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Abstract 

Ovarian cancer (OC) is one of the deadliest gynecological malignancies, driven by its unspecific symptoms, high 

heterogeneity among subtypes and ability to acquire chemoresistance. Gaining a deeper understanding of what 

contributes to this aggressive phenotype is therefore of relevance to improving treatment prognosis. The tumour 

microenvironment (TME) of OC is characterized by high levels of oxidative stress (OS) as well as dynamic 

mechanical stimuli, amongst others. Therefore, investigating these chemical and mechanical stressors is of 

interest, as they seem to play a role in shaping the OC phenotype. One way these cells adapt is through altering 

OS responsive key molecular signalling pathways such as the Keap1/Nrf2/ARE pathway, known for its main 

function of increasing antioxidant defenses. Therefore, the aim of this thesis was to investigate how chemically 

and mechanically induced OS impacts the cellular behavior and viability of epithelial OC cells in terms of the 

expression and translocation of the mechanosensitive transcription factors (TF) Nuclear factor erythroid 2-related 

factor 2 (Nrf2), as well as the potential role of Krüppel-like factor 2 (KLF2) in priming this antioxidant response. 

The epithelial OC cell lines SKOV3 and OVCAR3 were subjected to physiologically relevant levels of H2O2 in 

isolation and in combination with 1 h of fluid shear stress (FSS) and assessed for TF translocation and cell viability. 

For both cell lines, fluorescence microscopy and image analysis revealed a concentration dependent increase in 

nuclear translocation of Nrf2. Additionally, mechanical stimulation via SS was also found to promote Nrf2 

activation, whereas KLF2 translocation was only observed in SKOV3 cells. Cell viability assays revealed a 

decrease in cytotoxic potential under high OS conditions in both ovarian cancer subtypes when co-exposed to SS, 

suggesting a functional Nrf2 mediated antioxidant response. The potential involvement of KLF2 in this response 

could be postulated for SKOV3 cells, whereas OVCAR3 cells seem to rely on more complex mechanisms 

dependent on perceived stress intensity. Taken together, the obtained findings underscore the relevance of Nrf2 

as a central regulator to functional OS adaptation in epithelial ovarian cancer. The results indicate differential 

stress adaptation strategies employed by the two cell lines, highlighting the heterogeneous phenotype of OC. The 

findings emphasize the importance of investigating components of the TME not in isolation but as interconnected 

cues that shape the behaviour of OC cells. 
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Zusammenfassung 

Eierstockkrebs ist eine der tödlichsten gynäkologischen Erkrankungen, was zum Teil auf unspezifische 

Symptomatik, Heterogenität zwischen den Subtypen und die Fähigkeit chemoresistent zu werden basiert. Um die 

Behandlungsprognose zu verbessern ist es deshalb von Relevanz, ein tieferes Verständnis von den 

zugrundeliegenden molekularen Mechanismen zu erlangen, welche zu diesem aggressiven Phänotyp beitragen. 

Die Tumormikroumgebung (TME) von Ovarialkarzinomen ist unter anderem durch ein hohes Maß an oxidativem 

Stress (OS) sowie dynamischen mechanischen Stimuli gekennzeichnet. Diese chemischen und mechanischen 

Faktoren beeinflussen das Verhalten und die Anpassungsfähigkeit von Eierstockkrebs, indem sie molekulare 

Signalwege verändern, die auf OS reagieren. Im Rahmen dieser Arbeit wurde deshalb der Fokus auf den 

Keap1/Nrf2/ARE Signalweg gelegt, welcher bekannt für die Aktivierung von intrazellulären 

Verteidigungsmechanismen als Antwort auf OS ist. Genauer gesagt wurde untersucht, wie OS das zelluläre 

Verhalten von epithelialen Eierstockkrebszellen in Bezug auf die Expression und Translokation des 

Transkriptionsfaktors (TF) Nrf2 beeinflusst, sowie ob mechanische Stimuli und der TF KLF2 bei der 

Signalauslösung dieser antioxidativen Reaktion beteiligt sind. Dazu wurden die epithelialen 

Eierstockkrebszelllinien SKOV3 und OVCAR3 physiologisch relevanten Konzentrationen an H2O2 sowohl 

isoliert als auch in Kombination mit einstündiger Scherspannung („Fluid shear stress“, SS) ausgesetzt und auf TF-

Translokation und die Überlebensfähigkeit der Zellen untersucht. Fluoreszenzmikroskopie und Bildanalyse 

zeigten in beiden Zelllinien eine konzentrationsabhängige Zunahme der nukleären Translokation von Nrf2. 

Darüber hinaus führte die mechanische Stimulation durch SS ebenfalls zu einer Aktivierung von Nrf2, während 

eine Translokation von KLF2 ausschließlich in SKOV3-Zellen beobachtet wurde. Zellviabilitätsassays zeigten 

eine Abnahme des zytotoxischen Potenzials unter hohen OS-Bedingungen bei beiden Eierstockkrebs Subtypen, 

wenn sie gleichzeitig SS ausgesetzt waren, was auf eine funktionelle Nrf2-vermittelte antioxidative Antwort 

hindeutet.  Für SKOV3-Zellen könnte zudem die potenzielle Beteiligung von KLF2 in dieser funktionellen 

Anpassungsfähigkeit postuliert werden, wohingegen OVCAR3-Zellen eher auf komplexere, von der 

Stressintensität abhängige Anpassungsmechanismen zurückgreifen. Insgesamt unterstreichen die erhaltenen 

Ergebnisse die zentrale Rolle von Nrf2 als Regulator der zellulären Anpassung an OS im epithelialen 

Ovarialkarzinom sowie die mögliche Beteiligung von KLF2 als Antwort auf mechanische Stimuli. Die erzielten 

Ergebnisse deuten auf unterschiedliche Stressanpassungsstrategien der beiden Zelllinien hin und unterstreichen 

den heterogenen Phänotyp von Eierstockkrebs. Die Ergebnisse unterstreichen, wie wichtig es ist, die 

Komponenten der TME nicht isoliert, sondern als miteinander verbundene Signale zu untersuchen, die das 

Verhalten von Eierstockkrebszellen beeinflussen. 
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Abbreviations 

ARE     Antioxidant response element  

CAM     Cell adhesion molecule 

CAT     Catalase 

CCC     Clear cell carcinoma 
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PBS     Phosphate buffered saline solution 
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ROS     Reactive oxygen species 

sMaf     Small musculoaponeurotic fibrosarcoma proteins 

SOD     Superoxide dismutase 

SS     Shear stress 

TF     Transcription factor 

TME     Tumour microenvironment 

TTX      Triton X-100 
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1 Introduction 

1.1 Ovarian cancer 

1.1.1 Epidemiology and aetiology 

Ovarian cancer (OC) is the seventh most common type of cancer in women worldwide, with more than 225.500 

new diagnoses being recorded every year. While breast cancer remains the most predominant type of female 

reproductive tumours, ovarian cancer is the one with the highest lethality rate, having a survival rate after 5 years 

of around 47.4%.1 It is oftentimes referred to as the “silent killer”, since the early stage symptoms are very 

unspecific, with 70% of diagnoses occurring when the carcinoma has already progressed to advanced stages or 

spread to other organs, lowering the success of therapeutic interventions. While the likelihood of developing 

ovarian cancer in women under the age of 30 is low, increased age is proportionally correlated to increased risk, 

particularly in the demographic group of postmenopausal women. Multiple factors contribute to the increased 

incidence of developing OC, including genetic predispositions, reproductive factors, hormonal contraceptives and 

hormonal replacement therapy amongst others.2 For example, for women who have a genetic mutation in the 

tumour suppressor genes BRCA1 and BRCA2 the risk of developing OC is increased to 20-40% and 10-20% 

respectively compared to the risk being <2% for the general female population.3 Additionally, other lifestyle-

related factors such as physical activity, tobacco-use or diet as well as a medical history of gynaecological disorders 

like ovarian cysts or endometriosis all contribute to an increased likelihood of developing OC.4 On the other hand, 

there are also various factors that are linked to be protective in terms of developing OC such as pregnancy or 

breastfeeding. The most important one from a public health perspective is however the use of oral contraceptives, 

being associated with an overall estimated protection of around 25-30%. These protective effects increase with the 

duration of use and persist for over 30 years after ceasing the usage.5 The reason for this is suspected to be due to 

hormonal changes as well as a decrease in the total number of ovulatory cycles a woman goes through throughout 

her life, as fewer numbers are associated with a lowered risk.4,6 

1.1.2 Classification 

Another aspect that contributes to the lethality of OC is the broad heterogenicity of the cancer.7,8 Generally, the 

classification of OC can be divided into three subtypes, namely epithelial, germ-cell and sex-cord-stromal.1 The 

most common type of ovarian cancer is of the epithelium, making up around 95% percent of all diagnoses, with 

the remaining 5% being accounted for the latter two subtypes.9 Epithelial malignancies can have multiples sites of 

origin, such as the ovaries themselves, but also the fallopian tube and other epithelial sites in the pelvis. There 

exist five different subtypes of epithelial ovarian cancer (EOC) which are commonly categorized based on their 
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histological classification. This includes high and low grade serous ovarian cancer, clear cell-, endometrioid- and 

mucinous carcinomas, as can be seen in the following figure (Fig.1).10  

 

Figure 1: Anatomy of the uterus and classification of OC subtypes; Created using biorender.com; Information compiled from various 

sources.1,5,7,8 

High grade serous ovarian cancer (HGSOC) is the most common type of epithelial ovarian carcinoma, making up 

around 75% of all endothelial ovarian cancers. It is characterized by a very heterogeneous growth pattern as well 

as mutations in the DNA repair pathways, resulting in increased cell survival and growth.11 Low grade serous 

ovarian cancer (LGSOC) is the second most frequent subtype with around 10% of classifications. Contrary to 

HGSOC, this type less aggressive in terms of growth speed with the cells also being more well-differentiated.12 

This is also reflected in the prognosis, with the overall survival rate of LGSOC being 99 months compared to 57 

months of HGSOC.13 Clear cell carcinomas (CCC) make up around 10% of EOC and usually have a relatively 

good prognosis, as around 50% of cases are detected in earlier stages. They are sought to originate from 

endometriosis, with their histological characteristic being the presence of clear cytoplasm. The second type of 

EOC associated with endometriosis is endometroid carcinomas (EC). Similarly to CCC, this histological subtype 

seems to be chemosensitive when detected in earlier stages, resulting in a better prognosis.1,8 Mucinous carcinoma 

(MC) is the rarest type of EOC, and it is oftentimes associated with metastasis stemming from the gastrointestinal, 

biliary tract or the pancreas. For the treatment of this subtype the stage of cancer upon diagnosis is of importance, 

because while earlier stages are well treatable, advanced MC prognosis outcomes are very poor.8 Furthermore, 

smoking, obesity, endometriosis and nulliparity contribute to the likelihood of developing EOC.11 

Another well-established way of categorizing EOC is into their level of lethality, either being grouped into type 1 

or type 2. Type 1 EOC include LGSOC, CCC and MC, with characteristics being that they are genetically more 

stable and are usually detected at earlier stages, thus having better treatment prognosis and a lower lethality rate. 

On the other hand, type 2 includes HGSOC and is sought to be more aggressive in its pathogenesis. They express 

aberrant mutations of tumour suppressor genes such as p53 and BRCA, and are usually detected at more advanced 
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stages and hence being correlated to a high lethality rate.1,14 Although the general circumstances surrounding the 

tumorigenesis of OC is still poorly understood, it sought to most likely originate from the ovarian surface 

epithelium.6  

1.1.3 Therapy approaches 

As of now, the current therapy approaches depend vastly on the stage of the cancer as well as the histological and 

molecular profile of the tumour. The traditional front-line procedure is the performance of cytoreductive surgery, 

typically followed by intravenous chemotherapy.15 The most widely applied chemotherapeutics are hereby 

platinum-based drugs such as cisplatin or carboplatin. In case of early-stage OC that is still confined to the ovaries, 

the primary treatment only involves surgical removal of the affected ovary and fallopian tube, omitting the use of 

chemotherapeutic drugs.7 However, if the disease stage is already advanced, more multi-modal approaches are 

applied. Hereby, the main method of procedure commonly involves a combination of adjuvant chemotherapy and 

cytoreductive surgery.1,8 The reason for the deployment of chemotherapeutics is that complete debulking of the 

tumour at this stage is oftentimes not feasible, as it has oftentimes spread to other tissues in the pelvis or abdomen. 

Therefore, induction chemotherapy is oftentimes the first-line approach in order to decrease tumour size, and in 

case there is a response to the drugs, sectional debulking of the tumour can be performed.4,7 Platinum-based 

compounds in combination with paclitaxel are usually deployed, inducing DNA damage to cancer cells, with initial 

response rates being high. Precisely, around 80% of treated patients exert a complete response to the front-line 

treatment. Unfortunately, the reoccurrence rate for OC is high, which is oftentimes accompanied by increased 

chemoresistance.  This seems to apply to around 75-80% of women who achieved remission, particularly those 

who had suboptimal debulking or were in more advanced stages of the cancer, as a reoccurrence of EOC was 

observed within 18 months.4,16,17 

The chemoresistance of OC can arise from a variety of different mechanisms, such as enhanced DNA repair or 

altered cell survival pathways, which is the major reason as to why the mortality rate is so high.11 Another aspect 

that seems to complicate the treatment is the heterogenicity of OC, as each type has specific characteristics as to 

how they respond to therapy methods including chemosensitivity.17 Therefore, it has been proposed to plan therapy 

approaches on the different types rather than the stage of cancer. Overall, understanding the heterogenicity and 

mechanisms of drug resistance in OC is of relevance for improving disease management.4 In recent years, there 

has been an increased focus on the role of the tumour microenvironment (TME) and cancer cell stress adaptation 

mechanisms in OC progression and therapy resistance. In this regard, cellular responses to oxidative stress (OS) 

as well as the impact of mechanical forces have been emerging as important areas of investigation.18 Signalling 

pathways involved in the mediation of reactive oxygen species (ROS) are being investigated in regard to potential 

targets for OC treatments. Particularly, the Keap1-Nrf2-ARE pathway has been emerging as a promising target, 

as it is one of the main mechanisms linked to keeping the intracellular redox state in homeostasis.19 Nrf2 in 

particular has been subject of interest in toxicology and disease over decades due to its role in resistance to OS, 
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being the master regulator of cytoprotective and antioxidative systems.19–21 Alterations of this pathway have been 

reported to be involved in the formation of malignancies, increased survival rate of carcinomas as well as 

chemoresistance.22 Additionally, as the peritoneal cavity is an environment characterized by a variety of 

mechanical cues, signalling pathways that are responsive to such physical stimuli are another target to be 

investigated.23 Ultimately, the goal would hereby be to find potential vulnerabilities or novel targets to improve 

the current state of therapy.4 Therefore, the following chapters will elucidate the role, function and relevance of 

OS and mechanical cues, with a particular focus on the involvement of mechanosensitive transcription factors 

Nrf2 and KLF2 in OC pathogenesis.  

1.2 Oxidative stress, ROS and antioxidants 

Oxidative stress (OS) can be defined as a disbalance between pro-oxidants and anti-oxidative defences in the body, 

shifting cells out of their homeostatic state into a more oxidizing environment.21 Such a disbalance can be caused 

through the generation of free radicals, triggered by both endogenous and exogenous factors. Amongst the 

endogenous factors, the mitochondria is the primary site of ROS generation under physiological conditions, where 

they are produced as natural byproducts of the electron transport chain (ETC).24,25 During the oxidative 

phosphorylation, a small fraction of electrons can leak from the complexes 1 and 3 from the ETC, causing the 

generation of superoxide anions (O2-).26 Other sources of cellular ROS include enzymatic systems such as NADPH 

oxidases (NOXs) as well as inflammatory responses.27 Exogenous sources like ultraviolet radiation or 

environmental contaminants also contribute to the amplification of OS onto cells.20,28 In the physiological system, 

the excessive production of ROS or reactive nitrogen species (RNS) is reflected as an increase in perceived cellular 

stress.27 Under normal conditions, cells employ a complex network of antioxidant mechanisms to maintain redox 

homeostasis. However, when the level of such pro-oxidative molecules exceeds a point where the intracellular 

antioxidant system cannot counteract accordingly, it leads to a state of OS in the cells.26 Consequently, cells 

experience irreversible damage to proteins, lipids and nucleic acids, leading to the interference with various 

cellular functions.18 

OS has been proven to be closely correlated to the occurrence and development of a variety of diseases, such as 

Alzheimer’s disease29, Diabetes mellitus30 and notably cancer.28 It is involved at many stages of the oncogenic 

process, such as the initiation, promotion and progression of a carcinoma.31 In cancer cells, the redox homeostasis 

is significantly altered compared to healthy cells, playing a dual role. On one hand, increased levels of ROS are 

correlated to genomic instability and mutations, being linked to initiating tumorigenesis.28,32 For example, 

chronically elevated levels of OS in the ovaries have been suggested to be involved in the early transformation of 

surface epithelial cells.31 On the other hand, once a tumour is established, the cells seem to thrive under elevated 

levels of OS. The increased production of ROS promotes various mechanisms, such as influencing the regulation 

of genes and affecting the intracellular signalling pathways.33 For example, research shows that ROS induce the 

activation of various pathways involved in cell division, such as MAPK, PI3K and AKT.34 This shift in redox 
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balance towards the oxidative state has been linked to accelerated proliferation, as well as more rapid and 

aggressive growth of cancer cells.33 However, to withstand the high amount of intracellular ROS that would drive 

regular cells towards senescence and apoptosis, cancer cells have adapted over time by developing mechanisms 

that counteract OS. One way that carcinomas resolve this is by overexpressing antioxidant biochemical pathways. 

This adaptation alters the baseline redox homeostasis of the cancer cell, increasing its ability to withstand higher 

levels of OS, preventing the onset of cytotoxicity.28,33 This is for example achieved through the activation of 

molecular signalling cascades such as the Keap1-Nrf2-ARE pathway, resulting in the upregulation of antioxidant 

enzymes such as in the glutathione system.19,35 

1.2.1 Reactive oxygen species and the relevance of H2O2: 

ROS is an umbrella term encompassing a multitude of oxygen-based derivatives originally known for their ability 

to oxidize organic substances. Generally, they can be divided into non-radical species, such as hydrogen peroxide 

(H2O2), organic hydroperoxides (ROOH) and singlet molecular oxygen (1O2), and free radicals like the superoxide 

anion - (O2-), hydroxyl (·OH) - or peroxyl (ROO·) - radical.27,33 In biological systems, ROS play a vital role in the 

physiology and cellular signalling mechanisms, with hydrogen peroxide (H2O2) being a being a major signalling 

agent (Fig.2). Physiological levels of H2O2 are in the range of approximately 1-100 nM in the cells and, together 

with reactive nitrogen species (RNS), are naturally occurring byproducts of cellular metabolism. They are mainly 

generated during cellular respiration that is taking place in the mitochondria.18 While stimuli such as metabolic 

cues, but also physical stressors and chemokines can increase intracellular H2O2 levels, reducing agents (i.e. 

catalase36) counteract this, ensuring that ROS levels remain at physiological levels. The maintenance of 

intracellular low concentrations of H2O2 can be referred to as oxidative eustress and it is involved in the signalling 

of various processes such as proliferation, migration and differentiation of cells. However, a disbalance in the 

redox signalling can lead to elevated levels of H2O2 (>100 nM), which is oftentimes referred to as oxidative 

distress. It is correlated to the expression and initiation of a variety of cellular responses that lead to effects such 

as inflammation, cell growth arrest or cell death.27  

 

Figure 2: Cellular responses to physiological levels of H2O2: Oxidative eustress and distress27 
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1.2.2 Antioxidants and Nrf2:  

While ROS and free radicals are what shifts the cells towards a pro-oxidative state, antioxidants are on the other 

side of the redox balance, trying to keep the homeostatic state of the cells intact.26 In general, the antioxidant 

defence system can be divided into two groups, namely the enzymatic and non-enzymatic ones.28 Hereby, the 

primary response of cells is mediated through enzymatic antioxidant systems, such as for instance the conversion 

of superoxide into H2O2 through superoxide dismutases (SOD) followed by the decomposition of H2O2 to H2O 

through catalase (CAT)25 or glutathione peroxidases. Non-enzymatic antioxidants include vitamins (A,C,E), 

glutathione (GSH) and flavonoids, which are molecules that primarily function by scavenging ROS.18 In principle, 

the strategy of antioxidants is to promote the cellular defence by increasing the capacity of detoxifying oxidants 

or by acting as scavengers for free radicals to protect the cells from being damaged.37 Under normal physiological 

conditions, these mechanisms are what keeps the redox state of the cells at homeostasis. However, the 

overexpression of antioxidant pathways is one way through which tumour cells survive in high ROS 

environments.31 The induction of antioxidant enzymes in response to OS is highly sensitive, with various 

transcription factors being known to be involved in the alteration of redox signalling in cancer cells. For example, 

NF-κB (Nuclear Factor kappa-light-chain-enhancer of activated B-cells) was shown to promote the expression of 

antioxidant enzymes glutamate-cysteine ligase and SOD.38,39 One of the most relevant transcription factors when 

it comes to the induction of antioxidant genes is Nrf2, making it a key player in terms of cellular redox signalling.37 

The nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription factor that is regarded the master regulator 

of OS response. It belongs to the subfamily of cap ‘n’ collar subfamily of basic region leucine zipper transcription 

factors and it was first discovered in 1994 regulating the transcription of beta-globin.37,40 It is involved in multiple 

cellular phase I, II and III detoxifying processes, highlighting its main role in in biological systems to resist 

oxidative damage. While Nrf2 can be activated through multiple pathways, such as MAPK signalling molecules 

or mechanical cues, it is primarily known to respond to OS.20,41,42 In the context of oncology, Nrf2 can be viewed 

as a double-edged sword. On one side, the activation of this transcription factor and the therefore resulting 

expression of antioxidant genes can protect cells from incoming damage. Thus, Nrf2 is often referred to for its role 

as a tumour suppressor.22 Contrary to that, this cytoprotective quality of Nrf2 could play a role in the survival of 

cancer cells. Tumour cells are oftentimes characterized by a multitude of genetic modifications and an increased 

state of OS.43 Thus, cancer cells oftentimes show an overexpression of Nrf2 which is frequently accompanied by 

a high degree of drug resistance, impeding therapeutic approaches.44 As a result, the modulation of Nrf2 as a 

therapeutic target has gained considerable attention in recent years.45 

One of the most important pathways through which cells respond to OS is the Keap1-Nrf2-ARE pathway.20 The 

general mechanism under with this signalling pathway works under constitutive and OS conditions can be seen in 

the following figure (Fig.3). Under basal conditions, the expression of Nrf2 is sequestered by Kelch-like-

associated protein 1 (Keap1), which is a cysteine-rich repressor protein mainly found in the cytoplasmic area of 
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cells.46 Nrf2 can be divided into six highly conserved domains, namely Neh1 to Neh6, of which Neh2 was shown 

to mediate the binding with Keap1.47 In particular, the binding of this domain takes place at the β-propeller (Kelch) 

structure of Keap1.48 It forms a dimer complex with cullin-3 (Cul3) called the E3 ubiquitin ligase complex. This 

binding facilitates the ubiquitination of Nrf2, subsequently resulting in polyubiquitination and subsequently the 

degradation of this TF by the 26S proteasome.21,49 The sequestration of Nrf2 can be interrupted through various 

mechanisms, of which one is in the presence of oxidative stressors such as electrophiles and ROS.50  Electrophiles 

caused by for example ROS interfere with the binding sites of the Keap1 complex with Nrf2. Precisely, human 

Keap1 contains multiple cysteine residues that are oftentimes located near basic amino acids, making them 

favourable targets for electrophiles.50,51 Hereby, depending on the type of incoming Nrf2-activating compounds, 

different cysteine residues, such as for example Cys151, Cys273 and Cys288, are altered, translating into specific 

biological responses.49 For instance, Cys151 is essential for the formation of a disulfide bond between two Keap1 

molecules, with modifications in this residue causing the impairment of the Keap1-Cul3 interaction.52,53 As a 

consequence, these binding sites which are crucial for the stability of the Nrf2-Keap1 complex are alkylated or 

oxidized, causing a conformational change that results in a decline of the proteasomal degradation activity.20,44,54 

Consequently, de novo synthesized Nrf2 can escape degradation, resulting in an increased accumulation of Nrf2, 

which can translocate towards the nucleus where it forms a dimer with the small musculoaponeurotic fibrosarcoma 

proteins (sMaf).20,44 Then, Nrf2 binds to the antioxidant response elements (ARE) that are located in the promotor 

regions of target genes, thus promoting the transcription of a variety of cytoprotective and detoxifying enzymes.46 

For instance, this includes phase II detoxifying enzymes such as glutathione-S-transferase (GST) and 

NAD(P)H:quinone oxidoreductase (NQO1).42 Therefore, the Keap1-Nrf2-ARE pathway serves as a central 

cellular defence system against OS, promoting cell survival and maintaining intracellular redox homeostasis.20,21,43  

 

Figure 3: Intracellular signalling mechanism of the Keap1/Nrf2/ARE pathway under constitutive and oxidative stress conditions; created 

using biorender.com with information compiled from multiple sources.21,44,50,55 
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1.3 Mechanical cues and the tumour microenvironment 

Physical stimuli are ubiquitously present in every living cell, being an essential part of communication in biological 

systems. Cell-cell signalling is essential for adapting to their immediate surroundings, especially at critical stages 

such as during embryonic development, cell differentiation and regeneration of tissues and organs amongst many 

others. While chemical signalling mechanisms are involved in the intercommunication between cells and the 

sensing of their surroundings, a substantial part of these processes is mediated through mechanical cues. This 

process of transforming physical forces into biochemical signals is called mechanotransduction.56  

The role of mechanical forces has been emerging as a key point in the formation, progression, metastasis and even 

therapy resistance of tumour cells.57 Particularly the tumour microenvironment (TME) seems to have a profound 

influence on the cancer cell behaviour. It is typically characterized by a highly complex and dynamic mixture of 

cell types, such as immune- and endothelial cells, as well as cancer-associated fibroblasts.58 Turbulent 

surroundings caused by physical forces such as fluid shear stress (FSS) is also a key factor in the TME. As these 

physical cues can influence the downstream activation of mechanosensitive signalling pathways it is of interest to 

investigate the role of mechanotransduction to gain insight on cancer cell behaviour.57 

1.3.1 Mechanotransduction 

The transformation of physical stimuli into biochemical signals can be defined as cellular mechanotransduction. 

It is a crucial part of biological processes in organisms, as mechanical cues are essential for pathophysiological 

regulation of systems such as wound healing, embryonic development and cancer progression or resistance. 16,57,59 

In general, this biological process can be broken down into a sequence three segments, namely 

mechanotransmission, mechanosensing and mechanosignalling.  Firstly, there is a physical force being transmitted 

onto the cells from their external environment, with some examples for the main mechanical cues that are 

responsible for cell-matrix interactions in the human body being hydrostatic pressure (HP), tensional- and 

compressive forces, and fluid shear stress (FSS).57,60 HP is a commonly present force that is applied by fluids such 

as blood or air, which can be found in blood vessels or in the lungs. Tensional and compressive forces are the 

lengthening or shortening of materials through an applied force, which would be the adaptation of muscle fibres 

during a movement. Shear stress is the frictional force that cells experience when fluid flows on the surface, such 

as for example when blood is circulated through the vasculature.56 

Secondly, these initial mechanical signals that are applied on cells are received and converted from a physical cue 

into one of biochemical nature. These cellular mechanosensors can be divided into different categories, namely 

the cytoskeleton, in which the actin skeleton plays a major role, mechanosensitive ion channels such as Ca2+ 

channels and cell adhesion molecules (CAM). For example, the tension of the plasma membrane can open the 

mechanically gated ion channels Piezo1/2 and lead to the influx of extracellular Ca2+ into the cells.60 
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Lastly, the mechanosignalling is the cellular response activated because of the incoming extracellular forces.30 

These various biochemical responses can include the induction of gene transcription, cytoskeletal remodelling, as 

well as alterations in cell behaviour such as in terms of migration or proliferation. Additionally, various signalling 

pathways seem to be responsive to mechanical stimuli aswell.61 For example, the RhoA/ROCK pathway is known 

to be responsive to physical cues, causing downstream effects involved in cytoskeletal remodelling and cell 

contractility.57 Interestingly, OS related pathways can also intersect with mechanotransduction. Particularly, Nrf2 

was found to be activated through FSS in endothelial cells, leading to the transcription of a variety of ARE encoded 

genes.62 This physiological response can be seen in relation to blood vessels being constantly exposed to frictional 

forces through the laminar flow of blood and need to adapt to changes to maintain homeostasis.63 Another set of 

transcription factors known to be activated through mechanical stimuli are the Krüppel-like factors (KLF’s). More 

specifically, KLF2 and KLF4 are well known to respond to FSS in endothelial cells and are involved in the 

modulation of vascular functions.64,65 KLF2 will hereby be further elaborated in the following chapter, as it is of 

particular relevance in the scope of this thesis.  

1.3.2 Krüppel-like factors and KLF2 

Krüppel-like factors (KLF’s) are a group of gene regulatory proteins involved in a variety of cellular processes, 

such as cell development, apoptosis or proliferation. To date, 17 transcription factors (KLF1-KLF17) have been 

identified as members of this family, with the defining structural feature being the presence of zinc fingers. While 

certain KLFs show tissue-specific expression, most of them are widely expressed in the human organism. For 

example, the expression of KLF1 is mainly reserved to erythroid cells, whereas KLF7 is ubiquitously present in 

adult tissue. The relevance of the KLF family in the context of cancer research has been increasing, as they are 

involved in a multitude of regulatory mechanisms, being reported to act as both oncogenes or tumour suppressors.66 

For instance, KLF4 can act as tumour suppressor, as it has been identified to downregulate promoters of related 

genes in gastric cancer.67 On the other hand, overexpression of KLF4 was reported to be correlated to a worsened 

breast cancer prognosis.68 In endothelial cells, KLF2 and KLF4 play a particularly important role, as a lost 

expression of these transcription factors was shown to cause aberrant activation of cellular inflammatory 

responses.65,69  

While Nrf2 is regarded the master regulator of cellular stress response, KLF2 can be seen the master integrator of 

endothelial cell functions. This TF is highly expressed in lung tissues, playing a pivotal role in its development of 

blood vessels.64 Precisely, knockout of KLF2 in mice caused embryotic lethality due to vascular failure.70 It was 

also shown to be involved in other cellular mechanisms, such as adipogenesis or T-cell function.65 Over two 

decades ago, the role of KLF2 grew of importance as laminar shear stress was shown to induce the transcription 

of KLF2 in endothelial cells. It was discovered that KLF2 is upregulated under laminar flow, whereas 

downregulation was observed under disturbed flow or low shear stress conditions, such as would be present in 

arterial branch points.42 In that regard, this shear-responsive TF is involved in the induction and regulator of a 
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plethora of cellular functions, such as inflammation control, blood vessel development and vascular tone, making 

it a key focus of vascular biology. The shear-induced activation of KLF2 was reported to reduce the activity of 

proinflammatory pathways such as NF-κB and AP-1 in endothelial cells. Additionally, upregulation of KLF2 is 

correlated with the expression of vasoprotective genes such as eNOS (endothelial nitric oxide synthase), which 

produces nitric oxide to dilate blood vessels.69 

Interestingly, KLF2 and Nrf2 appear to cooperate in the response to shear stress in endothelial cells, as studies 

have shown that KLF2 improves the nuclear translocation of Nrf2, playing an important role in the antioxidant 

activity response of EC.62 A recent study indicates a crosslink between shear-induced activation of KLF2 and 

translocation of Nrf2 in endothelial cells.42 An overexpression of KLF2 in was shown to increase Nrf2 

translocation in HUVECS (human umbilical vein endothelial cells).63 This is of particular interest as it indicates a 

pathway that is independent on redox signalling in order to activate Nrf2.64 Illustrated in the following figure 

(Fig.4), the SS/KLF2/Nrf2/ARE pathway can be seen. While the activation of Nrf2 through oxidative stressors 

has been illustrated in a previous chapter (Chapter 1.2.2.), this pathway is of relevance as it indicates an alternate 

way of upregulating Nrf2 translocation, independent of direct chemical oxidative stimuli. This “hemodynamic 

defence mechanism” highlights how redox homeostasis can be mediated through flow conditions in endothelial 

cells.42 

 

Figure 4: The SS/KLF2/Nrf2/ARE pathway; Created using biorender.com55 
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While the role of KLF2 in endothelial cells is well established, the function of this transcription factor in tumours 

seems to be more complex. A study comparing cancer cell lines stemming from multiple tissue types revealed that 

KLF2 is oftentimes downregulated in serous OC cell lines (such as OV177 or SKOV3) when compared to normal 

tissue71, whereas the prognosis seems more favourable when expressed.72 In multiple carcinoma types such as lung 

or liver cancer, KLF2 is reported to be tumour suppressive, decreasing proliferation and migration, whereas a loss 

of KLF2 can potentially enhance tumorigenesis.66,73  

1.4 Role of oxidative stress and mechanical cues in ovarian cancer 

Both OS and mechanical forces seem to significantly contribute to OC pathophysiology, oftentimes even in 

interconnected ways. Ovarian cancer cells typically exist in a state of elevated OS, which influences everything 

from tumour formation, progression up until drug response.31 ROS is known to be mutagenic, with elevated levels 

of ROS being involved in the initiation of tumours. For example, generation of H2O2 and hydroxyl radicals 

produced by the Fenton reaction are correlated to the generation of DNA double-strand breaks in epithelial cells 

of the fallopian tube.74 Thus, it is believed that a high OS environment in the ovaries, such as  present in chronic 

inflammation or endometriosis, can lead to malignant cell transformation.75 The modification of signalling 

pathways that are involved in the maintenance of redox homeostasis, such as PI3K/AKT/mTOR or Keap1-Nrf2-

ARE, have also be reported to be significantly involved in the development of OC. Particularly in regard to the 

chemoresistance of OC, Nrf2 activation was shown to protect OC cells from oxidative damage and thus reduces 

the effectiveness of various cytotoxic drugs. Additionally, highly conserved domains in the gene that encodes 

Keap1 were found to be mutated in various OCs, leading to a lowered suppression of Nrf2. 18 In epithelial ovarian 

cancer cells, the activation of miRNAs through ROS caused a significant increase of OS and Nrf2 signalling, 

which was shown to be correlated with promoting tumorigenesis.76 The expression of Keap1 and Nrf2 was also 

found to be directly related to the prognosis of OC treatment. Precisely, in a study conducted by Cho et al. they 

found that patients with an increased expression of Keap1 and thereby lowered translocation of Nrf2 have a better 

prognosis in terms of survival.77 

At the same time, the mechanical aspects of the ovarian cancer microenvironment significantly influence disease 

progression and metastasis. These cells inhabit a dynamic physical environment in the peritoneal cavity, where 

fluid movements and pressure exert mechanical stress onto them. A common feature in advanced OC is the 

presence of ascites, affecting around 36.7% of OC patients.16,78. This process describes the formation and 

accumulation of fluids in the abdomen, most likely caused by the obstruction of lymphatic drainage systems, and 

it can reach volumes up to several litres. The presence of ascites exerts physical forces such as FSS onto 

surrounding tissues, consequently inducing mechanical stimulation. Additionally, the dynamic flow that is 

presented through ascites is involved in the transportation of primary tumour cells into other regions of the 

peritoneal cavity.23 A major adaptation that is induced by shear stress is the so-called epithelial-to-mesenchymal 

transition (EMT), a process through which a stationary epithelial cell transforms into a mesenchymal cell that is 
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capable of being motile.79 A study conducted by Rizvi et al.80 suggests that EMT occurs in OC, however the 

underlying mechanisms orchestrating this transformation have yet to be elucidated. More recently, it was 

discovered that ovarian cancer cells that were grown under continuous fluid flow developed mesenchymal traits 

and expressed higher levels of cancer stem cell markers compared to static culture.81 Nonetheless, it is evident that 

mechanical cues resulting from FSS and the tumour microenvironment are important precursors of metastasis 

formation and disease progression of ovarian cancer.16  

In ovarian cancer, oxidative stress and mechanical forces do not act in isolation, but rather they coexist and 

potentially reinforce each other. The ascitic fluid, for example, contains numerous inflammatory cells (like 

macrophages and neutrophils) that generate ROS and secrete cytokines, adding a chemical stress component to 

the mechanical stress of shear flow. It was  reported that ovarian cancer cells preconditioned with ascites showed 

higher glutathione levels and antioxidant enzyme activities, which made them more capable of surviving 

subsequent stress and also more adhesive/invasive.82 Moreover, both OS and mechanical stimuli can converge on 

common downstream effects like EMT.80,83 In summary, evidence suggests that OS and mechanical cues seem to 

be correlated in many terms of OC pathophysiology. Consequently, it is of interest to not only investigate potential 

chemical pathways that are driven by these chemical and mechanical cues separately, but also try to understand 

the interplay between them and how this affects the phenotype of OC. 
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2 Aim of the thesis 

The overarching objective of this thesis is to investigate how the exposure of ovarian epithelial cancer (EOC) cells 

to chemical and mechanical stressors influences the intracellular signalling involved in OS response and how this 

affects the cell viability. The focus was hereby placed on the Keap1/Nrf2/ARE pathway, particularly on the 

mechanosensitive TF Nrf2, known as the master regulator of oxidative stress response.44,62 Another target of 

investigation was the potential role of the shear-responsive transcription factor KLF2 in this system, which was 

previously described to prime the translocation of Nrf2.63,84 To account for  the heterogeneous phenotype of OC, 

two distinct cell lines belonging to type 1 or type 2 classifications were selected, namely the clear cell carcinoma 

(CCC) SKOV3 and the high-grade serous ovarian cancer (HGSOC)-derived OVCAR3. In general, experimental 

designs were centred around a 1-hour exposure time to capture the immediate cellular response to the applied 

stressors. 

Overall, the experiments carried out in the scope of this thesis can be categorized into three main objectives.  

• The first aim was to establish if the used cell lines are responsive to chemically induced OS via 

investigation of Nrf2 mediated signalling and if the subsequent activation of antioxidant signalling 

pathways is taking place. Confirming the functionality of this redox-sensitive signalling system in the 

deployed cell culture model was hereby essential in providing a baseline for all subsequent experiments.  

• Secondly, the next objective was to assess the impact of mechanical cues on the cellular OS response 

behaviour. Specifically, the impact of fluid shear stress (FSS) on the cellular morphology and the 

subcellular nuclear translocation of the mechanoresponsive TF Nrf2 and KLF2 was to be investigated. 

This experiment was designed to provide insights into the mechanosensitive properties of the TF as well 

as their potential involvement in redox regulation. The investigation of these TF was hereby carried out 

using immunofluorescence microscopy and image analysis. 

• The third and final experiment was to investigate if the combined effects of chemically induced OS and 

mechanical stress impact the viability and functional adaptability of the EOC cells. It was hypothesized 

that simultaneous exposure to H₂O₂-mediated OS and FSS may influence cellular adaptability through 

Nrf2-dependent activation of antioxidant genes. Hence, the viability of the cells under combined physical 

and chemical stress was to be assessed using the cytotoxicity assays CellTiter Blue (CTB) and 

Sulforhodamine B (SRB).  

Overall, the results obtained in the scope of this thesis should contribute to a deeper understanding of the role of 

OS and mechanical cues in shaping molecular signalling pathways that potentially promote the aggressive 

phenotype and chemoresistance of EOC.  
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3 Materials and methods 

In this chapter, an overview of all materials that were used in the scope of this work are presented. This includes 

chemicals and solutions, antibodies, cell lines, instruments and the software used to obtain and evaluate the data 

as well as their respective manufacturers. Furthermore, the general experimental procedure will be described. 

Precisely, this includes the maintenance of the used cell culture models, elaboration of the experimental setups, 

performance of assays and the statistical evaluation of the obtained data. 

3.1 Materials 

3.1.1 Consumables 

Name Supplier Reference ID 

µ-Slide 8 Well ibiTreat Ibidi  80826 

Cell culture dish, (ØxH): 60 x 15 mm, 100 x 20 mm Sarstedt  83.3901, 83.902 

Cell culture plate, 12-,24-,96- well, surface: standard, flat bottom Sarstedt  83.3921, 83.3922, 83.3924 

Centrifigation tubes 50ml Sarstedt  62.547.254 

Glass slides (Ø): 10 mm, 18 mm Marienfeld  0117500, 0117580 

Microscope slides Epredia AG00000112E01MNZ10 

Neubauer counting chamber Marienfeld 640110 

Pipette tips 10, 200, 1000 µl  Sarstedt 

 70.3010, 70.3030.020, 

70.3050.020 

SafeSeal reaction tube, 0.5, 1.5, 2 ml, PP, brown Sarstedt 

 72.704, 72.690.004, 

72.695.500 

Serological pipette, 2, 10 ml, sterile Sarstedt  86.1252.001, 86.1254.001 

 

3.1.2 Instruments 

Name Supplier 

Analytical scale: ADB 200-4  Kern 

Automated microscope: Lionheart FX BioTek Instruments 

CO2 incubator: Heracell vios 160i  Thermofisher Scientific 

CO2 incubator: MCO-170AICUV Phcbi 

Inverted microscope: SC50 Olympus 

Laminar flow cabinet: CytoFAST elite  Dasit Group 

Orbital Shaker: IKA MS 3  Thermofisher Scientific 

Plate reader: Agilent Synergy H1 BioTek Instruments 

Rocking shaker: SK-R1807-S  DLAB 

Vortex mixer: VF2 IKA 
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3.1.3 Solutions and reagents 

Name Supplier Reference ID Additional information 

1% acetic acid 
Thermofisher 

Scientific 
1733740 diluted in H2O  

Blocking Solution     2% DS in PBS-A  

CellTiter-Blue® 10x concentrate Promega Corporation G8081   

Donkey serum (DS) Sigma Aldrich D9663-10ML   

Dulbecco's Modified Eagle Medium (1X)  Gibco 21063-029   

EDTA ROTH 1E23.1   

Ethanol (96%) for Fixing ROTH P075.1   

Fetal bovine serum (FBS) Gibco A525701   

Hydrogenperoxide (30%) ROTH 8070.2   

Insulin-transferrin-Selenium (ITS) Gibco 41400045   

McCoy's 5A Medium Gibco 22330-021   

PBS 
Thermofisher 

Scientific 
9150.1   

PBS/EDTA     
 270 µL (0.5 M EDTA) / 

50 mL PBS 

PBS-A ROTH 

P029.2, 

4984.2, 

6781.3, 

3904.2 

16g NaCl, 4.4g Na2HPO4, 

0.4g KCl, 0.4g KH2PO4 

dissolved in 1L Milli-Q 

H2O, pH 7.2 

PBS-A Glycine      0.35 g /50 mL PBS-A 

Penicillin/Streptomycin (P/S) Gibco 15140122   

Permeabilization buffer    0.2% TTX in PBS-A 

Phalloidin-488 Oregon green Invitrogen 2738348   

ROTI Histofix 4% Formaldehyde  ROTH 344359260   

ROTI®Mount FluorCare DAPI ROTH HP20.1   

RPMI Medium 1640 (1x) Gibco 21875-034   

Sulforhodamine B solution     
 0.4% (w/v) 

sulforhodamineB (SRB) 

Tris-Base ROTH 4855.1   

TritonX-100 (TTX) ROTH 270298309   

Trypan Blue Sigma Aldrich T8154   

Trypsin (10x) Gibco 15400-054 Diluted in PBS 

Washing buffer     0.05% TTX in PBS-A 



21 

 

3.1.4 Antibodies, Treatment and Cell lines 

 Name Supplier Reference ID 

Antibodies Nrf2 antibody  Santa Cruz Biotechnology ab62352 

  KLF2 monoclonal antibody OTI3A10 Invitrogen MAS-26827 

  Alexa Fluor 647 donkey anti-mouse IgG Invitrogen AB_162542 

  Alexa Fluor 647 donkey anti-rabbit IgG Invitrogen AB_2536183 

Cell lines SKOV3 Human ovarian cancer cell line ATCC  HTB-77 

  OVCAR3 Human ovarian cancer cell line Sigma Aldrich  HTB-161 

 

3.1.5 Software 

Name Supplier 

Gen5TM Version 3.08 BioTek Instruments 

Microsoft® Excel® (Microsoft Office 365) Microsoft Corporation 

Origin Pro® 2025 OriginLab Corporation 

 

3.2 Cell culture 

In this section, the general work routine for cell cultivation and maintenance is described. This includes a 

description of the cell lines used for the project, the general passaging procedure and counting of cells for 

experimental usage.  

3.2.1 SKOV3 cell line 

The ovarian epithelial adenocarcinoma cell line SKOV3 was established from the ascites of a serous 

cystadenocarcinoma of a 64-year-old Caucasian woman. Regarding their classification, they belong to the 

subgroup of clear cell carcinomas (CCC).53 The adherent cells have an oval or elongated morphology and 

predominantly grow in a monolayer, as can be seen in the following figure (Fig.5). This cell line was shown to 

exhibit resistance to several cytotoxic drugs as well as tumour necrosis factor.85 

 

Figure 5: SKOV3 cells; Image taken with Olympus SC50 (20x magnification) 
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3.2.2 OVCAR3 cell line 

The second cell line used in the scope of this thesis is OVCAR3, which are epithelial ovarian cancer cells isolated 

from a progressive adenocarcinoma in the 1980s. They are classified as HGSOC and the cells predominantly grow 

in colonies, as can be seen in the following figure (Fig.6).53 Additionally, these cells also show a high resistance 

towards commonly used chemotherapeutics such as Cisplatin and Adriamycin as well as aggressive growth 

patterns.86 

 

Figure 6: OVCAR3 cells; Image taken with Olympus SC50 (20x magnification) 

3.2.3 Maintenance of cell lines 

Both cell lines were maintained in 60 mm/100 mm petri dishes and cultured in a humidified incubator under the 

conditions of 37 °C and 5% CO2 . For SKOV3, the growth medium comprised of McCoy’s 5A Medium, 10% Fetal 

Bovine Serum (FBS) and 1% Penicillin-Streptomycin (P/S). The cell culture medium for OVCAR3 cells was made 

up of RPMI 1640 Medium, 20% FBS, 1% insulin-transferrin-selenite (ITS) and 1% P/S. Both media include 

phenol red as a visual pH indicator, as high concentrations of metabolic products or contaminations usually cause 

a change in the pH. Additionally, the role of FBS, and in the case of OVCAR3 also ITS, was to promote cell 

growth and P/S to avoid any potential contaminations from proliferating. 

3.2.4 Passaging the cells 

To avoid contaminations, the entire workflow was performed in a laminar flow cabinet under sterile conditions. 

All used solutions were pre-warmed to 37 °C as a decrease in the temperature would be unfavourable for the 

viability of the cells.  

The medium inside the petri dishes was aspirated and 1.5/2 ml of a phosphate buffered saline solution (PBS) 

containing ethylenediaminetetraacetic acid (EDTA) were added to remove dead cell particles and other debris. 

The purpose of EDTA was particularly to aid in the detachment of SKOV3 cells as they tend to be more adherent 
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to the dish surface. The solution was subsequently removed, and 1/1.5 ml of trypsin were pipetted onto the cells 

to detach them from the bottom of the dish. It was swirled around evenly to cover the surface and then put into the 

incubator for 5 minutes to let the enzyme work more efficiently. Once the cells were detaching, 3/5 ml of the 

respective medium were added to quench the activity of trypsin. The suspension was thoroughly mixed and then 

transferred into a 10 ml tube. A small aliquot of 20 µl was taken out and combined with 80 µl Trypan blue solution 

to create a 1:5 dilution for the cell counting.  

To continue the growth, 220k/500k SKOV3 cells or 500k/1.000k OVCAR3 cells were added to separate 

small/large petri dishes containing 5/9 ml of the respective medium. The proper volume of cell suspension was 

added into the dishes, evenly spreading all cells throughout the surface before placing it back into the incubator 

with the passage number being noted. SKOV3 cells were passaged after reaching a confluency of approximately 

90%, which was approximately every two days. For OVCAR3, splitting was done once a confluency of 80-85% 

was observed, which was mainly after around two to three days of incubation. 

3.2.5 Cell counting with a Neubauer chamber 

The Neubauer chamber is a thick glass plate that has two counting grids engraved in it, each containing 9 large 

squares with an area of 1 mm2. A cover slip was put on top of the counting chambers, creating a gap of 0.1 mm, 

and 10 µl of the previously prepared Trypan blue cell aliquot were then applied to a chamber. To make sure that 

no inhomogeneities were present, the aliquot was vortexed shortly before use and pipetted up and down multiple 

times before adding it to the chambers. The Neubauer chamber was then placed under the microscope and the 

outer 4 large squares of each chamber were examined. As a result of adding Trypan blue, dead cells appeared dark 

blue since the dye could get inside the cells through their damaged membranes. On the other hand, viable cells 

remained clear since their cell membranes are still intact.87 Only these living cells were considered and manually 

counted. In the case that the number of counted cells had a difference greater than 10% between the two chambers, 

the counting was repeated with a newly prepared aliquot. The concentration of the cells in the suspension was then 

calculated using the following formula (Eq. 1). 

Equation 1:  

𝑙𝑖𝑣𝑖𝑛𝑔 𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 (
𝑐𝑒𝑙𝑙𝑠

𝑚𝑙
) =  𝑥̅ × 𝑑 × 10000  

𝑥̅ … 𝑎𝑣𝑒𝑎𝑔𝑒 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑐ℎ𝑎𝑚𝑏𝑒𝑟𝑠 

𝑑 … 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟  

With the number of cells per ml of the suspension being determined, slides and plates for following experiments 

could be seeded. 
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3.3 Experimental procedures 

In this chapter, the main experimental layouts performed in the scope of this master thesis will be elaborated. This 

includes three main workflows: immunofluorescence staining for KLF2 and Nrf2 after (1) exposure to chemically 

induced OS and (2) mechanical stimulation through 1 h of FSS, as well as (3) cytotoxicity assays. 

3.3.1 Assessment of chemically induced OS on Nrf2 and KLF2 

200 μl of a cell suspension containing 25k cells/ml for SKOV3 and 80k cells/ml for OVCAR3 were seeded into 

each well of an 8-well glass bottom μ-slide and placed in an incubator to grow for 48 h. Following this, the medium 

was aspirated and cells were treated with 150 μl of medium containing either 0, 50, 100 or 500 μM H2O2 for 1 h 

under static conditions, with each condition being carried out in technical duplicates. Afterwards, the cells were 

fixed by removing the medium and adding 150 μl of ROTI®Histofix 3.5% formaldehyde solution for 15 minutes 

in the dark. Each well was then washed using 200 μl PBS-A, followed by 150 μl PBS-A glycine and 200 μl PBS-

A again, either being stored in the fridge at 4 oC until further use or immediately stained. The experimental 

workflow for this procedure has been illustrated in the following figure (Fig.7) for better visual clarity.  

 

Figure 7: Workflow of the H2O2 concentration dependency experiment; Created using BioRender.com 

3.3.2 Assessment of mechanical stimulation on Nrf2 and KLF2 

To simulate shear stress conditions onto the cells, a previously established protocol from Karasová et al.88 was 

taken and adapted. Experiments were carried out in 12-well plates with shaking applied at 300 rpm for 1 h using 

the IKA MS 3 orbital shaker. This is equivalent to approximately 2 dynes/cm2 , which was chosen as the range of 

0.5-3 dynes/cm2 was described to induce the stimulation of mechanical cues in ovarian cancer cells.78,88,89 For each 

experimental run, 24-well plates with the same treatments were prepared alongside and kept under static 

conditions.  

A cell density of 60k cells/ml for SKOV3 and 140k cells/ml for OVCAR3 were seeded into 12/24-well plates 

containing microscope glass slides and placed in an incubator to adhere and grow for 48 h. Following this, the 

cells were then treated with either medium containing 50 µM H2O2 or pure culture medium for the control group, 

with the 12-well plates then being placed on the orbital shaker for 1 h at 300 rpm. In the same manner as described 

in the previous chapter (Chapter 3.3.1), the cells were fixed using 250/500 μl formaldehyde, washed with 500/1000 

μl PBS-A and 250/500 μl PBS-A glycine, and placed in the fridge until further use for staining. The layout of the 
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plates as well as the experimental procedure up until the fixation can be seen in the following figure (Fig.8), with 

each condition being carried out in three technical replicates. 

 

Figure 8: Workflow of the shear stress experiment; Created using BioRender.com 

3.3.3 Immunofluorescence Staining: 

To determine the effects of physical and chemical stress stimulation cause a modulation of the selected 

transcription factors KLF2 and Nrf2, immunofluorescence staining was performed. Hereby, the general staining 

procedure was taken and adapted from a previously established protocol described by Jarolim et al.90, with the 

workflow being depicted in the following figure (Fig.9).  

 

Figure 9: Workflow of the Immunofluorescence staining procedure up until imaging; Created using BioRender.com 
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Previously fixed 8-well glass bottom μ-slides or 12/24-well plates were taken, and cells were then permeabilized 

using 150/500/200 μl 0.2% TTX in PBS-A, which removes lipids and damages the cell membrane for the 

antibodies to get into the cells. This step was done under gentle tilting on a shaker for 15 minutes. Following this 

step, a blocking solution made up of 2% DS in PBS-A (150/500/200 μl) was added for 1 h to increase the sensitivity 

of the staining by blocking non-specific binding sites. Primary antibodies for KLF2 and Nrf2 were respectively 

diluted 1:500 in PBS-A containing 0.25% donkey serum (150/100/50 μl) and added to the now blocked wells for 

2 h under static conditions, as to not interfere with the binding of the antibodies to the proteins. Afterwards, each 

well was washed three times for 10 minutes with washing buffer (150/500/200 μl; 0.05% TTX in PBS-A), followed 

by washing twice with PBS-A (200/1000/400 μl) for 5 minutes. The slides and plates were then either stored in 

the fridge or the staining with the secondary antibody was immediately continued. The secondary antibody donkey 

anti-mouse for KLF2 and donkey anti-rabbit for Nrf2, diluted 1:1000 in 0.25% DS in PBS-A, alongside 1:1000 

diluted phalloidin were incubated for 2 h under light exclusion and then washed in the same manner as for the first 

antibody. Slides were then covered in mounting medium containing DAPI for at least a few hours before imaging. 

For the shear stress experiment, stained glass discs that were in the 12/24-well plates were inverted onto 

microscopy glass slides containing DAPI prior to imaging. All experiments were performed in a minimum of three 

biological replicates. 

3.3.4 Cytotoxicity experiments: 

To determine if different concentrations of H2O2 and mechanical cues impact the cellular adaptability of SKOV3 

and OVCAR3 cell lines, cytotoxicity screening was performed through CellTiter™ blue (CTB) cell viability assay 

coupled with Sulforhodamine B (SRB) assay. The protocol was hereby taken and adapted from Grgic et al.91 

Precisely, 60k cells/ml for SKOV3 and 140k cells/ml for OVCAR3 were seeded into 12- and 96-well plates and 

left to grow for 24 h. The following day, 12-well plates were shaken for 1 h and 96-well plates were kept under 

static conditions before incubating the cells with respective media containing 0 (control group), 10, 50, 100 or 500 

µM H2O2 for 24 h. Each plate hereby contained four technical replicates for control groups and two for each tested 

condition. 
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3.3.5 CellTiter™ blue (CTB) cell viability assay: 

To determine the cytotoxicity of the tested substances on the deployed cell lines, the CTB cell viability assay was 

performed. It is a fluorometric method that is based on the metabolic activities which occur in healthy cells, such 

as the mitochondrial reductase potential. A dark blue redox dye called resazurin is used as an indicator. Through 

the exposure to viable, metabolically active cells, the substance turns into its reduced form resorufin, which is 

fluorescent and pink in colour (Fig.10). The resulting increase of fluorescence can be measured using a 

fluorimeter, thus providing information on the number of viable cells present.92  

 

Figure 10: Schematic depiction of the conversion of resazurin into the fluorescent resorufin through metabolically active cells. Created 

using BioRender.com 

3.3.5.1 Measuring the cell viability 

To measure the cell viability, the CTB buffer was freshly prepared for each biological replicate, with all steps 

being performed in the dark. To do so, CTB concentrate was diluted in a 1:10 manner with phenol red free 

Dulbecco’s Modified Eagle Medium (DMEM). The medium of every well containing cells was quickly removed 

and 100 µl of the CTB-buffer were added per well of a 96-well plate or 500 µl per well of a 12-well plate. The 

plates were then transferred back into the incubator where they were left to react for 2 h. After the incubation time 

ended, 80 µl of supernatant of each well was transferred into a black 96-well plate, making sure to not create any 

bubbles. The fluorescence was measured with Synergy H1 Hybrid microplate reader at an excitation wavelength 

of 560 nm and an emission wavelength of 590 nm. The obtained data was then exported as Excel files for further 

analysis. 
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3.3.6 Sulforhodamine B (SRB) Assay 

The SRB assay is a method of determining the total protein content of adherent and suspension cells. It is based 

on the binding properties of Sulforhodamine B (Fig.11), a dye belonging to the group of aminoxanthenes, to the 

basic amino acids of proteins under mildly acidic conditions. The resulting SRB/protein complex can be measured 

and quantified using a photometer, making it a sensitive method of assessing the cytotoxicity or proliferative 

effects that treatments or conditions can have on cell cultures.93 

 

Figure 11: Chemical structure of Sulforhodamine B; Created using ChemDraw 

3.3.6.1 Measuring the total protein content 

To perform the assay, the 96- and 12-well plates previously used for the CTB assay were fixed with 100/500 µl 

EtOH (96%) for 15 minutes. This was followed by two washing steps using PBS-A (200/500 µl) and storage of 

the plates at 4 oC until further use.  

To assess the total protein content, the wells containing fixed cells were washed twice with tap water and stored 

uncovered in a drawer to dry overnight. The following day, 50/250 µl of SRB solution were added to the respective 

wells of the 96-/12-well plates and left to incubate in the drawer for 1h. Afterwards, the solution was removed, 

and the wells were washed three times with tap water. Additionally, to make sure that the unbound dye is 

completely removed, each plate was also washed three times with 1% acetic acid before being placed back into 

the drawer to dry overnight. To measure the total protein content, 100/500 µl of Tris base were added to dissolve 

the dye, whereas 100 µl from the 12-well plates were transferred to a 96-well plate. Finally, the absorbance was 

measured at 570 nm using the Synergy H1 Hybrid microplate reader and the data exported as Excel sheets for 

further processing. 
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3.4 Statistical evaluation 

3.4.1 Image analysis  

Cells were imaged using the Lionheart FX automated microscope with the software being Gen5. For each technical 

replicate, three images at different positions of the well/glass slide were taken using the DAPI [377/447nm], GFP 

[469/525nm] and CY5 [628/685nm] channels. The subsequent cellular analysis was performed in the same 

program by creating a mask for the respective cell lines. To do so, for the nuclear area the primary mask was 

adjusted with the DAPI channel and for the cytoplasmic area a secondary mask was applied using the GFP channel, 

which depicts the cytoskeleton of the cell. Calculated cellular areas and intensities were then exported as Excel 

files, whereas outliers and cells who did not properly fit the mask were excluded.  

For image processing and cellular analysis, average intensities of nuclear and cytoplasmic areas per image were 

calculated in Excel 2025. To do so, the ratio between nuclear and cytoplasmic areas (n/c ratio) were determined 

for individual cells and averaged per image. Origin Pro 2025 was then used for further data processing as well as 

for the visualization of obtained results. Significant differences were determined using Student’s t-test, with 

significant differences of p<0.05 being indicated with an asterix (*) for comparisons between control and H2O2 

concentrations and a hashtag (#) between static and shear stress (SS) conditions. (* p<0.05, ** p<0.01, *** 

p<0.001) 

3.4.2 Cytotoxicity assays 

For both CTB and SRB, the obtained data was evaluated in Excel 2025, with a minimum of three biological 

replicates being performed per experiment. For each experiment, the mean value of the four technical replicates 

of the control group was calculated per respective plate. Every tested condition was then divided by that mean 

value to determine the test/control (T/C) ratio. For better visual clarity, values were multiplied by 100 to be 

displayed as percentages and then plotted as bar charts and using OriginPro 2025. Values with a significant 

difference of p<0.05 were determined using one-way ANOVA with Fisher-LSD. Statistically significant values 

between control groups and H2O2 were marked with an asterix (*), whereas differences between static and SS 

conditions are indicated with a hashtag (#). (* p<0.05, ** p<0.01, *** p<0.001)  
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4 Results  

4.1 Effect of chemically induces OS on cellular morphology 

To investigate how chemically induced OS potentially affects the morphology of epithelial ovarian cancer cells, 

different concentrations of H2O2 ranging from 50-500 µM were applied to SKOV3 and OVCAR3 cell lines for 1h 

in static conditions. In the following figure (Fig.12), the effect on the actin cytoskeleton for both cell lines are 

depicted. For both cell lines, no significant variation in actin signal intensity was observed.  

 

Figure 12: H2O2 concentration dependency in EOCs: Appearance of actin cytoskeleton after incubation with 0-500 µM H2O2 for 1 h under 

static conditions. Displayed are images and quantified mean fluorescence intensity [R.F.U] of actin for SKOV3 (A,C) and OVCAR3 (B,D) 

cell lines. Cell images (A,B) were acquired using the Lionheart FX automated microscope, 20x magnification, nuclei are displayed in blue 

and actin cytoskeleton in green. For quantification (C,D), each condition was carried out in technical duplicates and a minimum of three 

biological replicates per respective cell line. For every sample, three optical fields were randomly chosen for imaging, with the total 

quantified optical fields per condition being a minimum of n = 18. Statistically significant differences were determined using Students T-

test and are indicated with * p<0.05, ** p<0.01, *** p<0.001.  
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Similarly, the nuclei of both cell lines were analysed regarding if their morphology is affected by the incubation 

with H2O2. Microscope images and cellular analysis of the nuclear area for SKOV3 and OVCAR3 can be seen in 

the following figure (Fig.13). In both cell lines, no significant changes in nuclear area are observed at all tested 

concentrations.  

 

Figure 13 H2O2 concentration dependency in EOCs: Evaluation of the nuclear area after incubation with 0-500 µM H2O2 for 1 h under 

static conditions. Displayed are images and quantified area of nuclei [µm2] for SKOV3 (A,C) and OVCAR3 (B,D) cell lines. Cell images 

(A,B) were acquired using the Lionheart FX automated microscope, 20x magnification, nuclei are displayed in blue. For quantification of 

nuclear areas (C,D), each condition was carried out in technical duplicates and a minimum of three biological replicates per respective 

cell line. For every sample, three optical fields were randomly chosen for imaging, with the total quantified optical fields per condition 

being a minimum of n = 18. Statistically significant differences were determined using Students T-test and are indicated with * p<0.05, ** 

p<0.01, *** p<0.001.  
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4.2 Response to chemically induced OS on KLF2 and Nrf2 

To investigate if signalling pathways involving KLF2 and Nrf2 are responsive to chemically induced OS in 

SKOV3 and OVCAR3 cell lines, immunofluorescence staining for KLF2 and Nrf2 were performed for incubations 

with 50-100-500 µM H2O2 under static conditions for 1h. Obtained results were quantified as the ratio between 

nuclear and cytoplasmic signal intensities (n/c ratio), as well as the mean intensities for both cellular regions 

respectively. 

4.2.1 Impact of H2O2 concentration dependency on Nrf2 

For SKOV3, the quantified results and images of the staining are depicted in the following figure (Fig.14). 

 

Figure 14: H2O2 concentration dependency in EOCs: Regulation of Nrf2 after incubation of SKOV3 cells with 0-500 µM H2O2 for 1 h 

under static conditions. Displayed are (A) nuclear/cytoplasmic ratio (n/c), (B) images and quantification of (C) nuclear- and (D) 

cytoplasmic Nrf2 mean fluorescence intensities [R.F.U]. Cell images (B) were acquired using the Lionheart FX automated microscope, 20x 

magnification, nuclei are displayed in blue. For quantification of nuclear and cytoplasmic areas (C,D), each condition was carried out in 

technical duplicates and a minimum of three biological replicates. For every sample, three optical fields were randomly chosen for imaging, 

with the total quantified optical fields per condition being a minimum of n = 18. Statistically significant differences were determined using 

Students T-test and are indicated with * p<0.05, ** p<0.01, *** p<0.001. 
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Looking at the n/c ratio for Nrf2 first (Fig.14.A), the results for SKOV3 indicate a significant increase compared 

to the control group starting at a concentration of 100 µM H2O2. This effect is even more evident at the highest 

concentration of 500 µM H2O2, as it is also noticeable in the images of the staining (Fig.14.B). It is evident that 

for SKOV3 the H2O2 induced Nrf2 activation mainly takes place in the nuclei, with signal intensities being 

significantly higher at 100 and 500 µM in the nuclear area (Fig.14.C), whereas the cytoplasmic fluorescence 

intensity remains the same compared to the control group at all tested concentrations (Fig.14.D). For OVCAR3, 

the same trend as for SKOV3 regarding the nuclear activation of Nrf2 through H2O2 was also observed in this cell 

line, as can be seen in the following figure (Fig.15).  

 

Figure 15: H2O2 concentration dependency in EOCs: Regulation of Nrf2 after incubation of OVCAR3 cells with 0-500 µM H2O2 for 1 h 

under static conditions. Displayed are (A) nuclear/cytoplasmic ratio (n/c), (B) images and quantification of (C) nuclear- and (D) 

cytoplasmic Nrf2 mean fluorescence intensities [R.F.U]. Cell images (B) were acquired using the Lionheart FX automated microscope, 20x 

magnification, nuclei are displayed in blue. For quantification of nuclear and cytoplasmic areas (C,D), each condition was carried out in 

technical duplicates and a minimum of three biological replicates. For every sample, three optical fields were randomly chosen for imaging, 

with the total quantified optical fields per condition being a minimum of n = 18. Statistically significant differences were determined using 

Students T-test and are indicated with * p<0.05, ** p<0.01, *** p<0.001. 
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A significant increase in n/c ratio of Nrf2 can already be observed at the lowest tested concentration of 50 µM 

H2O2 (Fig.15.A).  Similarly to SKOV3 however, an increase in nuclear fluorescence signal was obtained only at 

100 µM and 500 µM H2O2 in the nuclear area (Fig.15.C), whereas the signal in the cytoplasmic area remained 

unchanged once again (Fig.15.D). 

4.2.2 Impact of H2O2 concentration dependency on KLF2 

Regarding KLF2, the obtained results for both cell lines are depicted in the same manner as it was done for Nrf2. 

Investigating SKOV3 first (Fig.16), it is evident that increasing concentrations of H2O2 cause a significant 

concentration dependent decrease of the n/c ratio compared to the control group (Fig. 16.A).  

 

Figure 16: H2O2 concentration dependency in EOCs: Regulation of KLF2 after incubation of SKOV3 cells with 0-500 µM H2O2 for 1 h 

under static conditions. Displayed are (A) nuclear/cytoplasmic ratio (n/c), (B) images and quantification of (C) nuclear- and (D) 

cytoplasmic KLF2 mean fluorescence intensities [R.F.U]. Cell images (B) were acquired using the Lionheart FX automated microscope, 

20x magnification, nuclei are displayed in blue. For quantification of nuclear and cytoplasmic areas (C,D), each condition was carried out 

in technical duplicates and a minimum of three biological replicates. For every sample, three optical fields were randomly chosen for 

imaging, with the total quantified optical fields per condition being a minimum of n = 18. Statistically significant differences were 

determined using Students T-test and are indicated with * p<0.05, ** p<0.01, *** p<0.001. 
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While not as prominent at 50 µM H2O2, the observed results seem to indicate a signal shift of KLF2 from the 

nuclear to the cytoplasmic region. Investigating the mean fluorescence intensity for KLF2 in the nuclear area 

(Fig.16.C), it is significantly lowered at 100 µM H2O2 compared to the control group, whereas the other 

concentrations show no significant change. Interestingly, in the cytoplasmic area (Fig.16.D), fluorescence of 

KLF2 seems to be higher at 50 and 500 µM H2O2, whereas it is around the same for 100 µM compared to the 

control group. Regarding the response of KLF2 to H2O2 incubations in the OVCAR3 cell line (Fig.17), no 

significant change in the n/c ratio was found at all tested concentrations (Fig.17.A). However, when investigating 

the mean fluorescence intensities, an increase of KLF2 can be observed in both the nuclear (Fig.17.C) and 

cytoplasmic (Fig.17.D) areas when exposed to hydrogen peroxide. Precisely, a significant signal elevation is 

observed at concentrations of 100 µM and 500 µM H2O2. 

 

Figure 17: H2O2 concentration dependency in EOCs: Regulation of KLF2 after incubation of OVCAR3 cells with 0-500 µM H2O2 for 1 h 

under static conditions. Displayed are (A) nuclear/cytoplasmic ratio (n/c), (B) images and quantification of (C) nuclear- and (D) 

cytoplasmic KLF2 mean fluorescence intensities [R.F.U]. Cell images (B) were acquired using the Lionheart FX automated microscope, 

20x magnification, nuclei are displayed in blue. For quantification of nuclear and cytoplasmic areas (C,D), each condition was carried out 

in technical duplicates and a minimum of three biological replicates. For every sample, three optical fields were randomly chosen for 

imaging, with the total quantified optical fields per condition being a minimum of n = 18. Statistically significant differences were 

determined using Students T-test and are indicated with * p<0.05, ** p<0.01, *** p<0.001. 
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4.3 Influence of mechanical cues on Nrf2 and KLF2 

The correlation between shear-induced activation of KLF2 and the translocation of Nrf2 have been observed in 

endothelial cells.55 Therefore it was of interest to test if the exposure to shear stress (SS) would alter the cellular 

response pattern of the presented ovarian cancer cell lines. To investigate this, SKOV3 and OVCAR3 cell lines 

were exposed to 1 h of SS equivalent to approximately 2 dynes/cm2 with and without co-incubations of 50 µM 

H2O2. In line with previously presented results, cells were then stained for both mechanosensitive TF respectively 

and plotted as n/c ratios as well as mean fluorescence intensities of nuclear and cytoplasmic areas.  

4.3.1 Impact of SS on Nrf2  

The following figure (Fig.18) represents the results for the staining of SKOV3 cells after 1h of SS exposure and 

with or without 50 µM H2O2 incubations. 

 

Figure 18: Shear stress (SS) stimulation in EOCs: Mechanosensitive regulation of Nrf2 after incubation of SKOV3 cells with 0 or 50 µM 

H2O2 for 1 h under static or SS conditions. Displayed are (A) nuclear/cytoplasmic ratio (n/c), (B) images and quantification of (C) nuclear- 

and (D) cytoplasmic Nrf2 mean fluorescence intensities [R.F.U]. Cell images (B) were acquired using the Lionheart FX automated 

microscope, 20x magnification, nuclei are displayed in blue. For quantification of nuclear and cytoplasmic areas (C,D), each condition 

was carried out in technical triplicates and a minimum of three biological replicates. For every sample, three optical fields were randomly 

chosen for imaging, with the total quantified optical fields per condition being a minimum of n = 27. Statistically significant differences 

were determined using Students T-test and are indicated with */# p<0.05, **/## p<0.01, ***/### p<0.001.  
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Hereby, a significant increase in the ratio (Fig.18.A) after 1h SS can be seen for both control and 50 µM H2O2 

conditions. In line with previously obtained results (see Chapter 4.2.1), the coincubation with 50 µM H2O2 seems 

to further potentiate this effect, leading to an even higher translocation of Nrf2 in the nucleus compared to the 

control groups. Regarding the mean fluorescence intensities measured, a significant increase in signal was obtained 

for the control group after 1 h of SS in the nuclear area (Fig.18.C). In the cytoplasmic area (Fig.18.D), signal 

intensities remain the same for all tested conditions. For OVCAR3 cells, results were obtained in an analogous 

fashion as for SKOV3 and are depicted in the figure below (Fig.19). 

   

Figure 19: Shear stress (SS) stimulation in EOCs: Mechanosensitive regulation of Nrf2 after incubation of OVCAR3 cells with 0 or 50 

µM H2O2 for 1 h under static or SS conditions. Displayed are (A) nuclear/cytoplasmic ratio (n/c), (B) images and quantification of (C) 

nuclear- and (D) cytoplasmic Nrf2 mean fluorescence intensities [R.F.U]. Cell images (B) were acquired using the Lionheart FX 

automated microscope, 20x magnification, nuclei are displayed in blue. For quantification of nuclear and cytoplasmic areas (C,D), each 

condition was carried out in technical triplicates and a minimum of three biological replicates. For every sample, three optical fields 

were randomly chosen for imaging, with the total quantified optical fields per condition being a minimum of n = 27. Statistically 

significant differences were determined using Students T-test and are indicated with */# p<0.05, **/## p<0.01, ***/### p<0.001. 

1 h of SS exposure resulted in no significant change in the n/c ratio (Fig.19.A) compared to static conditions for 

both control and 50 µM H2O2 groups. However, the n/c ratio broadens with an increase of physical and chemical 

stressors towards nuclear translocation. Furthermore, while the incubation of 50 µM H2O2 under static conditions 
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only slightly elevates the n/c ratio of Nrf2, this effect seems to be further exacerbated when co-exposed to 1 h of 

SS. This is evident when looking at the higher statistical significance between the 1h SS control group and the 1h 

SS with 50 µM H2O2 incubations. For the mean fluorescence intensities (Fig.19.C & Fig.19.D), only the control 

group of 1h SS diverges from the other conditions. A significantly lower signal was observed in the nuclear area 

(Fig.19.C) when compared to 1h of SS with 50 µM H2O2 and in the cytoplasmic area (Fig.19.D) when evaluated 

in relation to the static control group. 

4.3.2 Impact of SS on KLF2 

The results of the SS experiment stained for KLF2 are presented in this chapter, with the obtained data for the 

SKOV3 cell line being depicted in the next figure (Fig.20). 

 

Figure 20: Shear stress (SS) stimulation in EOCs: Mechanosensitive regulation of KLF2 after incubation of SKOV3 cells with 0 or 50 µM 

H2O2 for 1 h under static or SS conditions. Displayed are (A) nuclear/cytoplasmic ratio (n/c), (B) images and quantification of (C) nuclear- 

and (D) cytoplasmic KLF2 mean fluorescence intensities [R.F.U]. Cell images (B) were acquired using the Lionheart FX automated 

microscope, 20x magnification, nuclei are displayed in blue. For quantification of nuclear and cytoplasmic areas (C,D), each condition 

was carried out in technical triplicates and a minimum of three biological replicates. For every sample, three optical fields were randomly 

chosen for imaging, with the total quantified optical fields per condition being a minimum of n = 27. Statistically significant differences 

were determined using Students T-test and are indicated with */# p<0.05, **/## p<0.01, ***/### p<0.001. 
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1 h of SS exposure induced a significant increase in n/c ratio (Fig.20.A) for both control group and 50 µM H2O2. 

While the distribution of KLF2 towards the cytoplasm when exposed to H2O2 under static conditions was already 

observed (see Chapter 4.2.2), the co-exposure with 1h SS seems to dampen this effect. This is evident when 

observing the n/c ratio of the control and 50 µM H2O2 groups under 1h SS as opposed to under static conditions. 

Regarding signal intensities, mean fluorescence was significantly increased in both nuclear (Fig.20.C) and 

cytoplasmic areas (Fig.20.D). For OVCAR3, the results for the same experiment can be investigated in the 

following figure (Fig.21).  

 

Figure 21: Shear stress (SS) stimulation in EOCs: Mechanosensitive regulation of KLF2 after incubation of OVCAR3 cells with 0 or 50 

µM H2O2 for 1 h under static or SS conditions. Displayed are (A) nuclear/cytoplasmic ratio (n/c), (B) images and quantification of (C) 

nuclear- and (D) cytoplasmic KLF2 mean fluorescence intensities [R.F.U]. Cell images (B) were acquired using the Lionheart FX 

automated microscope, 20x magnification, nuclei are displayed in blue. For quantification of nuclear and cytoplasmic areas (C,D), each 

condition was carried out in technical triplicates and a minimum of three biological replicates. For every sample, three optical fields were 

randomly chosen for imaging, with the total quantified optical fields per condition being a minimum of n = 27. Statistically significant 

differences were determined using Students T-test and are indicated with */# p<0.05, **/## p<0.01, ***/### p<0.001. 

Contrary to SKOV3, this cell line shows no significant changes in the n/c ratio (Fig.22.A), which is also evident 

when looking at the microscopy images (Fig.22.B). Slight differences in signal intensities can be observed when 
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comparing the control and 50 µM H2O2 groups under static conditions in the nuclear (Fig.21.C) and cytoplasmic 

areas (D). These measurements did not align to previous results (see Fig.17), whose cause requires further 

investigation.  

4.4 Effect on cytotoxicity (CTB and SRB) 

Finally, it was of interest to elucidate if shear induced mechanical stimulation in combination with H2O2 exposure 

impacts the cell survival. Therefore, the cell viability and total protein content were assessed using the CTB and 

SRB assays respectively. SKOV3 and OVCAR3 cells were either kept under static conditions or exposed to 1h SS 

before incubating with a concentration range of 10-50-100-500 µM H2O2 for 24 h, after which the assays were 

performed. 

4.4.1 CTB results 

The obtained results of the CTB assay for both cell lines can be seen in the following figure (Fig.22), with the 

control groups being set to 100% to better elucidate potential cytotoxic or proliferative effects.

 

Figure 22: Combinatory effects of chemically and mechanically induced OS on cell viability of EOC: Results of the CellTiter Blue (CTB) 

cell viability assay for (A) SKOV3 and (B) OVCAR3 cells after preconditioning with or without 1 h SS, followed by incubation with 0-10-

50-100-500 µM H2O2 for 24 h under static conditions. Displayed as bar charts is the cell viability as treatment over control (T/C) ratios 

[%], with the control groups (ctrl) being set to 100%. Data was obtained using the Synergy H1 Hybrid microplate reader. Each condition 

was carried out in technical duplicates and a minimum of three biological replicates. Significant differences were determined using one-

way ANOVA and are indicated with */# p<0.05, **/## p<0.01, ***/### p<0.001. 

Examining SKOV3 first (Fig.23.A), cytotoxic effects started taking place at the highest concentration of 500 µM 

H2O2, with the viability being reduced to around 20% compared to controls. Remarkably, 1 h SS pre-exposure at 

the same concentration significantly reduced the cytotoxic potential of the H2O2, bringing it up to approximately 

85%. For all other tested concentrations, no variances between static and 1 h SS conditions were observed. While 

not as prominent compared to SKOV3, the results of OVCAR3 (Fig.23.B) follow a similar response pattern 

regarding the cell viability. The only cytotoxic effect started taking place at a concentration of 500 µM H2O2, at 
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which the viability is at approximately 18% for static conditions. A significant difference is also observable 

between static and 1 h SS conditions in this cell line, with the cytotoxic effect being slightly reduced, and cell 

viability reaching 25% when pre-exposed to 1h SS before the chemical treatment. 

4.4.2 SRB results 

The results of the SRB assay for both cell lines have been compiled in the following figure (Fig.23). The data was 

displayed as the total cell protein amount and expressed as T/C taking the control group as reference (set to 100%). 

Focussing on the results of SKOV3 first (Fig.23.A), cell protein mass seems to not change significantly under both 

static and 1 h SS conditions except for the highest concentration of 500 µM H2O2. In alignment with the CTB 

results, the total protein amount is significantly decreased under static conditions, whereas the same effect is 

present yet less prominent under 1 h SS conditions. 

 

Figure 23: Combinatory effects of chemically and mechanically induced OS on cell viability of EOC: Results of the Sulforhodamine B  

(SRB) cytotoxicity assay for (A) SKOV3 and (B) OVCAR3 cells after preconditioning with or without 1 h SS, followed by incubation with 

0-10-50-100-500 µM H2O2 for 24 h under static conditions. Displayed as bar charts is the total cell protein amount as treatment over 

control (T/C) ratios [%], with the control groups (ctrl) being set to 100%. Data was obtained using the Synergy H1 Hybrid microplate 

reader. Each condition was carried out in technical duplicates and a minimum of three biological replicates. Significant differences were 

determined using one-way ANOVA and are indicated with */# p<0.05, **/## p<0.01, ***/### p<0.001. 

Regarding the SRB analysis of OVCAR3 (Fig.24.B), obtained results indicate that under static conditions, lower 

concentrations of H2O2 (50 µM and 100 µM) caused a significant increase in total protein mass compared to the 

control group. At the highest concentration of 500 µM H2O2, a significant reduction of the cell protein amount to 

around 40% was observed. Under 1 h SS exposure, OVCAR3 cells showed no significant increase in the cell 

protein amount at all tested concentrations. However, at 10 and 500 µM H2O2, a significant decrease compared to 

the control was observed. Comparing the static and 1h SS results, it is evident that at lower concentrations (10-

100 µM), total cell protein amount is significantly lowered under 1 h SS conditions. Contrary, at 500 µM the 

protein mass is elevated when preconditioned with 1 h SS compared to the results obtained in static conditions. 
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4.5 Discussion: 

OC is a very heterogeneous disease and the resistance to chemotherapeutics is a key driver of poor treatment 

prognosis.31,32,94 Elevated levels of OS are a typical characteristic of the ovarian cancer microenvironment18, and 

ROS were found to be a key driver in metastatic spread.83 To withstand high levels of ROS that would be lethal 

to non-transformed cells, OC cells adapt by boosting their antioxidant defences. The transcription factor Nrf2, 

known for orchestrating a multitude of intracellular antioxidant responses, has emerged as a key player involved 

in the aggressiveness and chemoresistance of OC.43 In addition to chemical cues, ovarian cancer cells are 

surrounded by a very dynamic environment, with ascites and movements from other organs influencing the 

microenvironment of these cells. While the involvement of elevated levels of oxidative stress in tumour 

development, progression and metastasis has been extensively studied, the involvement of fluid shear stress on the 

redox homeostasis has only gained attention in recent years.31 In the scope of this thesis, the main objective was 

to assess how chemically induced OS and physical cues impact two OC cell lines, SKOV3 and OVCAR3, with a 

specific focus on their morphology, activation of the Nrf2 and KLF2 signalling pathways and the impact on cell 

viability. 

The adaptation of cells to their surrounding environment is a natural response, with a certain level of plasticity 

being necessary to respond to outward changes. The TME of OC is particularly dynamic, being characterized by 

various physical and chemical stimuli that can alter the cell morphology and drive them towards becoming 

metastatic.58,78,89 The impact of mechanical cues in OC, particularly fluid shear stress, has been previously studied, 

with the formation of stress fibers as well as changes in the nuclear area being observed.95 For instance, OVCAR3 

cells expressed increased stress fiber formation and actin rearrangement after 3 h of SS exposure.89 In that regard, 

it was of interest to see if elevated levels of ROS would also affect the cell morphology in relation to the actin 

cytoskeleton and nuclear area. Investigating the results of the actin cytoskeleton for SKOV3 (Fig.12), the actin 

signal intensity of the cells seems to remain unaffected by the exposure of H2O2. Similarly responding to H2O2 as 

SKOV3, OVCAR3 also show no alterations in actin signal intensities. Additionally, the induction of OS is 

correlated to enlargements of nuclear areas96, changes in nuclear area were also investigated. However, as it can 

be seen in the results for the morphology of the nuclei (Fig.13), no significant alterations in the nuclear area were 

observed for both cell lines at all tested concentrations. These results could be explained by the fact the incubation 

time with the chemical stressor was set at a 1h time point, making it a rather short exposure time. On the other 

hand, it could also very well be explained by the fact that H2O2 is a naturally occurring signalling molecule in the 

cells, with the chosen concentrations and incubation times not significantly affecting the cellular behaviour at this 

level. 

The translocation of the transcription factor Nrf2 in response to elevated levels of ROS is a relatively well 

established pathway.97 Transcription of antioxidant enzymes encoded in the ARE in response to OS is hereby one 
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of the main mechanisms which is activated by Nrf2 translocation. 20,41,77  Both SKOV3 and OVCAR3 are known 

to have a high resistance towards platinum-based chemotherapeutic treatment. In this regard Nrf2 may play a key 

role, as inhibition of this TF was shown to sensitize SKOV3 cells towards Cisplatin treatment.98 Additionally, high 

basal levels of intracellular ROS are suspected to being the reason for increased basal Nrf2 activation in SKOV3 

and OVCAR3 cell lines amongst others.99 Therefore, the next point of investigation was to determine if a chemical 

stimulation of OS would activate the Keap1/Nrf2/ARE antioxidant defence pathway. To test this, the same 

concentration range of 50-500 µM H2O2 was chosen to mimic mild to more elevated levels of OS32 in the two cell 

lines. Indeed, as can be observed in (Fig.14 & Fig.15), a concentration-dependent increase of Nrf2 signal as well 

as translocation towards the nucleus was observed in both SKOV3 and OVCAR3 cell lines after 1h of H2O2 

exposure. Hereby, it was established that the used cell lines are responsive to ROS as implied by the Nrf2 

upregulation and translocation, which provided a fundament for the subsequent experiments that were performed.  

The downregulation of KLF2 seems to be a characteristic in OC, with the expression of this TF being significantly 

lowered in multiple EOC cell lines (amongst which are SKOV3 and OVCAR3) compared to normal ovarian tissue 

cells.71 Therefore, it was of interest to see if the exposure to H2O2 induced OS would affect the expression in the 

two cell lines. Investigating SKOV3 first (Fig.16), the overall trend indicates a translocation/accumulation of 

KLF2 towards the cytoplasm with increasing H2O2 concentrations. When considering the fluorescence signals of 

the nuclear and cytoplasmic area, it is evident that the observed pattern is due to an increased signal intensity in 

the cytoplasmic area. Hence, rather than an increased translocation, SKOV3 cells seem exert an elevated 

expression of KLF2 in the cytoplasm. Literature data  indicate that elevated ROS levels can increase levels of 

KLF2: KLF2 mRNA expression was found to be elevated in rat cardiac myocytes after incubation with 200 µM 

H2O2, with the highest mRNA expression compared to controls being determined after 1h of incubation time.100 

While this study was not conducted on ovarian cell lines, it does highlight that there seems to be a correlation 

between elevated ROS and increase in KLF2 expression. In the case of OVCAR3 cells (Fig.17), increased signal 

intensities are observed at concentrations starting at 100 µM H2O2 in both nuclear and cytoplasmic areas, with the 

overall n/c ratios not altering significantly compared to controls. This indicates that the expression of KLF2 might 

also be increased through hydrogen peroxide in this cell line. 

The TME of ovarian cancer is a unique environment, being a key component in driving cancer formation, 

progression and metastasis. Two important characteristics are hereby mechanical impacts from fluid shear stress, 

as well as elevated levels of ROS.33,58,89 As OS and mechanical cues coexist, it was of interest to investigate if 

these aspects not only as separate entities, but if they are intertwined in regard to OC pathophysiology. Overall, 

the obtained results of the first experiment indicate that SKOV3 and OVCAR3 cell lines respond to elevated levels 

of chemically induced ROS through the upregulation and increased translocation of Nrf2 towards the nucleus, as 

well as an increase in the expression of KLF2. Building on these findings, the next point of investigation was to 
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explore if the antioxidative response is also being activated through mechanical cues, as well as to see if there is 

any potential synergism when combined with chemical stressors.  

As both Nrf2 and KLF2 are known to be mechanosensitive, and the SS induced activation of Nrf2 was found to 

be mediated through priming of KLF2 in endothelial cells101, immunofluorescence analysis for both TFs was 

performed. In this regard, the obtained results for the SKOV3 cell line clearly highlight that Nrf2 translocation as 

well as localization in the nucleus in the nucleus is significantly increased after being exposed to 1h of shear stress 

(Fig.18 & Fig.19). Additionally, co-incubation with 50 µM H2O2 was found to further potentiate this effect, 

suggesting that mechanical cues are involved in the upregulation of this antioxidant master regulator. On the other 

hand, the OVCAR3 cell line present a different behaviour when exposed to SS conditions regarding Nrf2 

translocation. It seems as if the combination of physical and chemical stressors does result in an increased Nrf2 

mediated response, albeit through a different mechanism compared to SKOV3.  

The involvement of KLF2 as a mechanosensitive transcription factor has been well established in endothelial cells, 

with its shear induced activation being reported to not only reduce proinflammatory pathways, but also improve 

antioxidant activity through priming Nrf2.55,69,101 Therefore, it was of interest to see if KLF2 can mirror the 

observed elevated translocation patterns of Nrf2 in SKOV3 and OVCAR3 cell lines. In that regard, the obtained 

results for the SKOV3 cell line (Fig.20) indicate that a correlation could be possible. 1h of SS caused significantly 

higher expression and nuclear translocation of KLF2, following the same pattern as observed for Nrf2 (see Fig.18). 

Therefore, it could be proposed that both OS and the SS/KLF2-mediated activation of Nrf2 take place in this cell 

line. In OVCAR3 however, the antioxidant response mechanism seems to be uncoupled regarding KLF2, as no 

changes in quantification of this TF were observed in this cell line (see Fig.21). Since the combination of SS and 

ROS did cause increased Nrf2 expression in OVCAR3 cells (see Fig.19), it could be postulated that other pathways 

that respond to mechanical cues are involved, leading to the downstream upregulation of Nrf2. For example, a 

recent study found that OS induced downstream activation of Nrf2 is mediated by the mechanoresponsive 

transcription factor YAP1 (Yes-associated protein 1) in human lens epithelial cells.102 In the context of OC 

mechanotransduction, a study conducted by Karasová et al.88 highlights the YAP/TAZ pathway as major responder 

to SS, driving metabolic and stemness changes in HGSOC cells. It was found that 1h of fluid SS caused the 

upregulation of the mechanosensitive TF YAP1  amongst others in OVCAR3 cells.88 While information regarding 

the interplay between YAP1 and Nrf2 is scarce, some studies suggest a crosstalk between these two TF.103,104 

Therefore, it could be postulated that in case of OVCAR3 cells such a KLF2 independent pathway is involved in 

the elevated Nrf2 translocation.  

Tying all observed results together, the final point to be elucidated was to see if the increased Nrf2-mediated 

antioxidant response impacts the survival abilities of tested EOC cell lines. Previous studies concluded that Nrf2 

signalling pathways are involved in the OC pathophysiology, being involved in many stages of the cancer 
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progression as well as chemoresistance.43 While multiple studies have elucidated that a common mechanism 

through which OC acquires chemoresistance is through upregulation of Nrf2105–107, underlying mechanisms have 

yet to be explored in further detail. Particularly, the role of the TME in that regard has been gaining more attention 

in recent years, being involved in the metastasis and chemoresistance. Cytotoxicity assessments obtained in the 

scope of thesis indicate that in the SKOV3 cell line, there could be a potential correlation between SS mediated 

upregulation of Nrf2 and an increased cell survival capability when cells are challenged by oxidative stress. Upon 

incubation with 500 µM H2O2 the cytotoxic effect is significantly decreased when cells are pre-exposed to 1 h of 

SS compared to static incubation conditions (see Fig.22.A & Fig 23.A). The activation of the Nrf2 antioxidant 

pathway plays a key role in the chemoresistance to platinum-based drugs, showing a higher resistance as well as 

decreased prognosis of survival compared to patients where this TF is inactivated.107 Particularly the subtype of 

clear cell carcinomas (CCC), to which the SKOV3 cell line belongs53, was shown to have a higher localization of 

Nrf2 to the nucleus as well as expression.108 As here obtained results elucidated that Nrf2 upregulation in this cell 

line is activated through both SS as well as OS itself (Fig.14 & Fig.18), this can maybe be seen as a functional 

adaption mechanism. In that regard, the potential role that KLF2 plays in this system has yet to be elucidated. 

While some studies suggest a correlation between these two TF84,101, literature findings correlating the two TFs in 

OC is scarce. Hence, further experiments would be needed to confirm a connection between shear activated KLF2 

in priming the Nrf2 mediated antioxidant response that is observed in presented results. 

In this regard, OVCAR3 cells, who have expressed a different translocation pattern of KLF2 and Nrf2, seem to 

also adapt to mechanical stressors, albeit in a different way. Obtained results for the total cell mass determined 

through SRB (Fig.23.B) indicate that low concentrations of H2O2 under static conditions have pro-proliferative 

effects, whereas this is not the case when exposed to SS. It is established that mild levels of OS mediated through 

H2O2 are correlated to the promotion of tumour growth and proliferation109, which could explain the observed 

pattern for OVCAR3 cells under static conditions. However, this pro-proliferative effect is diminished in the 

combination with 1h SS exposure, bringing the total protein expression down to the control group. As FSS imposes 

an additional stressor for the cells on top of chemical ROS induction, it could be postulated that the overall total 

OS experienced for this cell line has reached a level that is too high to exert pro-proliferative effects, yet too low 

to reach levels of cytotoxicity.  Interestingly, when the presence of chemically induced OS is very high (500 µM 

H2O2), 1 h of SS seems to act cytoprotective, showing a decrease in cytotoxicity compared to static conditions.  As 

the expression of Nrf2 was shown to be significantly increased at 50 µM H2O2 compared to controls when under 

SS conditions (Fig.19), it would be of interest to see if the functional adaptability of OVCAR3 cells could be 

explained through different Nrf2-mediated mechanisms. 
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In conclusion, the findings presented in this thesis emphasize the role of both mechanical and chemical cues, as 

well as their interconnection, in shaping the phenotype of epithelial ovarian cancer (EOC) cells. The CCC cell line 

SKOV3 seems to adapt in response to the exposure of FSS and H2O2, increasing the cell survival capabilities 

possibly through functional Nrf2 mediated OS adaptation, with a potential involvement of KLF2 in the signalling 

of downstream antioxidants. In contrast, the more aggressive HGSOC cell line OVCAR3 was shown to express a 

different phenotype, highlighting the heterogenicity that is inherent to OC. While there are many possible pathways 

through which OC cells acquire chemoresistance, results collected in this work make it evident that the TME might 

play a key role in it, and that the various components (eg. ROS, mechanical stimuli, metabolites, …) should not 

be investigated as separate entities, but much rather focusing on their interplay. In this regard, the obtained data 

contribute to a better understanding of how stress-responsive pathways, such as Keap1-Nrf2-ARE, influence and 

shape OC cell behavior. In a broader sense, these findings can hopefully provide insights for further research to 

identifying novel therapeutic targets and improving existing intervention strategies. 
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