize LC3 II and GFP.  

 

Fig. 3.41 Effect of GP on cleavage of EGFP-LC3 II construct in SCL-1 carcinoma cells. After transient 

transfection of SCL-1 carcinoma cells with an EGFP-LC3 II plasmid for 48 h, cells were mock-treated or 

treated with 2.5 µM GP for 24 h. Non-transfected (-) cells were used as negative control. Western Blot analysis 

of cell lysate was performed to examine EGFP-LC3 II, free EGPF and LC3 II levels. Left panel: detection of 

EGFP-LC3 II and LC3 II using a LC3 II antibody. Right panel: detection of EGFP-LC3 II and free EGFP using 

a GFP antibody, n=1.  

In summary, all experiments with respect to autophagy indicated an induction of autophagic 

flux by GP treatment in A375 melanoma and SCL-1 carcinoma cells. The partial rescue of cell 

viability by apoptosis or necroptosis inhibitors suggested the participation of other pathways 

required for cell death in these tumour cell lines. However, it can be only speculated that the 

induction of autophagy might result in additional cell death in A375 melanoma and SCL-1 

carcinoma cells.  

3.13 Own participation in already published data 

In this thesis, parts of the results have already been published (Haasler et al. 2021). These 

included Fig. 3.4a, c, Fig. 3.5a, c, Fig. 3.6a, c, Fig. 3.7, Fig. 3.9 (data referring to A375 

melanoma cells and NHEM), Fig. 3.10, Fig. 3.12a, Fig. 3.13, Fig. 3.21 (data referring to A375 

and NHEM), Fig. 3.22a, c-e, Fig. 3.23, Fig. 3.24, Fig. 3.25, Fig. 3.26 and Fig. 3.27.All necessary 

steps regarding the cultivation of the cells such as seeding of adequate cell numbers for the 

respective experiments were performed on my own.  
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Fig. 3.4a, c and Fig. 3.5a, c indicated the effect of GP on cell viability in A375 melanoma and 

NHEM after 96 h using the MTT and SRB assay, respectively. I performed all experiments and 

evaluated the data. 

Fig. 3.6a, c showed the effect of GP on cell viability in A375 melanoma cells which was tested 

with different concentrations at various time points using the MTT and SRB assay. I performed 

the experiments and evaluated the data.  

Fig. 3.7 indicated the IC50 values after GP treatment which were calculated in A375 melanoma 

cells and NHEM. The data used for the analysis were derived from MTT and SRB data. All 

related experiments were performed and analysed on my own.  

Fig. 3.9 showed the cellular uptake of GP within the cells. The data referring to A375 melanoma 

cells and NHEM were published. I prepared the samples which were used for HPLC analysis. 

The HPLC experiments were performed and the detected peaks were quantified by Peter Graf. 

I measured the protein amount of the samples and calculated the absorbed amount of GP in 

the cells.  

Fig. 3.10 presented the stability experiments of GP in cell-free systems. For that, the stability 

of GP was tested in acetonitrile (AcN), H2O, DMEM and MBM. The amount of GP was 

measured by HPLC. This experiment was performed and evaluated by Peter Graf.  

In Fig. 3.12a, the effect of parental and decomposed GP on cell viability was examined in A375 

melanoma cells. I treated the cells, performed the MTT and evaluated the results. To determine 

that GP was completely lost after 5 h preincubation in DMEM, HPLC analysis was performed 

by Peter Graf.  

Fig. 3.13 showed the effect of GP on mitochondrial membrane potential and mitochondrial 

fragmentation in A375 melanoma cells and NHEM. To examine these parameters, confocal 

microscopy analysis was performed. Treatment of the cells, microscopy and evaluation of the 

data were performed by me.  

In Fig. 3.21, the DCF assay was performed to investigate the effect of GP on ROS formation. 

The data referring to A375 melanoma cells and NHEM were published. I performed all 

experiments and evaluated the results.  

Fig. 3.22a, c-e presented the assessment of cell viability by GP in presence of antioxidant 

agents. Treatment of the cells, followed by MTT assay and evaluation of the data were 

performed on my own.  
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Fig. 3.23 depicted the effect of GP on generation of H2O2 in A375 melanoma cells. I transfected 

the cells. Treatment, microscopic analysis and evaluation of the data were done by Dr. Arun 

Kondadi and Thanos Tsigaras. 

In Fig. 3.24, fractionation analysis was performed in order to examine whether GP induce 

cytosolic release of Smac/Diablo in A375 melanoma cells. The experiments as well as the 

evaluation were carried out on my own.  

The effect of GP on apoptosis markers was shown in Fig. 3.25. The caspase activity assays, 

Western Blot experiments as well as the evaluation of the data were performed by me. 

Fig. 3.26 presented rescue experiments of GP regarding cell viability and PARP cleavage in 

the presence of the pan-caspase inhibitor zVAD. Treatment of the cells, MTT assay, Western 

Blot analysis and the evaluation of the data were performed on my own.  

In Fig. 3.27, the role of Drp1 in GP induced fragmentation in A375 melanoma cells was 

examined. For this purpose, knockdown experiments were performed followed by confocal 

microscope analysis to assess mitochondrial morphology. I did all related experiments and 

evaluated the data.  

The manuscript was written on my own. 
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4 Discussion 
Due to a modest response, increased resistance and recurrence, a big challenge in current 

cancer therapy is still the efficient killing of cancer cells including both non-melanoma and 

melanoma cells (Zbytek et al. 2008, Que et al. 2018, Krensel et al. 2019, Bertrand et al. 2020, 

Stratigos et al. 2020). In the here present thesis, SCL-1 carcinoma cells have been chosen as 

representative of cutaneous squamous cell carcinoma (CSCC, non-melanoma) and A375 

melanoma cells as representative for malignant melanoma. One therapeutic strategy is 

addressing individual hallmarks of cancer, for example to prevent the evasion of apoptosis and 

thereby to overcome resistant tumour cells (Hanahan and Weinberg 2011). In this context, 

BH3 mimetics have been developed to antagonise anti-apoptotic Bcl-2 proteins in order to 

release pro-apoptotic proteins resulting in the induction of apoptosis (Zhang et al. 2007, Vogler 

2014, Mohammad et al. 2015). Elevated expression levels of anti-apoptotic proteins are 

observed in various types of cancer, including skin cancer (Zhang et al. 2002, Yip and Reed 

2008, Vogler 2014, Lee et al. 2019). The mere presence of anti-apoptotic proteins in tumour 

cells does not indicate that this amount is increased proportionally for the respective tissue. 

Therefore, the expression level should be compared with the respective normal cells. The 

basal expression of Bcl-2 is elevated in A375 melanoma cells in comparison to normal human 

epidermal melanocytes (NHEM) (Fig. 3.1). This finding is consistent with the literature, as high 

levels of anti-apoptotic proteins of the Bcl-2 protein family in melanoma cells are reported 

(Eberle and Hossini 2008, Lee et al. 2019). The high level of anti-apoptotic proteins has the 

objective of binding the pro-apoptotic proteins to stimulate apoptosis (Merino et al. 2018). In 

addition, Bcl-xL and Bcl-2 are particularly overexpressed in SCL-1 carcinoma cells under basal 

conditions as compared to normal human epidermal keratinocytes (NHEK), whereas Bcl-2 

levels are notable less compared to A375 melanoma cells (Fig. 3.1). These data are in line 

with the literature, as elevated Bcl-xL levels were found in samples of patients with CSCC 

(Vasiljevic et al. 2009). Additionally, lacking of Bcl-2 staining was observed in CSCC compared 

to basal cell carcinoma (BCC) which could be a possible explanation for low Bcl-2 levels in 

SCL-1 carcinoma cells in comparison to other tumour cells (Cerroni and Kerl 1994). Since both 

tumour cells showed increased expression of at least one anti-apoptotic protein, treatment with 

BH3 mimetics could be a promising approach to trigger apoptosis. For that purpose, two 

different BH3 mimetic compounds were chosen: ABT-199 and (±) gossypol (GP). ABT-199 

offers the advantage of having already received FDA approval for certain types of leukaemia 

(FDA 2019). In addition, GP, a natural BH3 mimetic derived from cotton seed plants (Adams 

et al. 1960), showed promising data in treatment of resistant A375 melanoma cells (Janostiak 

et al. 2019). However, the complete underlying mechanism remains still unknown. 



95 
 

4.1 Finding out the compound exerting toxic effects in tumour cells without 

affecting normal cells 

First, it was studied whether the two compounds, ABT-199 and GP, affect cell viability of skin 

tumour cells. After 96 h, ABT-199 decrease cell viability of more than 50% in tumour cells at a 

concentration of 2.5 µM (Fig. 3.2a, b). GP showed a stronger effect at the same time point at 

concentration above 1.5 µM in A375 melanoma cells and 2 µM in SCL-1 carcinoma cells (Fig. 

3.4a, b, Fig. 3.5a, b). With regard to use these compounds as a potential anti-cancer drug, it 

is not only important to have a cytotoxic effect on tumour cells, but also to minimise side effects 

on normal (healthy) cells, as these can limit the application due to poor tolerability (Oun et al. 

2018, Songbo et al. 2019). Regrettably, ABT-199 drastically lowered cell viability of NHEM and 

NHEK. The response of normal human dermal fibroblasts (NHDF) to the compound was similar 

to the tumour cells (Fig. 3.2c-e). But in contrast, only the highest concentration of GP 

significantly decreased cell viability in normal cells indicating a desirable selective effect of GP 

on tumour cells (Fig. 3.4c-e, Fig. 3.5c-e). These data are consistent with other publications 

reporting that cell viability of oral keratinocytes and human fibroblasts were not affected after 

5-day treatment with 5 µM (-) GP (AT-101). Furthermore, IC50 values of (±) GP treatment for 5-

days was about 20 µM for breast epithelial cells (Jaroszewski et al. 1990, Oliver et al. 2004, 

Wolter et al. 2006). For that reason, GP was chosen for the following experiments to figure out 

the underlying mechanism using concentrations that are not toxic in normal cells.  

4.2 Cellular uptake and stability of GP 

GP induced a selective cytotoxic effect on A375 melanoma and SCL-1carcinoma cells. Uptake 

experiments showed that 10 µg GP per mg protein on average is taken up with no apparent 

difference between tumour and normal cells (Fig. 3.9). These data suggested that the reason 

for the selectivity of GP was not due to different (cell type specific) uptake rates. The decrease 

of detectable GP within cells over time indicated a low stability of the compound in aqueous 

solutions which was confirmed by HPLC analysis (Fig. 3.10). Most studies focussed only on 

stabilisation experiments in different solvents (Wang et al. 2019). However, especially in cell 

culture medium, GP was rapidly decomposed or metabolised raising the questions whether 

parental (not decomposed) GP or a decomposition/oxidation product caused cytotoxicity in 

tumour cells. Treatment with parental GP or decomposed GP (metabolites) demonstrated that 

the parental compound affected the cell viability of A375 melanoma and SCL-1carcinoma cells 

(Fig. 3.12). Consistent with this, Gilbert and co-worker showed that GP was more potent than 

gossypolone, the major metabolite of GP, in breast cancer cells (Gilbert et al. 1995, Dao et al. 

2000). However, another study demonstrated that both GP and gossypolone exhibited similar 

cytotoxic effects in cancer cells (Shelley et al. 1999). Here, it was shown that the 
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undecomposed GP itself was necessary for its effectiveness in A375 melanoma and SCL-

1carcinoma cells. Therefore, the occurrence of potential metabolites or oxidation products 

were not further investigated.  

4.3 Mitochondrial impairment by GP treatment 

Mitochondria are essential for the regulation of bioenergetic demands as well as other 

physiological processes including calcium homeostasis, redox signalling, apoptosis and 

autophagy (Tilokani et al. 2018). Mitochondrial membrane potential (∆ψm) derived from proton-

pump dependent electron transport chain (ETC) plays a crucial role in cell fate (Löffler and 

Petrides 1997, Zorova et al. 2018). Opening of mitochondrial permeability transition pore 

(MPTP) in response to several stimuli lowers ∆ψm triggering cell fate towards death (Qiu et al. 

2014, Basit et al. 2017). The postulated mode of action of BH3 mimetics is evident: the trapping 

of anti-apoptotic members of the Bcl-2 protein family (e.g., Bcl-2, Bcl-xL, MCL-1) resulting in 

release and oligomerisation of pro-apoptotic proteins (e.g., Bax and Bak) which cause 

mitochondrial outer membrane permeabilization (Zhang et al. 2007, Vogler 2014, Mohammad 

et al. 2015). In that context, ABT-199 (Bcl-2 inhibitor), S63845 (Mcl-1 inhibitor) and A-1331852 

(Bcl-xL inhibitor) have been described to affect ∆ψm in haematological malignancies 

accompanied by swollen mitochondria, rupture of the mitochondrial outer membrane as well 

as loss of cristae structure. These findings indicate a role of anti-apoptotic proteins in the 

maintenance of mitochondrial integrity (Henz et al. 2019). Furthermore, GP reduced ∆ψm in 

non-small cell lung cancer cells after 24 h (Kang et al. 2016). In this thesis, 2.5 µM GP lowered 

∆ψm by 50% in A375 melanoma and SCL-1 carcinoma cells. Interestingly, no changes in ∆ψm 

were observed for NHEM, NHEK and NHDF (Fig. 3.13b, e, Fig. 3.14b, e, Fig. 3.15b). Since a 

drop in ∆ψm is one of the first events that happened when cells undergo programmed cell 

death, whether as a prerequisite or as a consequence of the release of mitochondrial proteins 

(Heiskanen et al. 1999, Madesh et al. 2002, Ly et al. 2003, Deng et al. 2013), these results 

suggested that tumour cells are more likely to be triggered to induce cell death in response to 

GP treatment. Consistent with the drop of ∆ψm in both skin cancer cell lines, GP had a strong 

impact on mitochondrial morphology resulting in almost complete fragmentation in A375 

melanoma and SCL-1 carcinoma cells. The same dose was not sufficient to induce the same 

drastic effect in normal cells (Fig. 3.13c, f, Fig. 3.14c, f, Fig. 3.15c). Mitochondrial morphology 

comprises rapid fusion and fission events, which are referred to as mitochondrial dynamics 

(Liesa et al. 2009, Tilokani et al. 2018). As a loss of ∆ψm and mitochondrial fission are related 

to each other (Legros et al. 2002, Tang et al. 2018), the data suggested that only tumour cells 

are affected within a defined concentration range of GP.  
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In addition to the impact of mitochondrial dysfunction on cell death, mitochondria also play a 

major role in cellular energy production. In mammalian cells, required energy is mainly 

produced by oxidative phosphorylation (OXPHOS). Cancer cells usually differ from normal 

cells in this aspect, as they obtain their required energy primarily from glycolysis, even in the 

presence of oxygen. This process is named aerobic glycolysis and is termed in tumour cells 

as Warburg effect (Warburg 1956, Vander Heiden et al. 2009). It has long been assumed that 

cancer cells exclusively perform glycolysis for energy production, but several studies suggest 

that OXPHOS also plays an important role in numerous tumour types especially during 

metastasis (Ho et al. 2012, Yu et al. 2017). In this context, cancer cells show higher OXPHOS 

rates as compared to normal counterparts (Lee et al. 2020). For example, Barbi de Moura and 

co-workers showed that metastatic melanoma exhibit higher OXPHOS than NHEM (Barbi de 

Moura et al. 2012). Moreover, melanoma xenografts exert one of the highest oxygen 

consumptions rates (OCR) compared to other xenograft models (Kallinowski et al. 1989, Ho 

et al. 2012). Three energetic states are described in cancer cells including Warburg state, 

oxidative state and a hybrid state consisting of the two former mentioned. In contrast, normal 

cells usually use either OXPHOS or glycolysis depending on substrate availability (Yu et al. 

2017). Here, a concentration of 2.5 µM GP increased basal respiration and proton leak in 

tendency in tumour and normal cells. However, ATP production was significantly decreased in 

A375 melanoma and SCL-1 carcinoma cells compared to normal cells. Additionally, tumour 

cells showed no spare respiratory capacity (SRC) after GP treatment, while NHEK and NHDF 

still showed at least half of the SRC compared to control (Fig. 3.16-Fig. 3.20). The SRC, also 

named mitochondrial reserve capacity (Marchetti et al. 2020), indicates the ability to deal with 

altered energy demand in response to certain stimuli or stressors. It correlates with plasticity 

and is thus a measure of adaptability of the cell. A loss of SRC can be a sign for mitochondrial 

dysfunction including impaired ATP production resulting in cell death (Marchetti et al. 2020). 

GP seems to qualitatively affect mitochondrial respiration in both tumour and normal cells, 

however, the effect is stronger in tumour cells. One possible explanation could be the altered 

metabolism of these cells. Thus, cancer cells exhibited higher respiration to meet their energy 

demand (Hanahan and Weinberg 2011, Barbi de Moura et al. 2012, Lee et al. 2020). 

Moderate increase in proton permeability accompanied by lowered ROS production and SCR 

as well as enhanced basal respiration, are described as “mild uncoupling” effect (Johnson-

Cadwell et al. 2007, Marchetti et al. 2020). Early studies demonstrated that GP functions as 

an uncoupler of respiratory chain and OXPHOS in rat liver mitochondria (Abou-Donia and 

Dieckert 1974) and spermatids (Nakamura et al. 1988). Furthermore, Benz and co-workers 

showed supportive evidence that GP’s anti-mitochondrial effects may correlate with its ability 

to inhibit relevant enzymes (Benz et al. 1990). In accordance with these findings, some studies 

showed that GP also working as pan-inhibitor of aldehyde dehydrogenases (ALDH) caused 
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ATP depletion in combination with phenformin, an inhibitor of mitochondrial respiratory chain 

complex I, resulting in death of non-small cell lung cancer cells (Kang et al. 2016, Lee et al. 

2018) as well as in glioblastoma tumour spheres (Park et al. 2018). One explanation for the 

selectivity of GP with respect to ATP depletion could be the used electron source for ATP 

production. NADH production by ALDH is a major source of NADH in tumour cells, whereas 

normal cells obtain the required NADH from the tricarboxylic acid (TCA) cycle. Thereby, normal 

cells are not affected by inhibition of ALDH (Lee et al. 2018, Lee et al. 2020). Consistent with 

this, many cancer cells show elevated ALDH levels compared to normal cells (Park et al. 2018).  

In addition to the reported ALDH inhibiting effect of GP, the proteomics data herein showed 

that GP decreased the expression level of several mitochondrial proteins in A375 melanoma 

and SCL-1 carcinoma cells, especially with regard to mitochondrial respiratory chain (Fig. 9.5). 

This result is in line with a study that examined the effect of (-) GP (AT 101) on glioblastoma 

cells and found a downregulation of mitochondrial proteins (Meyer et al. 2018). In this thesis, 

the protein levels of several subunits of the NADH: Ubiquinone Oxidoreductase (complex I) of 

the tumour cells were especially be lowered after 2.5 µM GP treatment. Furthermore, 

components of cytochrome b-c1 complex (complex III) and ATP synthase (complex V) were 

negatively affected by GP in both tumour cell lines as well as the succinate dehydrogenase 

(complex II) in SCL-1 carcinoma cells (Tab. 9.3, Tab. 9.5). As complex I oxidising NADH is the 

rate limiting step in ETC (Matsuzaki and Humphries 2015, Kang et al. 2016), its downregulation 

might have the strongest effect on respiration in skin cancer cells. Interestingly, GP decreased 

expression of NDUFB4, which was chosen as representative of complex I, in both tumour cells 

and NHEM, whereas no effect was observed in NHDF and an elevated expression level in 

NHEK. Furthermore, proteins of the mitochondrial contact site and cristae organizing system 

(MICOS) like Mic60 and Mic19 are downregulated in A375 melanoma and SCL-1 carcinoma 

cells, respectively. Western Blot analysis showed that 2.5 µM GP decreased Mic60 expression 

in tumour cells as well as in NHEM and NHDF. However, when the expression level of A375 

melanoma and SCL-1 carcinoma cells were compared with their normal counterpart, the effect 

of GP was more significant on tumour cells (Fig. 9.7). Some studies demonstrated a correlation 

between Mic60 knockdown and impairment of OXPHOS activity (Yang et al. 2015, Van Laar 

et al. 2016) indicating that the loss of this protein was also involved in GP mediated negative 

impact of mitochondrial respiration, especially in tumour cells. In contrast, hexokinase II (HK2) 

catalysing the first step in glycolysis was elevated after GP treatment in A375 melanoma cells, 

SCL-1 carcinoma cells, NHEM and NHDF. In many cancer cells high HK2 levels were 

observed in comparison to the normal counterparts (Lis et al. 2016, Li et al. 2020) correlating 

with elevated glycolysis in tumour cells (Garcia et al. 2019, Shi et al. 2019, Du et al. 2020). 

These data indicated that GP might drive skin cancer cells towards glycolysis.  
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Taken together, GP affected mitochondria in a number of ways including loss of ∆ψm, change 

in mitochondrial dynamics and respiration, especially in skin cancer cells. The effect of GP on 

mitochondrial respiration and glycolysis could be an explanation for its effectiveness as well 

as selectivity. As mentioned above, cancer cells can exhibit three different energy states: 

Warburg, oxidative and hybrid state. The latter state facilitates adaption of tumour cells to 

different tumour environmental settings through metabolic plasticity. One strategy to make 

cancer cells more vulnerable is to force these cells away from the hybrid state (Yu et al. 2017). 

Thus, GP might show promising results due to the impairment of the oxidative state within 

subsequent shift towards the Warburg state (glycolysis).  

4.4 Cell death pathways initiated by GP 

The development of so-called BH3 mimetics was mainly aimed to trigger apoptosis in target 

cells, especially in tumour cells which normally would evade from cell death by different 

mechanisms (Hanahan and Weinberg 2011). Antagonising of anti-apoptotic Bcl-2 family 

activate the release of pro-apoptotic proteins and thus stimulate apoptotic processes (Zhang 

et al. 2007, Vogler 2014, Mohammad et al. 2015). For that reason, the effect of GP on cell 

death was studied in tumour cells using again a concentration of 2.5 µM which was not toxic 

in normal cells as well as a high dose (5 µM) to substantiate the effect. In A375 melanoma 

cells, GP induced a drop of ∆ψm and an increase of mitochondrial fission which was followed 

by the release of Smac/Diablo at early timepoints (Fig. 3.24). The pro-apoptotic function of this 

protein is due to the inhibition of inhibitors of apoptosis proteins (IAP) resulting in caspase 

activity (Chai et al. 2000, Du et al. 2000, Verhagen et al. 2000). Subsequent to the activation 

of the initiator caspase 9 of the intrinsic apoptotic pathway after 6 h GP treatment in A375 

melanoma cells, the effector caspases 3 and 7 were activated upon 24 h. Furthermore, the 

expression levels of procaspase 3, the inactive form, were decreased in a time and dose-

dependent manner, accompanied by increased PARP cleavage (Fig. 3.25). These findings 

were consistent with the literature reporting that 10 µM of (-) GP induced Smac/Diablo 

dependent apoptosis in cisplatin-resistant ovarian cancer cells (Hu et al. 2012). Moreover, 

treatment with 12.5 µM of (-) GP for 48 h resulted in cleavage of caspases and PARP in 

malignant mesothelioma (Benvenuto et al. 2018). Additionally, Kim and co-workers showed 

that GP induced caspase dependent apoptosis in temozolomide-resistant glioblastoma cells 

(Kim et al. 2019). The requirement of caspases in GP induced cell death in A375 melanoma 

cells was demonstrated by preincubation of the cells with the pan-caspase inhibitor zVAD. In 

the presence of zVAD, the cell viability was partly rescued as well as PARP cleavage was 

abolished, indicating the involvement of caspases in this pathway (Fig. 3.26). Although many 

studies showed that BH3 mimetics not only induce apoptosis but also affect mitochondria 

resulting in enhanced fission, there are only some studies that addressed which proteins are 
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involved in this process. In mammalian cells, three GTPases of mitochondrial dynamin family 

members are described to control mitochondrial dynamics. These include mitofusin (Mfn) 

regulating fusion of the outer membrane, optic atrophy protein (Opa1) controlling inner 

membrane fusion and dynamin-1 like protein (Drp1), which is required for mitochondrial fission 

(Wang et al. 2018). The BH3 mimetic compounds ABT-199, A1331852 and A1210477 induced 

fragmentation and apoptosis in a Drp1 dependent manner in multiple myeloma, non-small cell 

lung carcinoma, cervical and breast cancer cells (Milani et al. 2017). In addition, the MCL-1 

inhibitor S63845 caused Drp1 dependent mitochondrial fission in human cardiomyocytes 

(Rasmussen et al. 2020). In contrast, pharmacological inhibition of Drp1 using the chemical 

mitochondrial division inhibitor 1 (M-Divi-1) enhanced the cytotoxic effect of ABT-263 and 

A1210477 in melanoma cells (Mukherjee et al. 2018). Furthermore, the use of Drp1 siRNA and 

the negative mutant Drp1 K38A showed no effect on fragmentation induced by the GP 

derivatives BI97CI and BI1121 in non-small cell lung cancer cells (Varadarajan et al. 2013). In 

this thesis, the involvement of Drp1 in mitochondrial fission induced by GP in A375 was 

demonstrated by knockdown experiments. In the absence of Drp1, the percentage of 

fragmented cells was diminished indicating that Drp1 was at least partly required (Fig. 3.27). 

Interestingly, the effect of GP on mitochondrial morphology occurred in a ROS independent 

manner which was pointed out by the use of A375 melanoma cells expressing the redox sensor 

HyPer (Fig. 3.23) providing novel insight into the mode of action of GP in these cells (Haasler 

et al. 2021).  

Conversely to the finding in A375 melanoma cells, SCL-1 carcinoma cells showed another 

behaviour with regard to cell death upon GP treatment. Although drastic effects on 

mitochondria were observed in SCL-1 cells, including a loss of ∆ψm and elevated mitochondrial 

fission, no apoptotic markers were found (Fig. 3.28, Fig. 3.29). The lack of caspase activities 

of caspases 8, 9, 3 and 7, accompanied by no change in procaspase 3 expression levels or 

PARP cleavage indicated that another death pathway was induced in these skin cancer cells. 

Preincubation with cell death inhibitors such as zVAD (apoptosis) and necrostatin-1 (Nec1, 

necroptosis) resulted in a partial rescue of GP induced cytotoxicity in the presence of Nec1, 

whereas zVAD had no effect (Fig. 3.30, Fig. 3.31b). This result suggested that necroptosis 

might be involved in SCL-1 carcinoma cells. Consistently, another BH3 mimetic, Obatoclax, 

induced necroptosis in human oral squamous cell carcinoma in a Nec1 dependent manner 

(Sulkshane and Teni 2017). Necroptosis is a programmed form of cell death that undergoes a 

successive phosphorylation cascade of receptor-interacting serine/threonine-protein kinases 

(RIP) and their substrates resulting in the rupture of the plasma membrane, the release of 

cytosolic components, and finally in an inflammatory response (Degterev et al. 2008, Wang et 

al. 2014, Martin 2016, Kearney and Martin 2017). The necroptotic pathway shares 

morphological features of necrosis, including plasma membrane permeabilization and release 
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of intracellular content (He et al. 2009, Christofferson and Yuan 2010, Gong et al. 2019). Here, 

GP induced LDH release as well as increased permeabilization of the membrane, which was 

abolished in the presence of Nec1 (Fig. 3.32, Fig. 3.33). With regard to the underlying 

mechanism, phosphorylation of RIP3 was induced by GP (Fig. 3.34) playing an important role 

in the recruitment and activation of the mixed lineage kinase domain like pseudokinase 

(MLKL). MLKL activation causes the execution phase of necroptosis (Sun et al. 2012, Wang 

et al. 2014, Samson et al. 2020). The switch from apoptosis to necroptosis usually depends 

on the activation status of caspase 8. Functional caspase 8 induces the extrinsic pathway of 

apoptotic cell death, whereas the inhibition of caspase 8 triggers the formation of necrosome 

formation and thus promotes necroptotic cell death (Lin et al. 1999, Degterev et al. 2008, 

Fritsch et al. 2019). In line with this, no caspase 8 activity was observed in SCL-1 carcinoma 

cells suggesting that non-functional caspase 8 might be responsible for the switch of cell death 

pathways (Fig. 3.28). The interplay between mitochondrial effects and necroptosis was not 

fully understood. However, Maeda and co-workers showed that TNFα induced both 

necroptosis and mitochondrial fission in Jurkat cells. In their study, plasma membrane rupture 

occurs after fission events suggesting that a role for the mitochondrial changes could not be 

excluded (Maeda and Fadeel 2014). Others found out that mitochondrial fission was rather a 

bystander phenomenon than the causal originator of necroptosis (Remijsen et al. 2014). 

Conversely, Obatoclax, an inhibitor of anti-apoptotic proteins of the Bcl-2 family, induced 

mitochondrial fragmentation which can be rescued by Nec1. That indicates an involvement of 

fission in necroptosis (Sulkshane and Teni 2017). Here, phosphorylation of RIP3, LDH release 

and plasma membrane permeabilization were preceded by loss of ∆ψm and mitochondrial 

fission indicating that mitochondrial effects might play a role in GP induced necroptosis in SCL-

1 carcinoma cells.  

GP exerts pro-oxidative effects in several cancer cells (Xu et al. 2014, Zubair et al. 2016). 

Therefore, intracellular ROS formation was determined. In SCL-1 carcinoma cells, no ROS 

formation occurred after GP treatment at early timepoints (<2 h) (Fig. 3.21b). Additionally, the 

antioxidant N-acetylcysteine (NAC) did not rescue the cytotoxic effect of GP in concentration 

ranges which are sufficient to diminish H2O2 induced cytotoxicity. Consistently, A375 

melanoma cells showed the same effect after GP treatment according to intracellular ROS 

formation and NAC treatment. Furthermore, the antioxidant and vitamin E derivate trolox had 

no effect on the cytotoxic effect in A375 melanoma cells (Fig. 3.22). Thus, the data herein 

indicated a ROS independent mechanism of GP. A ROS independent mechanism of GP was 

also confirmed in human leukaemia cells and malignant mesothelioma (Hou et al. 2004, 

Benvenuto et al. 2018). On the other side, necroptosis was also described to be triggered or 

accompanied by ROS formation (Tait et al. 2013, Basit et al. 2017, Sulkshane and Teni 2017). 

However, Zec and co-workers published that metal complexes induced caspase independent 
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necroptotic cell death without affecting ROS levels (Zec et al. 2014) indicating that necroptosis 

needs not necessarily ROS formation. 

In summary, GP induced different cell type dependent cell death pathways in skin cancer cells, 

possibly because of the activation status of caspase 8 functioning as molecular switch between 

apoptotic (A375 melanoma cells) and necroptotic cell death (SCL-1 carcinoma cells). 

Mitochondrial effects (∆ψm and fission) preceded cell death. The fragmentation in A375 

melanoma cells is Drp1 dependent and a relationship of fission and apoptosis is well described 

(Frank et al. 2001, Suen et al. 2008, Autret and Martin 2009), whereas in SCL-1 carcinoma it 

remains unclear whether fragmentation causes or only runs in parallel to necroptosis. 

Moreover, the underlying pathways in both skin cancer cells acted in a ROS independent 

manner, thus providing novel insights into GP’s mode of actions.  

4.5 Role of autophagy in GP treated skin cancer cells 

Even if the development of new substances is aimed to initiate very specific effects, so-called 

off-target effects are often observed. In context of the synthesis of BH3 mimetic compounds, 

which are designed to occupy the binding pocket of anti-apoptotic Bcl-2 family members to 

cause mitochondrial apoptosis, the induction of autophagy is of particular relevance (Opydo-

Chanek et al. 2017). The protein Beclin-1 containing a BH3 domain and being involved in initial 

processes of autophagy binds to anti-apoptotic Bcl2 proteins. The Bcl-2-Beclin-1 complex 

prevents the induction of autophagy. Binding of BH3 mimetics, such as GP or ABT-737, to Bcl-

2 or Bcl-xl disrupts their interaction with Beclin-1 resulting in the release and induction of 

autophagy through the formation of the PI3K complex (Maiuri et al. 2007, Zhang et al. 2007, 

Gao et al. 2010, Radogna et al. 2015). Additionally, activated Bax or Bak upon treatment with 

BH3 mimetics can phosphorylate AMPK and its substrate ULK1 causing an autophagic flux 

(Lindqvist et al. 2018). Autophagy exerts a dual role either as survival or death mechanism 

depending on the cellular state and the exposure to different stimuli (Fulda 2013, Doherty and 

Baehrecke 2018). For that reason, the effect of GP on autophagy was examined in A375 

melanoma and SCL-1 carcinoma cells. Lipidated LC3 II increased already after 4 h GP 

treatment in both cancer cell lines indicating an increasing autophagosome formation. The 

expression of the scaffold protein p62 interacting with LC3 II was also time and dose 

dependently elevated in these cells (Fig. 3.35, Fig. 3.36). Since several studies demonstrated 

contradictory effects of expression levels of p62 including down- and upregulation during 

autophagic flux (Colosetti et al. 2009, Zheng et al. 2011, Sahani et al. 2014), the results could 

not be interpreted unequivocally. In the presence of the autophagy inhibitors chloroquine (CQ), 

which prevents fusion of autophagosome and lysosome (Mauthe et al. 2018), and bafilomycin 

A1 (Baf), which impairs the pH of the lysosomes thus preventing degradation processes 
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(Yamamoto et al. 1998, Klionsky et al. 2016), the LC3 II levels increased by GP were further 

enhanced, indicating degradation of LC3 II during an autophagic flux. Additionally, the 

combination treatment exceeded the LC3 II expression levels compared to the treatment with 

the inhibitor alone suggesting that autophagosome formation was increased in SCL-1 

carcinoma cells after 24 and 48 h and in A375 melanoma cells after 48 h (Fig. 3.37-Fig. 3.40) 

(Rubinsztein et al. 2009, Mizushima et al. 2010). Therefore, GP induced LC3 II turn over as 

well as the formation of autophagosomes in both skin cancer cells. These results were in line 

with the literature reporting that GP induced autophagy in prostate, glioma, breast, lymphoma, 

cervical and melanoma cell lines (Yu and Liu 2013, Radogna et al. 2015). However, induction 

of autophagy can result in both pro-survival and pro-death signalling (Yu and Liu 2013). 

Autophagy is a conserved pathway for providing or generating energy in response to various 

stresses such as nutrient deprivation and hypoxia (Li et al. 2020). In mammalian cells, the term 

“autophagic cell death” (ACD) was established exhibiting characteristics like cytoplasmic 

vacuolisation, autophagosome formation and lysosomal clearance (Doherty and Baehrecke 

2018). However, the interplay between ACD and other cell death pathways makes it difficult to 

distinguish ACD from the latter (Doherty and Baehrecke 2018, Denton and Kumar 2019). In 

addition, three forms of autophagy with regard to cell death are described: associated, 

mediated and dependent cell death. During the autophagy-associated cell death, induction of 

both autophagy and another cell death pathway (e.g., apoptosis) occurs. Thereby, autophagy 

does not play an active role, but is only accompanying the cell death. The autophagy-mediated 

form of cell death is characterised by cell death being induced by autophagy. Only the 

autophagy-dependent cell death takes place in the absence of apoptosis or other types of cell 

death (Klionsky et al. 2016, Galluzzi et al. 2017, Denton and Kumar 2019).  

For this reason, an interplay of different signalling pathways must be critically questioned as 

to whether autophagy truly triggers cell death or only facilitates other cell death pathways. In 

this thesis, autophagy markers were already observed at early time points (4 h). Prior to this, 

mitochondrial morphology towards fragmentation is already affected by GP, which is referred 

to apoptosis induction and possibly associated with necroptosis. Simultaneously with the 

LC3 II increase, procaspase 3 expression was decreased accompanied by enhanced PARP 

cleavage in A375 melanoma cells. From these data, it can be deduced that both autophagy 

and apoptosis were induced in A375 melanoma cells at approximately the same time indicating 

a parallel mode of action. With regard to necroptosis, LDH release was already observed within 

6 h treatment of GP in SCL-1 carcinoma suggesting the same conclusion as before. 

Necroptotic and autophagic flux are running parallel in SCL-1 carcinoma. Parallel signalling 

pathways are supported by the mode of action of BH3 mimetics, which can trigger both the 
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mitochondrial pathway via released pro-apoptotic proteins and autophagy through unbound 

Beclin-1 via binding to Bcl-2 (Gao et al. 2010).  

The question whether autophagic flux induced by GP caused cell death in the studied skin 

cancer cells is difficult to answer. It was supported by the fact that both apoptosis (zVAD) and 

necroptosis (Nec1) inhibitors were only able to partly rescue the cytotoxic effect of GP in A375 

melanoma and SCL-1 carcinoma cells, respectively, implying that the cytotoxicity has to be 

triggered by an additional form of cell death. Furthermore, the magnitude of intracellular 

damage, like the impairment of mitochondrial dysfunction, may decide whether permanent 

autophagy results in cell death (Yu and Liu 2013) as well as whether fission events are 

necessary for mitochondrial autophagy (Twig et al. 2008, Guan et al. 2018). Here, GP was 

shown to fragment over 80% of mitochondria in A375 melanoma and SCL-1 carcinoma cells, 

being a drastic damage. It can be speculated that this damage primarily triggers autophagy for 

clearance, which can lead to cell death after exceeding a certain threshold. One possibility to 

assess an involvement of autophagy in cell death is the use of autophagy inhibitors or 

knockdown of autophagy-relevant genes. However, one has to consider that several inhibitors, 

like CQ, not only prevent autophagic processes but also exhibit other functions having an 

impact on the experimental outcome. Moreover, knockdown of several genes including ATG 

genes should rescue cell viability induced by the compound, but some proteins are described 

to induce cell death in an autophagy independent manner (Mizushima et al. 2010, Doherty and 

Baehrecke 2018, Plantone and Koudriavtseva 2018). In addition, it was reported that GP 

induced cytoprotective autophagy in ATG5 knockout A375 melanoma which is independent of 

the canonical autophagy pathway (Kim et al. 2016). In contrast, another group showed 

autophagic cell death in melanoma cells (Jang and Lee 2014). These opposing results show 

the complexity of the various signalling pathways and the challenge to placing them correctly 

in the cellular context.  

In conclusion, an autophagic flux was induced in A375 melanoma and SCL-1 carcinoma cells 

after GP treatment. The partial rescue of cell viability by apoptosis or necroptosis inhibitors 

indicated the involvement of other pathways required for cell death in these cancer cells. 

However, it can be only speculated whether the severe mitochondrial impairment is 

responsible for excessive autophagy resulting in cell death in A375 melanoma and SCL-1 

carcinoma cells. But at this stage of the studies, it cannot be determined whether GP initiates 

associated, mediated or dependent autophagy in context of the observed cell death.  

4.6 Putative mechanism of GP  

The natural compound GP, originally tested as male contraceptive (Adams et al. 1960), exerts 

anti-tumour activities. The main focus lies on its role in apoptosis, as GP binds to several anti-
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apoptotic proteins of the Bcl-2 protein family leading to mitochondrial cell death pathway as 

mentioned above (Zeng et al. 2019). Recent studies also address the function of GP in 

autophagy and necrosis (Xu et al. 2014, Opydo-Chanek et al. 2017, Meyer et al. 2018, Masuelli 

et al. 2020). Interestingly, the compound shows a broad spectrum of different activities 

dependent on the characteristics of the cell. This can explain opposing effects such as ROS 

dependent and independent mechanisms (Hou et al. 2004, Xu et al. 2014, Zubair et al. 2016, 

Benvenuto et al. 2018). Different types of skin cancer, including melanocytic and non-

melanoma types, are still the focus of current research, as there is a need for new drugs due 

to high incidences, developing resistance and poor response rates (Zbytek et al. 2008, Burton 

et al. 2016, Ribero et al. 2017). (±) GP, (-) GP (AT 101) and its derivates are being investigated 

in some studies for a cytotoxic effect on tumour cells demonstrating promising results. 

Janostiak and co-workers showed that AT 101 can induce toxicity in chemotherapy resistant 

A375 melanoma cells (Janostiak et al. 2019). However, the underlying mechanism is not 

explored, instead it is assumed that the postulated mode of action is based on apoptosis 

induction via Bcl-2 proteins. Additionally, the role of GP in combination with valproic acid or 

hyperthermia are investigated in A375 melanoma cells with regard to the apoptotic pathway 

(Zhao et al. 2015, Shi et al. 2018). In addition to that, the effect of (-) GP was tested in 

squamous cell carcinoma, particularly in head and neck cancer (Oliver et al. 2004, Wolter et 

al. 2006). Most of these studies addressed the apoptotic pathway as death executioner but no 

data referred to the necroptotic pathway in squamous cell carcinoma.  

In this study the effect of GP was examined in A375 melanoma (melanocytic skin cancer) and 

SCL-1 carcinoma cells (non-melanoma skin cancer) using concentrations that are not toxic in 

their normal counterparts. The putative mechanism of GP on these tumour cells are shown in 

Fig. 4.1. GP acting through binding to Bcl-2, Bcl-xL or MCL-1 (Kitada et al. 2003, Oliver et al. 

2005, Lessene et al. 2008, Kang and Reynolds 2009) cause mitochondrial outer membrane 

permeabilization (MOMP). In A375 melanoma cells, GP induced the release of mitochondrial 

proteins like Smac/Diablo into the cytosol, followed by apoptosis induction which could be 

abolished in the presence of the pan-caspase inhibitor zVAD. Conversely, the detection of 

necroptotic markers, including phosphorylation of RIP3, Nec1 dependent membrane 

permeabilization and LDH release demonstrated the involvement of necroptosis in occurring 

cell death in SCL-1 carcinoma cells. Impairment of mitochondria with regard to OXPHOS, ∆ψm 

and mitochondrial fission was observed in both cell types. This could be a possible explanation 

for the selectivity of GP on tumour cells. Moreover, mitochondrial fission was regulated by Drp1 

in A375 melanoma cells. In addition to apoptosis and necroptosis, autophagy was also involved 

in GP’s mode of action in both cancer cell lines. Autophagic flux was activated at the same 

time as apoptotic and necroptotic markers, respectively, suggesting that they occurred in 

parallel.  
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Fig. 4.1 Putative mode of action of GP in A375 melanoma and SCL-1carcinoma cells. 

In summary, this thesis showed a selective concentration dependent toxicity of GP on A375 

melanoma and SCL-1 carcinoma cells compared to normal (healthy) cells suggesting a 

potential therapeutic window to effectively treat these tumour cells. Interestingly, parental GP 

and not its metabolites are essential for the cytotoxic effect in the tumour cell lines. Moreover, 

GP induced different cell death pathways in these skin cancer cells, and both pathways were 

independent of ROS formation. Additionally, both death pathways were accompanied by an 

induction of autophagic flux. In A375 melanoma cells, GP activated the caspase dependent 

apoptotic cell death, accompanied by a drop of ∆ψm and Drp1 dependent mitochondrial fission. 

Conversely, GP induced a necroptotic pathway in SCL-1 carcinoma cells which is possibly 

linked with mitochondrial dysfunction including loss of ∆ψm and mitochondrial fragmentation. 

The simultaneous detection of cell death (apoptosis or necroptosis) and autophagy markers 

suggested that these pathways are running in parallel (which could be termed as associated 

autophagy, see above). However, to verify whether the autophagic flux really deals with that 

associated autophagy or it finally results in cell death, too, further studies are needed. 

Currently, one could only speculate that severe (mitochondrial) damage by GP might stimulate 

autophagy for clearance which resulted in excessive autophagic flux and finally in cell death. 

Taken together, the different susceptibility of cells to GP demonstrated promising results in the 

effective treatment of these skin cancer cells without affecting normal cells.   
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5 Future perspectives 
Increased incidences of cancer require the on-going development of new drugs which 

specifically combat cancer cells. It is important not only to find substances which kill the tumour 

cells, but also to understand how exactly these compounds can act on these cells and on the 

normal (healthy) counterparts. Many Bcl-2 inhibitors have already been tested in preclinical 

and clinical studies. Numerous studies show that especially a combination treatment is the 

method of choice resulting in promising data (Han et al. 2019). For that reason, it is necessary 

to know the underlying mechanism of each compound. In this thesis, it was shown that GP has 

a therapeutic concentration range in which tumour cells are selectively killed without the 

involvement of ROS. With regard to a possible combination treatment of skin cancer, 

substances which induce ROS in combination with GP could be suitable. Since tumour cells 

exhibit higher basal ROS levels and their antioxidant systems are already fully activated, a 

further increase of ROS in combination with GP mediated damaging effect on mitochondrial 

dynamics could be a promising treatment approach. In contrast, normal (healthy) cells, which 

exert low basal ROS level and still have residual antioxidant capacities, do not show that toxic 

behaviours as tumour cells do (Alili et al. 2013, Aplak et al. 2020). However, considering that 

GP shows even small effects on mitochondria in normal cells and, a careful handling of such 

a combination treatment is mandatory. Aside from the evasion from apoptotic processes often 

resulting in the development of resistance against chemotherapeutic drugs (Hanahan and 

Weinberg 2011), the evasion from necroptosis is recently discussed in context of cancer 

resistance (Gong et al. 2019). Therefore, targeting necroptosis could also be a possible 

approach to combat skin cancer. It has been described that Smac mimetics induce necroptosis 

in caspase 8-deficient colorectal cancer cells to overcome both necroptosis and apoptosis 

resistance (He et al. 2017, Zhu et al. 2019). The role of necroptotic cell death was not fully 

understand yet and further studies are required. Substances which target different signalling 

pathways depending on the cell type offer an advantage to overcome existing resistance 

through affecting back-up mechanisms in cancer cells. In summary, BH3 mimetics represent 

a promising tool for the treatment of cancer. However, due to several off-targets effects the 

underlying mechanism cannot be generalised and, consequently, should be studied in the 

respective cell lines.  
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6 Summary 
Cancer is one of the most common cause of cell death worldwide. An increased incidence of 

skin cancer being accompanied by resistance formation requires the development of new anti-

cancer drugs. As the evasion of cell death presents one hallmark of cancer, small molecules, 

so-called BH3 mimetics, have been developed to bind to anti-apoptotic Bcl-2 protein family 

members resulting in release of pro-apoptotic proteins and the induction of apoptosis. 

Gossypol (GP) is a natural polyphenolic compound from cotton seed exhibiting anti-tumour 

properties. The effect of GP on two types of skin cancer was studied in vitro. To examine the 

underlying mechanism of GP in these tumour cells, concentrations were used which show a 

selective toxicity on the tumour cells but no damaging effect on normal (healthy) cells as normal 

human epidermal melanocytes (NHEM), normal human epidermal keratinocytes (NHEK) and 

normal human dermal fibroblasts (NHDF). 

GP was rapidly uptaken by both tumour and normal cells, followed by impairment of 

mitochondrial respiration, ∆ψm as well as mitochondrial dynamic primarily in the tumour cells. 

Even though GP is not stable in aqueous solutions, it was demonstrated that the original 

(parental) compound and not its metabolites exhibited the cytotoxic effect on both studied skin 

cancer cell lines. Interestingly, GP initiated different cell death pathways in tumour cells. In 

A375 melanoma cells, GP activated the mitochondrial apoptotic pathway including release of 

the inner mitochondrial protein Smac/Diablo, activated initiator and effector caspases and 

PARP cleavage. In the presence of the pan-caspase inhibitor zVAD, caspase activity and 

PARP cleavage were abolished as well as the cytotoxic effect of GP was significantly lowered 

in A375 melanoma cells. In contrast, treatment of GP resulted in the necroptotic pathway in 

SCL-1 carcinoma cells. This pathway is characterized by successive phosphorylation 

cascades of RIP and their substrate MLKL causing plasma membrane rupture, accompanied 

by release of intracellular contents. In SCL-1 carcinoma cells, GP induced phosphorylation of 

RIP3, an increase in membrane permeabilization as well as LDH release. Furthermore, a 

combination treatment with the necroptosis inhibitor Nec1 demonstrated a partial rescue from 

the cytotoxic effect of GP in these cells. An only partial rescue of cell viability in the presence 

of zVAD and Nec1 indicated the involvement of an additional pathway leading to cell death. 

Anti-apoptotic Bcl-2 proteins bind not only to pro-apoptotic proteins, but also to Beclin-1 playing 

an important role in the initiation of autophagy. An activation of an autophagic flux by GP, which 

ran in parallel to apoptosis or necroptosis, was determined in both tumour cell types. 

In conclusion, the different susceptibility of cells to GP showed promising results in the effective 

treatment of these skin cancer cells without affecting their normal counterparts in vitro.  
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7 Zusammenfassung 
Krebs ist nach Herz-Kreislauf-Erkrankungen die häufigste Todesursache weltweit. Die 

steigenden Inzidenzen von Hautkrebs sowie die zunehmende Bildung von Resistenzen 

erfordern die kontinuierliche Entwicklung neuer Krebsmedikamente. Die Vermeidung des 

regulatorischen (apoptotischen) Zelltodes ist nur eine Strategie der Tumorzelle zu überleben. 

Aus diesem Grund wurden Moleküle, sogenannte BH3 mimetische Substanzen, entwickelt, 

die in diesen Mechanismus eingreifen. BH3 Mimetika verdrängen pro-apoptotische Proteine 

aus ihrer Bindung an anti-apoptotische Bcl-2 Proteine, wodurch pro-apoptotische Proteine 

freigesetzt werden, die zu den Mitochondrien translozieren und dort Apoptose auslösen. 

Gossypol (GP) ist eine natürlich vorkommende BH3 mimetische Substanz, die eine anti-

tumorale Wirkung zeigt. Der Effekt von GP wurde auf zwei unterschiedliche Typen von 

Hauttumoren in dieser Arbeit untersucht. Um den zugrunde liegenden Mechanismus von GP 

auf diese Tumorzellen herauszuarbeiten, wurden Konzentrationen untersucht, die selektiv 

toxisch in den Hautkrebszellen sind, aber dabei keine schädigende Wirkung auf die normalen 

(gesunden) Zellen wie Melanozyten, Keratinozyten und Fibroblasten zeigen.  

Auch wenn die Aufnahme von GP bereits nach kurzen Zeitpunkten in normalen und 

Tumorzellen nachgewiesen werden konnte, traten die durch GP ausgelösten mitochondrialen 

Veränderungen hauptsächlich bei den Tumorzellen auf. Obwohl GP nicht stabil in wässriger 

Lösung ist, konnte gezeigt werden, dass die parentale Substanz die Zytotoxizität in beiden 

Hauttumorzellen auslöst. Interessanterweise aktivierte GP unterschiedliche Signalwege, die 

zum Tod der Hauttumorzellen führten. Der Nachweis apoptotischer Marker, wie die 

Freisetzung mitochondrialer Proteine und die Aktivierung von Caspasen, zeigten einen 

apoptotischen Zelltod in den Melanomzellen. Dagegen induzierte GP Nekroptose, eine 

regulierte Form der Nekrose, in den Plattenepithelkarzinomzellen. Dieser zeichnet sich durch 

eine Phosphorylierung und damit Aktivierung bestimmter Kinasen wie RIP3 und MLKL aus, 

was zu einer Ruptur der Zellmembran, zu der Freisetzung intrazellulärer Bestandteile und final 

zum Zelltod führt.  

Die nur teilweise Aufhebung des toxischen Effekts von GP in Anwesenheit von zVAD und Nec1 

auf beiden Hauttumorzellen deutet auf die Beteiligung eines zusätzlichen Signalweges hin. 

Anti-apoptotische Bcl-2 Protein binden nicht nur an pro-apoptotischen Proteinen, sondern 

auch an Beclin-1, welches eine Rolle in der Initiation der Autophagie spielt. Die Zugabe von 

GP bewirkte eine Aktivierung des autophagischen Flux‘, der vermutlich parallel zur Apoptose 

beziehungsweise Nekroptose abläuft.  

Zusammengefasst zeigt die unterschiedliche Empfindlichkeit der Zellen gegenüber GP 

vielversprechende Ergebnisse hinsichtlich einer effektiven Behandlung der getesteten 

Hauttumorzellen ohne Beeinträchtigung der normalen Zellen in vitro. 
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9 Appendix  
The performed proteomics analysis after GP treatment in tumour cells, including the evaluation 

of data and the validation by Western Blot, is shown in the following.  

9.1 Proteomics  

To analyse whether GP induces changes at the level of proteins, the proteome of A375 

melanoma and SCL-1carcinoma cells was investigated. For the proteomics approach, A375 

melanoma and SCL-1carcinoma cells were grown to subconfluence in Ø 10 cm dishes and 

mock-treated and treated with 2.5 µM GP, respectively, for 4 and 24 h. Technical quadruples 

were used for the experiment. After treatment, cells were washed with PBS, detached by a cell 

scraper and transferred to a 2 ml tube which was weighted before. After centrifugation at 

1,000 x g for 15 min at 4°C, the weight of the pellet was determined which was stored in liquid 

nitrogen until further use. The proteomics analysis including normalisation (Cox et al. 2014) 

was performed by the group “Functional Proteomics and Protein Analysis” at the Molecular 

Proteomics Laboratory (MPL) at Heinrich-Heine-University in Düsseldorf. The evaluation was 

carried out by Dr. Nahal Brocke-Ahmadinejad. For analysis, differentially expressed proteins 

were independently identified in the two datasets SCL-1 carcinoma (“SCL-1”) and A375 

melanoma (“A375”) cells. In each sample differentially expressed candidates were defined for 

the two treatment timepoints (4 and 24 h), for treatment with 2.5 µM GP compared to mock-

treated control. Correlation of intensities in replicates within each dataset showed high Pearson 

correlation. Only the distribution of intensities and Pearson correlation of one replicate sample 

in dataset A375 (R4_4h) showed very biased behaviour, so that it was excluded from further 

analysis (Fig. 9.1). Initially, differential expression analysis included 2162 identified protein 

groups in SCL-1 and 2297 in A375. Normalised intensities were filtered for proteins which 

showed values in at least three (SCL-1) or two (A375) replicates to provide most 

comprehensive replicate support for the statistical test. This step reduced the number of protein 

groups to 1688 (SCL-1) and 2018 (A375). Two different statistical tests were applied (limma 

and rank product) (Schwammle et al. 2013). The resulting p-values were corrected for multiple 

testing using the method according to (Schwammle et al. 2013). Significant candidates are 

those, which show in either of the two tests a corrected p-value ≤0.05 (Tab. 9.1, Tab. 9.2). The 

Volcano plots show the distribution of corrected p-values (-log2) in relation to the fold change 

(=ratio, log2). Data preparation, correlation analysis, volcano plots were performed in R 

(R Core Team 2019) (Fig. 9.3, Fig. 9.4). Comparisons of differentially expressed protein 

groups in the venn diagrams are based on gene names (Fig. 9.5).  
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Fig. 9.1 Distribution of intensities and Pearson correlation in A375 melanoma cells.Due to differences in both, 

sample R4_4h was excluded from further analysis.  
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Fig. 9.2 Distribution of intensities and Pearson correlation in SCL-1 carcinoma cells.  

 

 

 



133 
 

Tab. 9.1 Number of significantly up- or downregulated proteins in SCL-1 carcinoma cellsSignificant means, if 

in either of the two test the corrected p-value is ≤0.05.  

 

Tab. 9.2 Number of significantly up- or downregulated proteins in A375 melanoma cells. Significant means, 

if in either of the two test the corrected p-value is ≤0.05. 

 

 

Fig. 9.3 Differentially expressed proteins after treatment with 2.5 µM GP compared to mock-treated cells are 

depicted in Volcano plots in SCL-1 carcinoma cells. The Volcano plots using limma (left panel) or rank product 

test (right panel) show the distribution of corrected p-values (-log2) in relation to the fold change (=ratio, log2). 

One should rank candidates of interest according to a high fold change and a low p-value (significance level 

of p≤0.05 is 4.32 (-log2)). 
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Fig. 9.4 Differentially expressed proteins after treatment with 2.5 µM GP compared to mock-treated cells are 

depicted in Volcano plots in A375 melanoma cells. The Volcano plots using limma (left panel) or rank product 

test (right panel) show the distribution of corrected p-values (-log2) in relation to the fold change (=ratio, log2). 

One should rank candidates of interest according to a high fold change and a low p-value (significance level 

of p≤0.05 is 4.32 (-log2)). 

 

Fig. 9.5 Comparison of gene names found in both SCL-1 carcinoma and A375 melanoma cells included up- 

and downregulated proteins shown in a venn diagram.  
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Tab. 9.3 Overview of a range of significant downregulated proteins after GP treatment in A375 melanoma 

cells. In addition to the protein and gene names, the log of fold-change (logFC) as well as p-value of both 

limma (pvalue limma) and rank product (pvalue RP) are shown. 

Protein names 
 

Gene names logFC pvalue 

limma 
pvalue 

RP 
NADH dehydrogenase 
[ubiquinone] flavoprotein 
2, mitochondrial 

NDUFV2 -1,32526532 0,08459625 5,14E-05 

NADH dehydrogenase 
[ubiquinone] 1 alpha 
subcomplex subunit 9, 
mitochondrial 

NDUFA9 -1,19023688 0,04845635

6 

1,29E-05 

NADH dehydrogenase 
[ubiquinone] iron-sulfur 
protein 3, mitochondrial 

NDUFS3 -1,13562179 0,04409609

4 

1,29E-05 

NADH-ubiquinone 
oxidoreductase 75 kDa 
subunit, mitochondrial 

NDUFS1 -0,98746928 0,10376055

9 

4,34E-05 

NADH dehydrogenase 
[ubiquinone] flavoprotein 
1, mitochondrial 

NDUFV1 -0,93442669 0,16362584

4 

3,51E-05 

NADH dehydrogenase 
[ubiquinone] iron-sulfur 
protein 2, mitochondrial 

NDUFS2 -0,92513734 0,03595552

6 

0,00064654

7 

NADH dehydrogenase 
[ubiquinone] 1 alpha 
subcomplex subunit 13 

NDUFA13 -0,90103638 0,18990967

3 

0,00848482

2 

NADH dehydrogenase 
[ubiquinone] 1 alpha 
subcomplex subunit 10, 
mitochondrial 

NDUFA10 -0,45978105 0,63203340

3 

0,03736716

5 

NADH dehydrogenase 
[ubiquinone] 1 beta 
subcomplex subunit 10 

NDUFB10 -0,4497217 0,63203340

3 

0,00758446

5 

Cytochrome b-c1 
complex subunit Rieske, 
mitochondrial;Cytochrom
e b-c1 complex subunit 
11;Putative cytochrome 

UQCRFS1;UQCRFS1P

1 

-1,0504062 0,23499437

7 

0,00550541

5 
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b-c1 complex subunit 
Rieske-like protein 1 
Cytochrome b-c1 
complex subunit 1, 
mitochondrial 

UQCRC1 -0,61234813 0,18990967

3 

0,00180737

7 

ATP synthase subunit g, 
mitochondrial 

ATP5L -0,4615445 0,43176438

3 

0,01623056

7 

ATP synthase subunit 
gamma, mitochondrial 

ATP5C1 -0,44958306 0,62477027

1 

0,00600923

8 

ATP synthase subunit O, 
mitochondrial 

ATP5O -0,44212326 0,40596605

7 

0,01547353

9 

ATP synthase subunit f, 
mitochondrial 

ATP5J2;ATP5J2-

PTCD1 

-0,30110233 0,55307207

5 

0,03732178

4 

Pyruvate dehydrogenase 
E1 component subunit 
alpha, somatic form, 
mitochondrial 

PDHA1 -0,41320497 0,38660972

9 

0,03622912

2 

Pyruvate dehydrogenase 
phosphatase regulatory 
subunit, mitochondrial 

PDPR -0,21196118 0,63203340

3 

0,02984184 

MICOS complex subunit 
MIC19 

CHCHD3 -0,36745837 0,61010430

1 

0,02510307

6 

Mitochondrial import 
inner membrane 
translocase subunit 
TIM44 

TIMM44 -0,31554533 0,44162151

4 

0,03431411

9 

Serine/threonine-protein 
phosphatase PGAM5, 
mitochondrial 

PGAM5 -0,1487141 0,73668319 0,03945457

6 
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Tab. 9.4 Overview of a range of significant upregulated proteins after GP treatment in A375 melanoma cells. 
In addition to the protein and gene names, the log of fold-change (logFC) as well as p-value of both limma 

(pvalue limma) and rank product (pvalue RP) are shown. 

Protein names 
 

Gene 
names 

logFC pvalue 

limma 
pvalue 

RP 
Hexokinase; Hexokinase-2 HK2 0,9074697

5 

0,0359555

3 

2,30E-05 

BH3-interacting domain death agonist; 
BH3-interacting domain death agonist 
p15; BH3-interacting domain death 
agonist p13; BH3-interacting domain 
death agonist p11 

BID 0,8150634

5 

0,3310134 0,0223833

5 

Sequestosome-1 SQSTM1 0,7558980

3 

0,0730131

4 

0,0003479 

 

Tab. 9.5 Overview of a range of significant downregulated proteins after GP treatment in SCL-1 carcinoma 

cells. In addition to the protein and gene names, the log of fold-change (logFC) as well as p-value of both 

limma (pvalue limma) and rank product (pvalue RP) are shown. 

Protein names 
 

Gene names logFC pvalue 

limma 
pvalue 

RP 
NADH dehydrogenase 
[ubiquinone] 1 alpha 
subcomplex subunit 9, 
mitochondrial 

NDUFA9 -0,51566738 0,1331404
8 

0,0352537 

NADH dehydrogenase 
[ubiquinone] 1 beta 
subcomplex subunit 9 

NDUFB9 -0,68206729 0,0565482
6 

0,0154714
1 

NADH-ubiquinone 
oxidoreductase 75 kDa 
subunit, mitochondrial 

NDUFS1 -1,5282144 0,0015935
4 

1,29E-05 

NADH dehydrogenase 
[ubiquinone] iron-sulfur 
protein 3, mitochondrial 

NDUFS3 -1,32831269 0,0095058
2 

3,70E-05 

NADH dehydrogenase 
[ubiquinone] flavoprotein 
1, mitochondrial 

NDUFV1 -1,29435138 0,0015935
4 

6,70E-05 

NADH dehydrogenase 
[ubiquinone] flavoprotein 
2, mitochondrial 

NDUFV2 -1,75836247 0,0017361
7 

9,68E-06 

Cytochrome b-c1 
complex subunit 1, 
mitochondrial 

UQCRC1 -0,44593912 0,0430906
1 

0,0352537 

Cytochrome b-c1 
complex subunit Rieske, 
mitochondrial;Cytochrom
e b-c1 complex subunit 
11;Putative cytochrome 
b-c1 complex subunit 
Rieske-like protein 1 

UQCRFS1;UQCRFS1
P1 

-1,42943171 0,0183793
6 

0,0065676
8 

ATP synthase subunit 
alpha, mitochondrial 

ATP5A1 -0,45437413 0,0575099
5 

0,0442469
6 
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ATP synthase subunit O, 
mitochondrial 

ATP5O -0,51313457 0,0393500
3 

0,0242851
6 

Pyruvate dehydrogenase 
E1 component subunit 
alpha, somatic form, 
mitochondrial 

PDHA1 -0,75754476 0,0725995
3 

0,0483635
7 

Succinate dehydrogenase 
[ubiquinone] flavoprotein 
subunit, mitochondrial 

SDHA -0,42259292 0,0745748
6 

0,0456709
5 

Succinate dehydrogenase 
[ubiquinone] iron-sulfur 
subunit, mitochondrial 

SDHB -0,45954946 0,1195868
5 

0,0319939
1 

MICOS complex subunit 
MIC60 

IMMT -0,55231224 0,0577818
3 

0,0229572
2 

Mitochondrial import 
inner membrane 
translocase subunit 
TIM50 

TIMM50 -0,72330604 0,0252777
7 

0,0154714
1 

 

Tab. 9.6 Overview of a range of significant upregulated proteins after GP treatment in SCL-1 carcinoma cells. 
In addition to the protein and gene names, the log of fold-change (logFC) as well as p-value of both limma 

(pvalue limma) and rank product (pvalue RP) are shown.  

Protein names 
 

Gene names logFC pvalue 

limma 
pvalue 

RP 
Hexokinase; Hexokinase-2 HK2 1,17502915 0,01837936 2,03E-05 

Sequestosome-1 SQSTM1 0,76010561 0,02161588 0,00113526 

 

Gene ontology overrepresentation in up- and downregulated set of proteins were performed in 

cytoscape (Shannon et al. 2003) using the BiNGO application (Maere et al. 2005). GO 

resource files that were used in the cytoscape bingo app were downloaded on the 19th of 

November 2019 (go-basic.obo - data-version: releases/2019-10-07; 

http://geneontology.org/docs/download-ontology/). The distribution of up- and downregulated 

proteins in SCL-1 carcinoma and A375 melanoma cells related to cellular components (CC) 

were presented in Fig. 9.6. 

 



139 
 

 

Fig. 9.6 Distribution of up-and downregulated proteins after GP treatment referring to cellular components 

(CC) in A375 melanoma (a) and SCL-1 carcinoma cells (b). 

For validation of the proteomics data, the expression levels of NADH: Ubiquinone 

Oxidoreductase Subunit B4 (NDUFB4), as representative for mitochondrial complex I subunit, 

and Micos complex subunit Mic60, as representative for mitochondrial proteins, were 

determined after treatment with GP for 24 h by Western Blot. Furthermore, the expression level 

of hexokinase2 (HK2) was measured. In addition to both tumour cell lines, the protein 

expressions were also examined in normal human epidermal melanocytes (NHEM), normal 

human epidermal keratinocytes (NHEK) and normal human dermal fibroblasts (NHDF) (Fig. 

9.7). Consistent with the proteomics data, HK2 was upregulated after GP treatment, whereas 

levels of NDUFB4 and Mic60 were decreased. In contrast, GP induced no change in HK2 and 

Mic60 level in NHEK as well as increased the expression of NDUFB4. NHEM showed an 

increase of HK2 similar to SCL-1 carcinoma cells and the same decrease in NDUFB4 

expression levels compared to both tumour cells. However, the Mic60 levels were less 

downregulated in comparison to those. Furthermore, GP treatment resulted in a strong 
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decrease of Mic60 in NHDF, accompanied by an increase of NDUFB4 and HK2. 

 

Fig. 9.7 Validation of proteomics data by Western Blot. a A375 melanoma cells, SCL-1 carcinoma cells, 

melanocytes (NHEM), keratinocytes (NHEK) and fibroblasts (NHDF) were treated with 2.5 µM GP or mock-

treated for 24 h. Total cell lysate was used for the determination of expression levels of various proteins 

including hexokinase 2 (HK2), MICOS complex subunit MIC60 and NADH: Ubiquinone Oxidoreductase 

Subunit B4 (NDUFB4). Tubulin served as loading control. Representative blots of three independent 

experiments were depicted, n=3. b For densitometric analysis and subsequent quantification, the mock-

treated control level was set at 1. The protein levels after GP treatment are only shown.  

In summary, upregulation of HK2 as well as downregulation of NDUFB4 (complex I) and Mic60 

expression levels were consistent with the proteomics approach (Tab. 9.3-Tab. 9.6). 
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