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Abstract 
Ovarian cancer is the number one cause of death within the group of gynecological cancers. 

Due to a wide variety of molecular characteristics ovarian cancer is a very heterogenous 

disease whit a lot of challenges in treatment. Even tough cisplatin is one of the most potential 

drugs used in ovarian cancer treatment, the late onset of therapy and evolving resistance 

within the tumor often results in poor prognosis for the patient. Since the ovary is surrounded 

by a very motile environment within the abdomen, physical forces play a central role in the 

tumor microenvironment. Extracellular mechanical stimulation is translated through the 

mechanotransducing apparatus (cytoskeleton, mechanical gated ion channels, 

mechanosensitive proteins) to appropriate cellular responses via altering protein localization 

and/or affecting multiple intracellular signaling pathways. The main goal of this thesis was to 

investigate the effects of physical stressors, especially shear stress, on ovarian cancer cells. 

Experiments were carried out using the epithelial non-serous SKOV3 and high-grade serous 

OVCAR3 ovarian cancer cell lines. First, the effect of shear stress on cytotoxicity of cisplatin 

was evaluated. The results of cisplatin treatment showed some significant differences between 

static and shear stress-exposed cells in the SKOV3 cell line, but not in OVCAR3 cell line. 

Secondly, to explore the intracellular pathways activated through shear stress, 

immunofluorescence was performed. As first, morphological features like nuclear area and 

actin cytoskeleton were assessed. Furthermore, the analysis was deepened on structural 

proteins like Caveolin-1, the mechano-gated ion channel Piezo1, as well as on mechano-

sensitive transcription factors and related proteins (YAP1, Ajuba, Nrf2).  Lastly, a variety of post-

translational modifications like farnesylation, acetylation and phosphorylation was evaluated 

in order to identify possible regulatory events. Taken together, our data showed significant 

differences between the two cell lines with regard to shear stress-induced cellular responses. 

Generally, OVCAR3 cells responded faster than SKOV3 cells, with morphometric 

rearrangement of the nucleus after 3h of incubation and YAP1 translocation.  However, no 

effect could be seen in the cisplatin treatment. SKOV3 on the other hand sustained Nrf2 

nuclear translocation after shear stress, which could be the main factor in modulated 

cytotoxicity of cisplatin in SKOV3 after shear stress exposure. Summarizing the results, multiple 

responses to shear stress might be involved in the pathophysiology of ovarian cancer and more 

experiments are needed to elucidate the pathways to further understand the heterogeneity 

of this lethal disease.  
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Zusammenfassung 
Eierstockkrebs ist die häufigste Todesursache in der Gruppe der gynäkologischen 

Krebserkrankungen. Aufgrund einer Vielzahl von molekularen Merkmalen ist Eierstockkrebs 

eine äußerst heterogene Erkrankung, die eine Vielzahl von Herausforderungen bei der 

Behandlung mit sich bringt. Obwohl Cisplatin eines der am besten geeigneten Medikamente 

zur Behandlung von Eierstockkrebs ist, führen der späte Therapiebeginn und die sich 

entwickelnde Resistenz des Tumors häufig zu einer schlechten Prognose für die Patientin. Die 

Eierstöcke liegen umgeben von einer Vielzahl an sehr agilen Organen und Strukturen, weshalb 

physikalische Kräfte als Teil der Mikroumgebung des Tumors nicht außer Acht gelassen werden 

dürfen. Die extrazelluläre mechanische Stimulation wird durch den mechanotransduzierenden 

Apparat (Zytoskelett, mechanisch gesteuerte Ionenkanäle, mechanosensitive Proteine) in die 

entsprechende zelluläre Antwort umgesetzt, zum Beispiel indem die Proteinlokalisierung 

verändert und/oder mehrere intrazelluläre Signalwege beeinflusst werden. Das Hauptziel 

dieser Arbeit war es, die Auswirkungen von physikalischen Stressoren, insbesondere von 

Scherspannung, auf Eierstockkrebszellen zu untersuchen. Die Experimente wurden mit den 

epithelialen nicht-serösen SKOV3- und hochgradig serösen OVCAR3-Eierstockkrebs-Zelllinien 

durchgeführt. Zunächst wurde der Einfluss von Scherspannung auf die Zytotoxizität von 

Cisplatin untersucht, dessen Ergebnisse signifikanten Unterschiede in der SKOV3-Zelllinie 

zwischen statischen und den der Scherspannung ausgesetzten Zellen zeigten, nicht jedoch in 

der OVCAR3-Zellinie. Des Weiteren wurde eine Immunmarkierung durchgeführt, um die durch 

Scherspannung aktivierten Signalwege zu untersuchen. Zunächst wurden morphologische 

Merkmale wie die Fläche des Zellkerns und das Aussehen des Aktin-Zytoskeletts bewertet. 

Außerdem wurden Strukturproteine wie Caveolin-1, der mechanisch gesteuerte Ionenkanal 

Piezo1 sowie mechanosensitive Transkriptionsfaktoren und Proteine (YAP1, Ajuba, Nrf2) 

untersucht. Darüber hinaus wurde eine Reihe von posttranslationalen Modifikationen wie 

Farnesylierung, Acetylierung und Phosphorylierung evaluiert, um mögliche regulatorische 

Vorgänge zu identifizieren. Insgesamt zeigten unsere Daten signifikante Unterschiede zwischen 

den beiden Zelllinien im Hinblick auf die durch Scherspannung ausgelösten zellulären 

Reaktionen. Im Allgemeinen reagierten die OVCAR3-Zellen schneller als die SKOV3-Zellen, 

allerdings ohne Auswirkungen auf die Effizienz der Cisplatin-Behandlung. Nach Scherspannung 

konnte eine Translokalisation von Nrf2 in den Zellkern bei SKOV3 beobachtet werden, was der 

Hauptgrund für die modulierte Zytotoxizität von Cisplatin in SKOV3 nach Exposition gegenüber 
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Scherspannung sein könnte. Zusammenfassend lässt sich sagen, dass verschiedene Reaktionen 

durch die Scherspannung ausgelöst werden, an der Pathophysiologie des Ovarialkarzinoms 

beteiligt sein könnten. Jedoch sind weitere Experimente erforderlich, um Signalwege 

aufzuklären und die Heterogenität dieser tödlichen Krankheit besser zu verstehen. 
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1 Introduction 
The ovary lies within the peritoneum surrounded by abdominal organs and fluids. This 

particular location makes it very difficult to be examined, favoring a dysregulated cell into a 

tumor without noticing until disease symptoms appear. Additionally, cells of different origin 

can develop into ovarian cancer creating an aggressive disease with a wide heterogenicity in 

morphology, as well as immunophenotypes and molecular signatures. Moreover, the 

abdominal cavity is exposed to various physical stimuli from blood flow and the progression of 

ascites impacting tumorigenesis, metabolism and chemoresistance which contributes to shape 

the disease [1].    

1.1 Ovarian cancer 

1.1.1 Epidemiology and etiology 

Ovarian cancer only accounts for 1,5 % of all cancer cases in Europe but is the most lethal of 

female cancers, with a 5-year survival up to 45,6 % [2, 3]. In 2020, out of globally 6,6 ovarian 

cancer incidences per 100 000 inhabitants, mortality occurred in 4,2 cases per 100 000 

inhabitants. Occurrence is highest in Europe with 8,8 ovarian cancer incidences per 100 000 

inhabitants and a mortality of 4,7 incidences per 100 000 inhabitants [4]. Ovarian cancer is 

diagnosed primarily in postmenopausal women aged 55-74 years, with case fatality increasing 

with age [5]. The total number of mortality decreased over the last decades, where the use of 

oral contraceptives have been found to influence the occurrence of ovarian cancer and 

especially for middle-aged and elderly women, the long-term use led to a reduction of 30-50 

% [6, 7]. The decrease in number is also caused by an improvement of early detection and 

treatment, even though the treatment methods not necessarily prevent mortality but extend 

the survival rate [8].    

1.1.2 Characteristics  
Ovarian cancer is less a single disease rather than a multitude of different types of cell 

abnormality affecting the ovaries, the fallopian tube und the primary peritoneal cavity.  The 

origin can further be differentiated into epithelial, germinal cells and stroma [9, 10].  However, 

tumorigenesis is mainly induced by non-ovarian tissue, such as the endometrium, 

endocervical glands or gastrointestinal epithelium metastasizing into the ovary [11]. In 

addition to morphological changes, ascites is associated with most stages of ovarian cancer 

and is characterized as the accumulation of intraperitoneal fluid. Within the peritoneal cavity, 

fluid levels average 2,3 mL in healthy women and pathologically rise more than ten-fold to 25 
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mL to ascites [12]. Metastasis within the abdomen is related to ascites with the omentum 

being the most common site [13]. Figure 1 represents the female anatomy with the most 

common ovarian cancer sites through metastasis. 

 

For epithelial ovarian carcinomas (EOC) there is a wide morphologic variety separated by their 

cell types, such as serous carcinomas (SC), mucinous carcinomas (MC), endometrioid 

carcinomas (EC) and clear-cell carcinomas (CCC). Additionally, exist also less prevalent types 

like malignant transitional cell (Brenner) tumors, mixed and undifferentiated types. 

Furthermore, the EOC are divided into two types which arise from distant pathways, namely 

type I and II. Type I represents EOC with low-grade, including low-grade (LG) SC, low-grade EC, 

MC and CCC. Type II are high-grade EOC, including high-grade (HG) SC, undifferentiated 

carcinoma and carcinosarcoma [10].  

Serous carcinomas (SC) occur in the majority of EOC-cases and as mentioned before, can be 

subdivided into two groups: High-Grade SC (HGSC) is the dominant type of SC with an 

occurrence of 70 % of EOC, characterized by an aggressive and fast cancerogenic development, 

which results in poor prognosis for patients. The majority originated from the distal end of the 

fallopian tube developing a serous tubal intraepithelial carcinoma (STIC) as precursor for OC 

[9, 11]. HGSC is positive for CK7, PAX8 and WT1, but usually negative for CK20 [10]. In 80 % of 

cases the estrogen receptor (ER) and in 30 % the progesterone receptors (PR) are positive [11]. 

Additionally, p53 is mutated - overexpressed or negative. One of the most prevalent genomic 

Figure 1: Female anatomy and ovarian cancer metastasis illustrated with BioRender.com. 
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mutations in HGSC is in the TP53 tumor suppressor gene, as well as in BRCA1 and BRCA2 [9, 

10]. On the other hand, Low-Grade SC (LGSC) have been shown to develop from serous 

cystadenoma and adenofibroma in a stepwise progression represented and account for 5 % of 

EOC. These tumors grow slowly with a better survival rate than HGSC [10, 11]. LGSC is positive 

for CK7, WT1 and ER. Activation has been shown for KRAS and BRAF in 50 % of cases and p53 

remains wildtype [10]. 

Mucinous Carcinomas are evolved in 2-3 % of EOC with a heterogenous pattern and good 

prognosis. MC are positive for CK7, CK20 and PAX8 in 80 % of cases, but negative for the 

hormone receptors ER and PR, and WT1. In 75 % of cases mutations in KRAS are detected and 

HER2 amplification is present in 20 % [10, 14].  

The Endometrial Carcinomas are positive for CK7, PAX8 and hormone receptors expression, 

but are negative for WT1 and CK20. In high-grade cases, p53 can be overexpressed. For EC, 

PTEN and ARID1A show mutations, which can also be found in endometriosis cysts, leading to 

the possibility of endometriosis being a precursor. EC make up 10 % of EOC [10].  

Clear Cell Carcinomas (CCC) represent 5-10 % of EOC and are clearly associated with 

endometriosis, occurring to have a rather mal prognosis. The tumors are positive for napsin A 

and negative for WT1, p53 and ER which is contrary to other EOC. In 50 % of cases ARID1A is 

mutated and some cases also show mutations in PI3KCA [10].  

Seromucinous Carcinomas are rare and exhibit a variety of cell types, such as serous, 

endocervical-type, mucinous, endometrioid and squamous cells with different pattern, which 

differs between the stages of tumorigenesis. CK7, hormone receptors, CA125, CA 19.9 and 

PAX8 are positive, and additionally WT1 in some cases. CK20 and CDX2 are negative. 

Endometriosis seems to be a precursor since endometrioid neoplasms are often found in the 

same ovary as seromucinous carcinomas. The same mutation in ARID1A is to be found in both 

cell types [10, 14].  

Ovarian germ cell tumors (OGCT) are a rare type with a malignancy of 2-3 % of all OC and 

develop from normal embryotic and extra-embryotic cells. OGCT arises predominantly in girls 

and young women with mean diagnosis age of 16-20 years [15]. Cellular characteristics are 

mostly nonspecific, except for some teratoma which show fat within the solid mass. Markers 
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for OGCT are secretion of chorionic gonadotrophin (β-hCG), α-fetoprotein and occasionally an 

increase in serum lactic dehydrogenases isoenzyme-1 [16]. 

OC arising from stroma cells are very rare and develops from the stroma, which is the 

connective tissue. The exact cause of this kind of OC is barely researched, but some indications 

lead to genetic mutations [17, 18].  

1.1.3 Therapy 
The therapy of OC consists of multiple steps including surgery and chemotherapy. Firstly, a 

primary cytoreduction is advised, including not only the adnexal masses but depending on 

grade also the gastrointestinal tract and uterus. Furthermore, chemotherapy follows as second 

step [1]. Due to the wide heterogeneity in OC cancer biology, the treatment had to be tailored 

to the specific type and origin of the tumor [19]. Ovarian cancer initially shows a high 

sensitivity to platinum-based chemotherapeutic drugs, such as carboplatin and cisplatin, but 

due to emerging resistance, options have been expanded to more sophisticated approaches 

including an antibody against vascular endothelial growth factor (VEGF), namely bevacizumab, 

and oral inhibitors of poly (ADP-ribose) polymerase (PARP) [20]. 

Currently, the most effective platinum-based drug is cisplatin (cPt). Up-taken cPt binds to 

plasma proteins and enters the cell mainly via passive diffusion through copper transporter 

Ctr1 and Ctr2. cPt is positively charged leading to high affinity for the negatively charged DNA, 

RNA and proteins [21]. cPt binds to genomic (gDNA) or mitochondrial DNA (mDNA) [22], 

precisely to the N7 atoms of purine bases in the DNA, causing monoadducts which further lead 

to inter- and intra-molecular crosslinks of DNA-suppressing DNA replication and RNA 

transcription leading to strand-breaks and further mutations [21]. The damaging of DNA is 

followed by an inhibition of DNA, mRNA and protein synthesis, as well as regulatory arrest of 

DNA resulting in the activation of signal transduction pathways which further lead to necrosis 

or apoptosis [22, 23]. Figure 2 provides a schematic representation of the intracellular effects 

of cPt. Even though the main target is DNA, also other targets like mitochondria, zinc finger 

motifs of proteins and other organelles have been shown to be targeted by cPt [24]. 
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Even though initial sensitivity of OC to cPt is very high, chances of recurrence are likely, which 

results in a significant resistance [23]. Platinum-sensitive OC are defined with a platinum-free 

interval (PFI) of more than six months, which is the time between the last treatment dose and 

the relapse evidence of cancer progression. In contrast to platinum-resistant OC with a PFI of 

less than six months [1]. Resistance mechanisms have been classified into four groups to pre-

target (before cPt binds to cellular targets), on-target (alterations of DNA-cPt-adducts), post-

target (mutation or expression changes in downstream signaling pathways inducing apoptosis) 

and off-target (activation of not directly to cPt linked signaling pathways) [25]. Especially OC 

cPt-resistance is induced by on- and post-target mechanisms involving enhanced DNA-repair 

and decreased induction of apoptosis [21, 26]. To increase results of cPt treatment in OC, 

strategies like molecular target therapy and immunotherapy, platinum-complexes and non-

platinum metal-complexes, phytochemicals as sensitizers and nanoparticle drug delivery 

systems are focus of research [26].  

1.2 Mechanotransduction 
The cells are surrounded by a microenvironment, which is essential for their survival, function 

and homeostasis of the whole tissue. The communication on cellular level is triggered by 

chemical (e.g. hormones) or mechanical cues. Mechanical cues can be sensed by the 

mechanosensitive apparatus including plasma membrane, cytoskeleton, and associated 

proteins, which further translate the cues into biochemical signals generating biological 

responses [27, 28]. Those occur within milliseconds and control further, long-term responses 

(within seconds to days) [29]. The physical stimuli include shear stress, pressure and stiffness 

[30]. Every cell has a different response to the mechanical stimulation, depending on the type 

Figure 2: Mechanism of cPt in ovarian cancer cells illustrated with BioRender.com. 
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of mechanical cue, activated signaling pathways and cell cycle phase. The structures 

responsible, for example stretch receptors in muscle cells [31], baroreceptors in the arteries 

[32] or mechanosensitive ion channels in the cell membranes of various cells [33], are called 

mechanosensors. Those include for instance mechano-gated ion channels [34], adhesion 

molecules (e.g. integrins) [35] and cytoskeletal elements [36]. Upon activation, 

mechanosensors undergo force-dependent conformational changes leading to biochemical 

alteration of proteins and cellular pathways [37]. Overall, the communication goes in both 

ways: firstly, the mechanical cues lead to intracellular biochemical responses and further 

alteration in signaling pathways and changes in gene expression. Secondly, intracellular 

biochemical signals alter the extracellular matrix (ECM), cytoskeleton  and cell membrane 

proteins, which further generate force and result in mechanical signals [28]. Furthermore, 

there are two kinds of transduction, focal adhesion for communication between the cell and 

their surrounding tissue, and adherents junctions for cell-cell communication [37]. In figure 3 

the cell with surrounding microenvironment responsible for mechanotransduction is 

illustrated. 

 

1.2.1 Mechanosensation 

Mechanoreceptors are responsible for the conversion of an internal or external mechanical 

signal into a chemical and/or electrical signal. In mammals, there is a wide range of receptors: 

The G-protein coupled receptors (GPCRs) are known for their mechanosensation of sight, smell 

and taste [34]. Amongst the multitude of GPCRs, some also respond to mechanical forces even 

Figure 3: Cell with extracellular matrix and structures involved in mechanotransduction illustrated with 
BioRender.com. 
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though the responses are slower than for mechanosensitive ion channels [29]. Furthermore, 

mechanical signals from cationic currents from Na+, K+ and Ca2+ are processed through non-

selective ion channels. Physical stimuli are also associated with mechanistic alterations like a 

conformational change, loss of function or change in expression pattern through stretch, 

pressure, or channel kinetics [34]. The mostly well-known mechanosensitive ion channels are 

Epithelial sodium channel (ENaC), Piezo, TREK, transient receptor potential (TRP) and big 

potassium (BK) [28]. Especially Piezo1 is of great interest due to mechanosensitive properties 

resulting in activation of downstream signaling pathways, including regulation of gene 

transcription, proliferation, adhesion and migration [38]. In addition, the transmembrane 

protein family of integrins play an important role in mechanosensation, particularly in the 

context of cell adhesion and migration. Integrins are important for linking the extracellular 

matrix to the intracellular cytoskeleton, allowing cells to sense and respond to mechanical 

forces [39]. Integrins form heterodimeric complexes consisting of an α and a β subunit, with 

different combinations of subunits giving rise to different integrin types with distinct functions. 

When integrins bind to extracellular matrix proteins, they can transmit mechanical forces to 

the cytoskeleton through a process known as outside-in signaling involving the activation of 

intracellular signaling pathways, as Rho family GTPases and focal adhesion kinase (FAK), which 

can regulate cytoskeletal dynamics, gene expression, and cell behavior [35].  

1.2.2 Cell membrane 
The lipid membrane is a thin, flexible layer that surrounds the cell and separates its internal 

from the external environment. It is composed of a double layer of phospholipid molecules 

which creates a barrier that is impermeable to most molecules and ions, allowing the cell to 

maintain a distinct internal environment. In addition to phospholipids, the lipid membrane 

also contains other molecules such as cholesterol and glycolipids which are the major 

structural lipids, influencing its physical properties such as fluidity and thickness. Another 

special region of the cell membrane are lipid rafts, which are enriched in certain types of lipids, 

such as cholesterol and sphingolipids. Lipid rafts can be important for a variety of cellular 

processes, including signal transduction, trafficking and membrane organization, as well as 

membrane fluidity and the importance for interaction between membrane proteins [40]. The 

mechanical stimuli has effects on the shape and tension of the plasma membrane, which 

further sustains mechanotransduction [41]. Regarding the transmission from force to signal 

there are two possible models described in literature. On the one hand, the force-from-lipids 
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describes the conversion of tension from hydrostatic and steric forces from the lipid-bilayer 

into conformational changes of the ion channels, which then produces movement of the gates 

[42]. The mechanosensitivity of the ion channel therefore depends on the protein-lipid 

interaction [29]. The membrane proteins have multiple internal states leading to different 

conformational changes as response to the membrane tensions [43]. These interactions are 

postulated to happen without the need for additional elements of the cellular environment. 

On the other hand, the model tethering to ECM or cytoskeleton describes the contact of 

mechanosensitive proteins to the ECM, the cytoskeleton or both, where the mechanical 

stimulation is sensed and then further transmitted to ion channels via connecting structures. 

Especially Piezo1 and TREK-1 are known to be modulated by cytoskeletal elements [42].  

Another important feature of the cell surface is the Caveolae, which are flask-shaped non-

coated structures and play an important role in signal transduction. The proteins cavins and 

caveolins (Cav) are enriched in those structures, especially Cav1 is involved in various signaling 

cascades [44, 45] and an important player in the control of focal adhesion stability, actin 

organization, lipid and cholesterol homeostasis, actomyosin contraction, and contributes to 

mechanosensing and adaptation to mechanical stimulation [45, 46].  

1.2.2.1 Piezo1 

The family of Piezo channels are non-selective cation channels, which are mechanically 

activated, resulting in influx of Na+ and Ca2+. Apart from physical cues, Piezo1 can be activated 

by the compound YODA1 (2-[5-[[(2,6-dichlorophenyl)methyl]thio]-1,3,4-thiadiazol-2-

yl]pyrazine), which is the only known activator so far [47]. In endothelial cells Piezo1 can be 

activated through shear stress, which further causes Ca2+ influx meditating Piezo1-specific 

downstream signaling events [48]. As a mechanosensitive ion channel, Piezo1 activity is also 

affected by the alteration of cytoskeletal structure and lipid modulation [49] and high stress 

can lead to a loss of channel inactivation [50].  

1.2.2.2 Caveolin-1 

As briefly mentioned above, the small integral membrane protein Cav1 is part of the family of 

caveolins as mechanosensitive structures. In this regard, mechanical stimulation can promote 

phosphorylation leading to increased expression of caveolar genes [45]. Furthermore, the 

reversible phosphorylation of Cav1 as response to physical cues has significant effects on 

signaling events and cell-EMC interactions. However, the caveolae dynamics are coupled to 
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the actin cytoskeleton and Cav1 interacts with the protein filamin A (FLN-A), which links 

integrins to the cytoskeleton. This leads to a mutual regulation of Cav1 and actin cytoskeleton 

[51]. Furthermore, YAP and TAZ can be modulated by Cav1 resulting in modulated downstream 

gene expression [52].  

1.2.3 Actin cytoskeleton and extracellular matrix 
Enclosed by the lipid bilayer is the cytoskeleton which surrounds the nucleus and integrates 

the activity of various cytoplasmatic proteins and organs. This results in a dynamic and 

adaptive structure, mainly consisting of actin filaments, microtubules and intermediate 

filaments, providing cell shape and mechanics. Those compartments can interact with each 

other through nonspecific (e.g. steric interactions and enlargement) or specific (e.g. proteins) 

signals [53]. The cytoskeleton provides viscoelastic properties, which not only sustains and 

responses to forces from the outside, but also can change through polymerization of actin 

filaments through cues from inside [28]. The forces generated through polymerization and 

depolymerization lead to changes in cell shape and organization of cellular compartments, as 

an example for intercellular mechanical stimuli. Shear stress, as an example for an extracellular 

mechanical force, through e.g. blood flow, can lead to a stiffening of the actin cytoskeleton 

[53]. 

However, the ECM surrounds the whole network, which composition varies between the 

tissues, but mainly consists of water, proteoglycans and several fibrous proteins. Due to the 

ECM structural support and stability, cell adhesion, survival etc., are provided. The attachment 

is ensured by surface receptors like integrins, syndecans and selectins. Integrin-based adhesive 

structures play the main role in sensing the properties and conditions of the substrate. 

Especially important for cell-matrix interactions are integrin-dependent structures like focal 

adhesion, podosomes and hemidesmosomes. Except for hemidesmosomes, integrin-based 

structures connect the actin cytoskeleton with the ECM, while hemidesmosomes serve as 

attachment of epithelial cells to the intermediate filaments [54].  

1.2.4 Mechanosensitive transcription factors 
Mechanosensitive transcription factors, like YAP1 and Nrf2, are a class of proteins that play a 

crucial role in translating mechanical cues into gene expression changes. They act as molecular 

switches that respond to extracellular mechanical forces by binding to specific DNA sequences 

and modulating the transcription of target genes [55, 56].  
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1.2.4.1 YAP/TAZ and Hippo pathway 

Two of the most important and well researched proteins involved in mechanotransduction are 

Yes-associated protein 1 (YAP) and WW-domain-containing transcription regulator 1 (WWTR1 

or TAZ). Both proteins share 46% of amino acid identity and are responsible for the same 

functions, leading to a signal amplification [57]. YAP and TAZ are transcriptional regulators 

which are activated and controlled by a variety of factors like cell shape, polarity, cell-cell 

adhesion, extracellular forces, cellular growth factors, metabolic pathways and the Hippo 

pathway [58, 59]. This leads to an interplay between mechanics, metabolism and 

developmental signal cascades in tuning the YAP/TAZ activity. This balance can be disrupted in 

pathological conditions and can lead to several diseases including cancer [60]. As mentioned 

above, the cytoskeleton controls several factors of the cell which further means that YAP/TAZ 

are regulated and activated by F-actin and integrin-dependent focal adhesions. For F-actin, not 

the total amount but the subcellular organization, fine structure and tension, has found to be 

the key player [56].  

Furthermore, the Hippo signaling pathway is one of the main regulators of YAP/TAZ and 

controls their cellular localization (cytoplasmic vs. nuclear) through the phosphorylation 

status. When the Hippo pathway is active, YAP/TAZ are phosphorylated by the Hippo kinases, 

MST1/2 and LATS1/2 at specific serine residues and are sequestered in the cytoplasm by 

binding to 14-3-3 proteins, leading to their inactivation and degradation by the proteasome. 

On the other hand, when YAP/TAZ are not phosphorylated, they can translocate to the nucleus 

and act as transcriptional coactivators. Once YAP/TAZ are translocated to the nucleus, they 

interact with transcriptional enhancer factor (TEA)-domain (TEAD) family of DNA-binding 

factors to activate gene expression. In addition to the Hippo pathway, YAP/TAZ 

phosphorylation can be regulated by other signaling pathways, such as the Wnt and GPCR 

pathways. For example, GPCR signaling can activate YAP/TAZ by inhibiting LATS1/2, leading to 

decreased phosphorylation and nuclear localization of YAP/TAZ. [60-63]. The YAP/TAZ target 

genes are predominantly genes involved in proliferation and differentiation. YAP/TAZ 

overactivation triggers hyperproliferation, organ overgrowth, anchorage-independent growth 

and cancer [58, 59]. Ajuba is a protein involved in Hippo signaling as a binding partner of LATS2 

and has been shown to negatively regulate YAP activity trough LATS family [64]. 

Overexpression of Ajuba is associated with an increase in YAP1 phosphorylation and a 

decrease in YAP1 nuclear localization [65, 66]. In this regard, the Hippo signaling pathway and 
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its key players YAP and TAZ could be an interesting target in cancer research, since its activity 

is activated by oncogenes or by inactivation of tumor-suppressor genes [61].  

Figure 4 shows the previous described signaling pathways with special focus on the Hippo 

signaling with YAP/TAZ activity.  

 

1.2.4.2 Nrf2 

The Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription factor that plays an 

important role in the regulation and expression of genes involved in antioxidant defense [67]. 

Nrf2 belongs to the subfamily of basic leucine zippers and is regulated by a complex network 

of transcriptional and post-translational factors [68]. Nrf2 is known to be the master 

transcriptional regulator of cellular redox homeostasis and therefore is activated through 

oxidative stress. In addition, mechanosensitive activation through various pathways (e.g. Ca2+, 

NO, PI3K and Rho) meditated by ion channels, G-protein coupled receptors, growth factor-

receptors and integrins are involved in the nuclear translocation of Nrf2 [69]. In unstressed 

conditions Nrf2 interacts with Kelch-like-ECH-associated protein 1 (KEAP1) resulting in 

ubiquitination and degradation of Nrf2 resulting in low cellular concentrations [55, 70]. As 

Figure 4: Intracellular signaling pathways with special focus on Hippo signaling and YAP/TAZ activity illustrated with 
BioRender.com. 
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response to oxidative and mechanical stimuli Nrf2 stabilizes, accumulates and translocates to 

the nucleus, activating the transcription of downstream targets through binding to the anti-

oxidative response element (ARE) on their promotors [71]. Nrf2 is highly sensitive to shear 

stress in vitro and nuclear translocation can be meditated through the PI3K-signaling pathway 

via depolarization of the actin cytoskeleton [70]. Additionally, activation of Piezo1 has been 

shown to activate Nrf2 through Ca2+/CamKII signaling under stress conditions [67]. Target 

genes play a crucial role in the antioxidative stress response and drug detoxification, as well as 

in autophagy, metabolism and carcinogenic protein responses [55, 72]. Nrf2 has been shown 

to induce the expression of detoxification and antioxidant enzyme and inhibits gene 

transcription of pro-inflammatory cytokines [73]. But prolonged high shear stress seemed to 

induce pro-inflammatory effects elucidating negative impacts of activated Nrf2 in cancer cells 

[74]. The activation and response of Nrf2 is briefly illustrated in figure 5. 

 

 

1.2.5 Post-translational modification 
However, the surrounding microenvironment can undergo structural changes through protein 

post-translational modification (PTM), which is an important factor for maturation and cellular 

processing of proteins.  PTM is characterized as the enzyme-catalyzed covalent conjunction of 

various chemical groups to protein side chains. Those changes can result in activation, 

inhibition or degradation of downstream signaling pathways. More than 300 PTMs have been 

characterized and can be divided into phosphorylation, acetylation, lipid-related modification, 

Figure 5: Intracellular signaling pathways of Nrf2 illustrated with BioRender.com. 
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metabolite-related modification and ubiquitin-like small-molecule modification [75]. The most 

abundant PTM is phosphorylation with over 250 000 phosphorylation sites, most frequently 

serine, threonine and tyrosine sites [76]. The reversible reaction of adding a phosphor group 

has a strong impact on the function of the protein and on various cellular functions such as 

cell growth, differentiation and apoptosis. Consequently, phosphorylation is essential for 

normal cellular processes, abnormal phosphorylation is the prime cause for alterations of 

structural, functional and regulatory proteins [77]. Furthermore, signal transduction is 

controlled by the activity of kinases and phosphases. Even though a wide variety of 

phosphorylated proteins are known, the direct function of phosphorylation sites and 

phosphoforms must be explored [76]. Another modification is the N-acetylation, defined as 

the transfer of an acetyl group e.g. from acetyl-coenzym A to the α- or ε-amino group of a 

protein [78]. Acetylation is catalyzed by the lysine acetyltransferase (KATs) and acetylated 

proteins are involved in a variation of processes such as metabolism, translocation, protein 

degradation and cytoskeleton organization [79]. On the other hand, lipid modifications 

describe the cleavage of lipid-based residues to the protein, causing the conversion from 

hydrophilic proteins into hydrophobic membrane proteins resulting in a high affinity for the 

membrane lipid bilayer. This modification is necessary for the meditation of protein-protein as 

well as membrane-protein interactions, the regulation of localization and function of proteins 

[80-82]. Lipids used for PTM are prenyl groups which are intermediates in the cholesterol 

biosynthesis, namely farnesyl with 15 carbon chains and geranylgeranyl with 20 carbon chains. 

Farnesyltransferase (FTase) and geranyl-geranyltransferase (GGTase) catalyze the covalent 

binding of farnesyl or geranylgeranyl to the thiol group of cysteine in C-terminus in 

approximately 300 proteins [83]. For instance, farnesylated proteins include the pro-

oncogenes of Ras superfamily (H-, K-, N-Ras GDP/GTP binding GTPase), which are involved in 

the regulation of proliferation, differentiation, cell adhesion and apoptosis, as well as the 

tumor-suppressor proteins of Rho GDP/GTP binding GTPases controlling many cellular 

processes. As well as the PRL family of tyrosine phosphatases taking part in the regulation of 

cell growth and mitosis, and nuclear lamins, which are constitutes of the nuclear lamina 

playing a role in DNA replication, cell division, protein trafficking and gene transcription, are 

another groups of proteins regulated by farnesylation. [81]. As elucidated, PTMs are involved 

in a variety of signal transduction pathways whose dysfunction can cause cancer and other 

diseases. It leads to attempts in treatment trials to target the inhibition of FTase and GGTase 
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in order to decrease proliferation and induce apoptosis [83]. Inhibition of farnesylation and 

geranylgeranylation through statins has been shown to suppress YAP/TAZ nuclear 

translocation, especially the inhibition of RhoA geranylgeranylation leads to inhibition of YAP 

and TAZ [84, 85].  

1.3 Mechanotransduction in ovarian cancer 
Mechanical stimulation is especially important for the ovary since it is a dynamic structure 

both intrinsic due to the reproductive cycle and extrinsic because of the physical forces within 

the abdomen. For instance, ascites buildup and fluid movement, intestinal fluid flow and blood 

flow provoke shear stress in ovarian cancer [86]. Physiological relevant shear stress rates in 

gastrointestinal models range from 0,14-11 dyn/cm2 and have been used to estimate rates in 

the ovaries [12]. The shear stress due to the constant fluid flow leads to a suppression of E-

cadherin expression, as well as structural changes like stress fiber formation and cell 

elongation. In this regard, the metastatic cascade is linked to the detachment of the cancer 

cells from the surface, migration to secondary sites followed by tumor growth [86]. Aside from 

advantages in metastasis, shear stress has shown to increase chemoresistance, underpinning 

the lethality of ovarian cancer [87].  

Nevertheless, mechanical cues lead to activation of several signaling pathways, including the 

Hippo pathway. In the ovary, the Hippo signaling has a functional variety and is involved in 

diverse molecular mechanisms. It triggers the translation and generation of cellular responses 

to external stimulation in order to maintain the ovarian tissue growth and homeostasis. [88].  
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1.4 Aim of the thesis 
With the thesis we aim to investigate the effects that mechanical cues (i.e. shear stress) has 

on i) cell proliferation, ii) cytotoxicity of cisplatin treatment and iii) intracellular signaling 

pathways through mechanotransduction. The two ovarian cancer cell lines SKOV3 and OVCAR3 

are used to elucidate the heterogenous behavior of ovarian cancer and show the various 

responses of shear stress through the mechanotransducing apparatus. Initial experiments with 

different biomechanical stimulation protocols of 3 and 24 hours support the identification of 

the optimal response of the cell in regard of proliferation pattern and are further used to 

explore cytotoxicity and mechanosensitive signaling pathways. Special focus is laid on how 

shear stress can impact the cytotoxic potential of cisplatin since both cell lines show initial 

resistance to several drugs. Secondly, mechanosensitive intracellular signaling pathways are 

investigated by microscopy and image analysis. Main targets are the keystones nucleus and 

actin cytoskeleton, and further Caveolin-1 and Piezo1 as part of the cell membrane, YAP1 and 

Ajuba mechanically modulated within the Hippo pathway, post-translational modulation with 

farnesylation, acetylation and phosphorylation and finally Nrf2 as a mechanosensitive 

transcription factor.  

The results should provide a basic overview on how shear stress might be involved in the 

pathophysiology of ovarian cancer leaving space to connect the different responses and 

pathways involved to dive deeper into the disease.   
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2 Materials and Methods 

2.1 Materials  
Table 1: Lists of reagents and material used. 

Name Supplier Reference ID Additional Information 

Solutions 
McCoy’s 5A Medium Gibco 22330-021  
RPMI 1640 Medium Gibco 21875-034  
Fetal calf serum Gibco 10270-106  
Penicillin/Streptomycin Gibco 15140-122  
Insulin-Transferrin-
Selenium 

Gibco 41400-045  

Trypsin Gibco -  
DPBS Gibco 14190-094  
PBS-A Self-prepared ROTH 3904.1 

VMR 26764.298 
ROTH 0962.2 
ROTH 4984.1 

0,4 g KH2PO4 
0,4 g KCl 
16 g NaCl 
4,4 g Na2HPO4 
dissolved in 1 L autoclaved H2O 
pH adjusted to 7,2 

Washing Buffer Self-prepared  0,05 % Triton-X in PBS-A 
Permeabilization Buffer Self-prepared  0,2 % Triton-X in PBS-A 
Donkey Serum Sigma Aldrich D9663-10ML Diluted from 35 % stock solution 
Mounting Medium with 
DAPI 

Abcam AB104139  

Phalloidin-488 Oregon 
Green 

Invitrogen 07466 Dissolved in MeOH 

Crystal Violet    0,1 % dissolved in EtOH 
WST-1 Roche 11644807001  
CASYton Omni Life 

Science 
-  

Antibodies 
Mouse mAb to Ajuba Santa Cruz 

Biotechnology 
sc-374610  

Mouse mAb to 
Acetylated Lysine 

Invitrogen MA1-2021  

Alexa Fluor 647 donkey 
anti-mouse igG 

Invitrogen A31571  

Rabbit mAb to YAP1 Abcam AB52771  
Rabbit pAb to 
Farnesylation 

Invitrogen PA-12554  

Rabbit pAb to 
Phosphoserine/ 
threonine/tyrosine 

Invitrogen 61-8300  

Rabbit mAb to Nrf2 Abcam Ab62352  
    

Rabbit to pAb Piezo1 Invitrogen PA5-106296  
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Alexa Fluor 647 donkey 
anti-rabbit igG 

Invitrogen A31573  

Goat pAb to Caveolin-1 Abcam AB211503  
Alexa Fluor 647 donkey 
anti-goat igG 

Invitrogen A21447  

Treatments  

YODA SIGMA SML1558 1 mM stock solution 
 

The materials used for the experiments are listed in Table 1. Cisplatin was a generous gift from 

the collaboration partners from the department of analytical chemistry. The cell lines were 

acquired from the American Type Culture Collection (ATCC) and cultivated according to their 

specification.  

2.1.1 SKOV3 

The non-serous SKOV3 cell line (HTB-77) is of epithelial morphology, isolated from ovarian 

adenocarcinoma. SKOV3 are a more robust and resistant cell line, especially to tumor necrosis 

factor and cytotoxic drugs including cisplatin [89]. SKOV3 are classified as CCC and carry 

mutations of PIK3CA, ARID1A and TP53 [90]. Morphologically the cells are oval and elongated 

as shown in figure 6. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Image taken with Olympus SC50, 10x magnification 

 

Figure 6: SKOV3 cells 
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2.1.2 OVCAR3 

The serous OCVAR3 cell line (HTB-161) is of epithelial morphology and were isolated from 

malignant ascites of a patient with progressive adenocarcinoma. The cell line grows in colonies 

and displays resistance to clinically relevant concentrations of drugs including cisplatin [91]. 

OVCAR3 is one of the most extensively used OC cell line and serves as model for HGSC. OVCAR3 

show a loss of p53 and a very high frequency of copy number alterations [92]. The cells are 

small and rather round in morphology as seen in figure 7.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Image taken with Olympus SC50, 10x magnification  

 

2.2 Methods 
Following the methods implemented in this work will be presented, including cell cultivation 

and experimental layouts.  

2.2.1 Cell Cultivation 

Cell maintaining 

The cells are cultivated in flasks in an incubator at 37°C and 5% CO2. SKOV3 are passaged 2-3 

times a week after reaching a confluency of over 90 %. OVCAR3 are passaged 1-2 times a week 

after reaching a confluency of approximately 85 %. 

Figure 7: OVCAR3 cells 
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Media composition  

The composition of cell culture medium for SKOV3 cells is shown in table 2, and for OVCAR3 

cells in table 3. 

 

Table 2: Composition of SKOV3 cultivation medium 

Agent Quantity 

McCoy’s 5A Medium 89 % 
Fetal Calf Serum 10 % 
Penicillin/Streptomycin Solution 1 % 

 

 

Table 3: composition of OVCAR3 cultivation medium 

Agent Quantity 

RPMI-1640 Medium 78 % 
Fetal Calf Serum 20 % 
Insulin-Transferrin-Selenium [100 µg/mL] 1 % 
Penicillin/Streptomycin Solution 1 % 

 

Cell Counting  

In the beginning, the number of cells per mL Trypan blue solution was counted manually 

diluting the cell suspension 1:5 with Trypan blue. After cell death permeabilization of the cell 

membrane is increased and cells are dyed blue but living cells with intact cell membrane 

remain transparent. 10 µL of the solution was added to a Neubauer counting chamber and 

counted under the use of Olympus SC50 (Olympus, Tokyo, Japan) microscope with 10x 

magnification. For the calculation living-cell concentration equation 1 was used. 

𝑐𝑒𝑙𝑙𝑠

𝑚𝐿
=

𝑚𝑒𝑎𝑛 𝑙𝑖𝑣𝑖𝑛𝑔 𝑐𝑒𝑙𝑙𝑠∗𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑐𝑎𝑚𝑏𝑒𝑟 𝑑𝑒𝑝𝑡ℎ∗𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑎𝑟𝑒𝑎
    (1) 

Furthermore, automated cell counter and analyzer CASY (OMNI Life Science, Bremen, 

Germany) was used for determination of the number of cells per mL cell suspension. 20 µL of 

cell suspension were diluted in 10 mL of CASYton and then measured. For further calculations 

the amount of viable cells/mL is used.  

2.2.2 Experiments 

Shear Stress 

The following experiments include mechanical stimulation of the cells with shear stress. For 

application, cells were exposed to shaking on the orbital shaker IKA MS 3 control (IKA, Staufen, 
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Germany) at 250 – 500 rpm dependent on experiment and plate used for times ranging from 

one to 24 hours. The shear stress was applied and assessed to the other plate-layouts 

according to Warboys et al [93]. Pursuant to this equation 250 rpm in a 6-well or 300 rpm in a 

12-well plate are equivalent to approximately 2,8 dyn/cm2 [94]. Respectively, for every shear 

stress plate a static control plate was seeded.  

Proliferation 

Proliferation rates influenced by application of shear stress was determined in two different 

experiments with 3 biological replicates:  

For first basic analysis cells were seeded into T35-dishes (Sarstedt, Nümbrecht, Germany) with 

a density of 10 k cells/cm2 for SKOV3 and 50 k cells/cm2 for OVCAR3. Two layouts were 

established as seen in figure 8. For the first layout, cells were seeded and settled for 24 hours 

to create a monolayer and then shaken for 3 hours at 250 rpm. For the second layout, cells 

were seeded right before shaking to stimulate the effects of shear stress in the blood stream. 

After 24, 48 and 72 hours cells were counted manually using the Neubauer counting camber.   

Layout A: Monolayer, Layout B: Suspension 

 

Cytotoxicity of Cisplatin 

In order to determine the effects of Cisplatin on SKOV3 and OVCAR3 cell lines, a titration of 

the drug was performed. The experiments were performed under shear stress, to elucidate if 

the application of mechanical stimulus can modify the cell response. For the experiment two 

different layouts were performed with six cisplatin-concentration ranging from 0,5 to 20 µM 

respectively for one to five biological replicates: 

Figure 8: Visualization of proliferation experiment 
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Firstly, the cells were seeded in a density of 10 k cells/cm2 for SKOV3 and 50 k cells/cm2 for 

OVCAR3 into 6- or 12- well plates (Sarstedt, Nümbrecht, Germany) and settled to a monolayer 

for 24 hours. The plates were shaken with 250 rpm for 6- and 300 rpm for 12-well plate for 3 

and 24 hours. Directly after shaking the cells were reseeded into 96-well (Sarstedt, Nümbrecht, 

Germany) plates with the same densities. Treatment was ether applied on the same day as 

reseeded after 3 hours of recovery time or 24 hours after reseeding as illustrated in figure 9. 

WST-1 assay was used to analyze cell viability after 24 hours of treatment followed by Crystal 

Violet assay for cell mass.   

  

 

 
 

 

 

 

 

  

Layout A: treatment at T0, Layout B: treatment at T24 

 

Secondly cells were treated without the additional step of reseeding as shown in figure 10. 

SKOV3 were seeded with 10 k cells/cm2 for 3 hours and 7,5 k cells/cm2 for 24 hours of shear 

stress into 12-well plates and for OVCAR3 50 k cells/cm2. The plate was divided into 3 different 

layouts: For layout A the cells were treated after shaking and incubated for 48 hours, layout B 

was also treated after shaking but incubated for 24 hours and then medium was changed. 

Figure 9: Visualization of cisplatin experiment No. 1. 
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Layout C was treated 24 hours after shaking and incubated for 24 hours. The cell mass was 

assessed with Crystal Violet assay. 

 

WST-1 

Cell viability was assessed using WST-1 assay previously described by Del Favero et al., 2018 

adapted to the cell lines used [95]. Briefly, the WST-1 solution was diluted 1:20 with according 

medium and incubated for one hour. WST-1 is a colorless salt that is cleaved by viable cells 

through mitochondrial dehydrogenases activity, reacting into the colored formazan dye. The 

number of viable cells is directly proportional to the intensity of the solution [96]. Absorbance 

was measured at 440 nm using multi-detector microplate reader Synergy H1 Hybrid (Biotek, 

Bad Friedrichshall, Germany).  

Crystal Violet 

Cell mass was measured using Crystal Violet assay. As described by Del Favero et al., 2021 the 

cells were fixed with 96% ethanol for 10 minutes and 0,1 % crystal violet solution was added 

[97]. The Crystal Violet assay detects cells that are attached to the surface. The intensity of 

staining solution is directly proportional to the cell biomass in the plate [98]. A destaining 

solution 1 % acetic acid solution was used, and absorbance was measured at 595 nm using 

multi-detector microplate reader Synergy H1 Hybrid (Biotek, Bad Friedrichshall, Germany). 

Immunostaining and microscopy 

Different mechanosensitive proteins have been quantified using fluorescent staining and 

microscopic analysis. The staining protocol previously described by Del Favero et al., 2020 was 

adapted [99]. Plates were seeded and shaken as described above. The cells were fixed with 3,5 

% formaldehyde for 10 minutes and stored with PBS-A in the fridge until stained. For staining 

procedure, the fixed cells were permeabilizated, to remove lipids and allow the antibodies to 

Figure 10: Visualization of cisplatin experiment No. 2 
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pass through the cell membrane, using permeabilization buffer for 15 minutes. Afterwards, 

the cells were blocked with 2 % donkey serum for one hour aiming to increase sensitivity of 

the staining. Ajuba, Farnesylation, Phosphorylation and YAP1 antibodies were diluted 1:1000, 

Cav1-antibody 1:750 and Nrf2-antibody 1:500 in 0,25 % donkey serum and incubated for 24 

hours. After washing procedure, the adequate Alexa Fluor 647 secondary antibodies, donkey 

anti-mouse for Ajuba, donkey anti-rabbit for YAP1, Farnesylation, Phosphorylation and Nrf2 

and donkey anti-goat for Cav1 and phalloidin, diluted 1:1000 in 0,25 % donkey serum, were 

incubated for 3 hours and another washing procedure was performed. For the final steps post-

fixation with 3.5 % formaldehyde solution was performed, quenched with glycin/PBS-A 

solution, followed by washing and finally covered with mountain medium containing DAPI.  

For Acetylation staining protocol by Jobst et al., 2023 was adapted [100]. Same steps were 

applied as described for the other procedures but acetylated lysine antibody (diluted 1:500) 

was incubated for two hours and following steps preceded the same day. As second antibody 

donkey anti-mouse in a dilution 1:1000, as well as phalloidin 1:000 was incubated. 

Staining procedure for Piezo1 was adapted according to Bergen et al., 2023 [101]. After fixation 

of the cells with 3,5 % formaldehyde, blocking with 2 % donkey serum for one hour was carried 

out, followed by incubation of Piezo1 antibody diluted 1:400 in 0,25 % donkey serum for 24 

hours in the fridge. The cells were washed with PBS-A only and secondary antibody donkey 

anti-rabbit diluted 1:1000 in 0,25 % donkey serum was incubated for two hours. Another 

washing procedure with only PBS-A was performed followed by permeabilization for 15 

minutes. Afterwards another blocking step for one hour and two-hour incubation with 

phalloidin diluted 1:1000 was performed. Subsequent washing and post-fixation steps were 

same as described above.  

2.2.3 Imaging and Statistical Analysis 

Image Analysis 

Live cell imaging was performed at Lionheart FX automated microscope (BioTek Instruments, 

Winooski, VT, USA) using the channels DAPI (377-447 nm), GFP (469-525 nm), CY5 (628-685 

nm) and phase contrast. The software used for capturing images and cellular analysis was Gen5 

(BioTek Instruments, Winooski, VT, USA). First analysis of the dataset was performed in an 

automated fashion, in order to achieve high-throughput data screening. Nuclei area was 
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detected using DAPI mask and for cytoskeleton area the secondary mask determining size via 

GFP channel was applied.  

Statistical analysis 

Analyzed values were calculated with Excel (Microsoft, Remond, WA, USA) and statistics were 

performed in OriginPro 2023 (OriginLab Corporation, Northampton, MA, USA) software. For 

the shear stress experiments the Mann-Whitney-Test, for cytotoxicity experiments the one-

way ANOVA with Fisher-LSD and for immunostaining experiments the Student’s t-Test was 

performed. Differences were identified as significant with a threshold value (p) of 0,05. 

  



25 
 

3 Results 
Following the results of experiments performed are shown.  

3.1 Proliferation 
The results of the proliferation experiment show a strong variety in proliferation pattern 

between the cell lines as well as between the experimental layouts. Figure 11 summarizes the 

proliferation pattern and comparison of growth.  

Graph A shows SKOV3 shaken in suspension where shear stress leads to a lower proliferation 

rate compared to static control. A similar result is seen for OVCAR3, where in graph C, shear 

stress of the suspension leads to cell death compared to the static control, which is not seen 

when OVCAR3 are shaken in a monolayer as displayed in graph D. In both cell lines the shear 

stress proliferation rates in the suspension layout catch up with static control between the 

time points of 48 and 72 hours after shear stress. A very different pattern is seen for SKOV3 

monolayer expressed in graph B, where proliferation rates do not show any differences in the 

first 48 hours after shear stress. 

In contrast to proliferation pattern, the percentual growth of each experiment shows 

significant differences within the experiments as well as cell lines. Graph E shows the growth 

within the first 24 hours after shear stress and recapitulate how OVCAR3 and SKOV3 react to 

the shear stress individually depending on their condition of either suspension or monolayer.  

The differences in growth diminish within the time range of 24 to 72 hours after shear stress 

as seen in graph F. Even though some significant differences are seen for SKOV3 suspension 

and comparison of shear stressed OVCAR3 suspension with monolayer.  
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Displayed are the means plus standard derivation after n = 3 biological experiments.  

A: Suspension of SKOV3, B: Monolayer of SKOV3, C: Suspension of OVCAR3, D: Monolayer of OVCAR3, black = 

static control (SC), red = shear stress (SS).  

E: Comparison of growth in the time frame from seeding to 24 hours after shear stress of both cell lines 

D: Comparison of growth in the time frame from 24 hours after shear stress to 72 hours of both cell lines 

S_O = Suspension OVCAR3, S_S = Suspension SKOV3, M_O = Monolayer OVCAR2, M_S = Monolayer SKOV3 

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 
 

  

C  

E  

  
 
 
 

 
 
C
 
 
 

Figure 11: Proliferation rates of SKOV3 and OVCAR3 cell lines and comparison of percentual growth 
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3.2 Cytotoxicity  
The results of the WST-1 assay are expressed as cell viability (Test/Controls in percentage) and 

Crystal Violet assay as cell mass. Controls were set to 100 % so that cytotoxic effect of cisplatin 

can be determined for each concentration. As shown in figure 12, the treatment with cisplatin 

either directly after re-seeding (T0) or 24 hours after (T24) in concentrations of 5, 10 and 20 

µM has significant effects on both, cell viability and cell mass compared to the solvent control. 

3 hours of shear stress did not lead to a significant variation in sensitivity or resistance 

compared to static control.  

Displayed are the means plus standard derivation for each treatment condition as treatment over control (T/C) 

for SKOV3 cell line after n = 3 biological experiments. Ctrl = untreated control, white to grey = static control, 

green = WST-1 of cPt treatment (A+C), purple = Crystal Violet of cPt treatment (B+D). 

Significant difference to control with *p<0,05, **p<0,01, ***p<0,001 (ANOVA). 

 

  

  

   

  

C  

Cispla n  reatment a er  h in S O  

Figure 12: WST-1 and Crystal Violet: Cytotoxicity of Cisplatin in SKOV3 cell line after 3 hours of shear stress 
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Subsequently, in order to verify if shear stress could trigger direct effects additional 

experiments were performed directly after the performance of the shear stress protocol. The 

results are depicted in figure 13 and 14 for SKOV3 after application of 3 and 24 hours of shear 

stress respectively. The focus of the experiments was to see differences caused by the cisplatin 

treatment in shear stress and static control groups, hence significances of the treatment 

efficiency is not shown. As summarized in figure 13, for 3 hours of shear stress no significant 

differences are seen between static control and sheared cells, neither after 48 hours (A) and 

24 hours (B) of treatment at T0 nor with treatment at T24 with 24 hours of incubation time 

(C).  

Displayed are the means plus standard derivation for each treatment condition as treatment over control (T/C) 

for SKOV3 cell line and 3 hours of shears stress after n = 3-4 biological experiments. Ctrl = untreated control, 

blank = static control (SC), stripes = shear stress (SS). A = 48 hours treatment at T0, B = 24 hours treatment at 

T0, C = 24 hours treatment at T24. 

No significant differences between static control and shear stress to control (ANOVA), treatment efficiency is 

not shown. 
  

C

  

Cispla n  reatment a er  h in S O  

Figure 13: Crystal Violet: Cytotoxicity of Cisplatin in SKOV3 cell line after 3 hours of shear stress 
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In comparison, after 24 hours of shear stress significant differences are seen between the 

groups for the treatment of 1 µM and 20 µM cisplatin in 48 (A) and 24 hours (B) of treatment 

at T0. No such effects are seen for treatment at T24 and 24 hours incubation (C), even though 

the trend looks similar to the other layouts.  

Displayed are the means plus standard derivation for each treatment condition as treatment over control (T/C) 

for SKOV3 cell line and 24 hours of shears stress after n = 3-4 biological experiments. Ctrl = untreated control, 

blank = static control (SC), stripes = shear stress (SS). A = 48 hours treatment at T0, B = 24 hours treatment at 

T0, C = 24 hours treatment at T24. 

Significant difference to control with *p<0,05, **p<0,01, ***p<0,001 (ANOVA), treatment efficiency is not 

shown. 
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Figure 14: Crystal Violet: Cytotoxicity of Cisplatin in SKOV3 cell line after 24 hours of shear stress 
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The results for OVCAR3 are shown in figure 15 after 3 and figure 16 after 24 hours of shear 

stress. For both shear times and all layouts no significant differences are obtained between 

static control and shear stress, with similar trends of treatment efficiency. Moreover, after 3 

hours of shear stress treatment efficiency is linear for layout A and B with a higher cell viability 

in mostly static control, contrary to layout C where nothing can be observed. 

Displayed are the means plus standard derivation for each treatment condition as treatment over control (T/C) 

for OVCAR3 cell line and 3 hours of shears stress after n = 3 biological experiments. Ctrl = untreated control, blank 

= static control (SC), stripes = shear stress (SS). A = 48 hours treatment at T0, B = 24 hours treatment at T0, C = 24 

hours treatment at T24. 

No significant differences between static control and shear stress to control (ANOVA), treatment efficiency is not 

shown. 

 

 

  

C
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  Figure 15: Crystal Violet: Cytotoxicity of Cisplatin in OVCAR3 cell line after 3 hours of shear stress 
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Different results are seen in figure 16 after 24 hours of shear stress with an overall linear 

treatment efficiency in all 3 layouts. In layout A and B a higher treatment efficiency can be 

observed for static control with concentrations of 0,5 – 2,5 µM reversing the trend with 

concentrations of 5 – 20 µM with higher efficiency for sheared cells. Again, this can not be 

seen in layout C. 

 

Displayed are the means plus standard derivation for each treatment condition as treatment over control (T/C) 

for OVCAR3 cell line and 24 hours of shears stress after n = 3 biological experiments. Ctrl = untreated control, 

blank = static control (SC), stripes = shear stress (SS). A = 48 hours treatment at T0, B = 24 hours treatment at 

T0, C = 24 hours treatment at T24. 

No significant differences between static control and shear stress to control (ANOVA), treatment efficiency is 

not shown. 
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Figure 16: Crystal Violet: Cytotoxicity of Cisplatin in OVCAR3 cell line after 24 hours of shear stress 
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3.3 Immunostaining and microscopy 
Once described that shear stress experiments significantly modulated the sensitivity to 

cisplatin, additional experiments were performed to investigate what pathways could be 

potentially affected by the application of the physical stimuli. For immunostaining and 

microscopy, the focus laid on basic morphologic elements like the nucleus and actin 

cytoskeleton, as well as the mechanosensitive elements involved especially in the YAP1 and 

Nrf2 signaling pathways. The targets investigated in the present thesis are highlighted in figure 

17. 

 

 

  

Figure 17: YAP1 and Nrf2 pathways modified from figure 4 and 5. 
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3.3.1 Nuclei and Cytoskeleton 
The microscopic analysis of the nuclear morphology and the actin cytoskeleton was used to 

assess the morphological changes of the cells after shear stress and give a first impression of 

cell sensitivity to physical cues. The data shown for nuclei are achieved from the nuclear region 

and the data of actin from the cytoplasmic area.   

Images and cellular analysis of nuclei is seen in figure 18 for SKOV3 cell line and shows no 

significant differences in cell area for 3 hours of shear stress compared to control (C). In 

contrast to 24 hours of shear stress where cell area was increased through shear stress (D).  

 

Displayed are images and violin plot with quartiles of SKOV3 cell line after n = 3-5 biological experiments. SC = 

static control, SS = shear stress. A+C = 3 hours static and shear, B+D = 24 hours static and shear.  

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 

A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, nuclei in blue, scale bar 

100 µm. 
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Figure 18: Microscopy: Nuclei of static control and shear stress (SKOV3) 
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Figure 19 shows actin cytoskeleton, which intensity is slightly decreased after 3 hours (C) but 

increased after 24 hours of shear stress in comparison to the static control (D) for SKOV3 cell 

line. However, it is worth noticing that actin rather redistributed upon application of shear 

stress, as visible in panels A and B after shear stress which is observed stronger after 24 

hours of shear stress.  

Displayed are images and violin plot with quartiles of SKOV3 cell line after n = 3-5 biological experiments. SC = 

static control, SS = shear stress. A+C = 3 hours static and shear, B+D = 24 hours static and shear.  

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 

A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, nuclei in blue and actin 

in green, scale bar 100 µm. 
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Figure 19: Microscopy: Actin cytoskeleton of static control and shear stress (SKOV3) 
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Furthermore, images and graphs of OVCAR3 nuclei are displayed in figure 20. After 3 hours of 

shear stress the nuclei area is increased (C), which is not seen after 24 hours of shear stress in 

comparison to static control cells (D). 

Displayed are images and violin plot with quartiles of OVCAR3 cell line after n = 3 biological experiments. SC = 

static control, SS = shear stress. A+C = 3 hours static and shear, B+D = 24 hours static and shear.  

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 

A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, nuclei in blue, scale bar 

100 µm. 
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Figure 20: Microscopy: Nuclei of static control and shear stress (OVCAR3) 
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The actin cytoskeleton analysis is shown in figure 21, with significant rearrangement which 

resulted in an average decrease in intensity after 3 (C) as well as after 24 hours (D) of shear 

stress via automated quantification.  

Displayed are images and violin plot with quartiles of OVCAR3 cell line after n = 3 biological experiments. SC = 

static control, SS = shear stress. A+C = 3 hours static and shear, B+D = 24 hours static and shear.  

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 

A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, nuclei in blue and actin 

in green, scale bar 100 µm. 
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Figure 21: Microscopy: Actin cytoskeleton of static control and shear stress (OVCAR3) 
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3.3.2 Caveolin-1 
As a crucial mechanosensitive protein in the cell membrane, Caveolin-1 was another important 

target observed under the influence of shear stress [45]. The results reported below refer to 

the quantification of the signal intensity in correspondence of the nuclear area. 

As seen in figure 22, Cav1 is significantly increased in SKOV3 cell line after 3 (C) and 24 hours 

(D) of shear stress compared to static control. The changes in distribution of Cav1 are also 

noticeable on the images A and B, where intensity signal is stronger in static control within the 

cytoplasm compared to sheared cells with both durations.  

 

Displayed are images and violin plot with quartiles of SKOV3 cell line after n = 3-5 biological experiments. SC = 

static control, SS = shear stress. A+C = 3 hours static and shear, B+D = 24 hours static and shear.  

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 

A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, nuclei in blue and Cav1 

in pink, scale bar 100 µm. 
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Figure 22: Microscopy: Cav1 of static control and shear stress (SKOV3) 
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In contrast, significant decrease of Cav1 is seen for OVCAR3 after 3 hours of shear stress (C), 

but not after 24 hours (D) as demonstrated in figure 23. 

 

Displayed are images and violin plot with quartiles of OVCAR3 cell line after n = 3 biological experiments. SC = 

static control, SS = shear stress. A+C = 3 hours static and shear, B+D = 24 hours static and shear.  

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 

A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, nuclei in blue and Cav1 

in pink, scale bar 100 µm. 
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Figure 23: Microscopy: Cav1 of static control and shear stress (OVCAR3) 
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3.3.3 Ajuba 
Ajuba is a protein involved in the regulations on YAP activity [64], which might give an 

interesting insight into the signaling events influenced by shear stress. The results reported 

below refer to the quantification of the signal intensity in correspondence of the nuclear area. 

Shear stress leads to an increase in Ajuba intensity after 3 hours (C), but a decrease after 24 

hours (D) as shown in figure 24 in SKOV3 cell line, even though the analysis shows very 

heterogeneous results for the biological replicates.   

Displayed are images and violin plot with quartiles of SKOV3 cell line after n = 3-5 biological experiments. SC = 

static control, SS = shear stress. A+C = 3 hours static and shear, B+D = 24 hours static and shear.  

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 

A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, nuclei in blue and Ajuba 

in yellow, scale bar 100 µm. 
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Figure 24: Microscopy: Ajuba of static control and shear stress (SKOV3) 
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Intensity of Ajuba in OVCAR3 cell line is very low, justifying why the images A and B are 

demonstrated without nuclei in figure 25. Ajuba is significantly decreased after 3 hours of 

shear stress (C), in contrast to a non-significant decreasing trend after 24 hours (D). 

 

Displayed are images and violin plot with quartiles of OVCAR3 cell line after n = 3-5 biological experiments. SC 

= static control, SS = shear stress. A+C = 3 hours static and shear, B+D = 24 hours static and shear.  

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 

A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, Ajuba in yellow, scale 

bar 100 µm. 
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Figure 25: Microscopy: Ajuba of static control and shear stress (OVCAR3) 
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3.3.4 Piezo1 
As a mechanosensitive ion channel, Piezo1 is activated through shear stress and further 

influences signaling cascades, including the Hippo pathway, and could elucidate differences in 

the cell lines [47]. Image analyzation was performed for nuclear and cytoplasmic area and 

results for total intensity was received.  

SKOV3 cell line shows no differences in total Piezo1 intensity after 3 hours of shear stress (C), 

but significantly decreases after 24 hours of shear stress compared to static control (D) 

displayed in figure 26.  

Displayed are images and violin plot with quartiles of SKOV3 cell line after n = 3 biological experiments. SC = 

static control, SS = shear stress, tPiezo = total Piezo. A+C = 3 hours static and shear, B+D = 24 hours static and 

shear.  

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 

A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, nuclei in blue and 

Piezo1 in pink, scale bar 100 µm. 
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Figure 26: Microscopy: Piezo1 of static control and shear stress (SKOV3) 
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As seen in figure 27, more pronounced decreases are seen for OVCAR3 cell line. Total intensity 

of Piezo1 is significantly reduced after 3 and 24 hours of shear stress when compared to their 

static controls.  

Displayed are images and violin plot with quartiles of OVCAR3 cell line after n = 3 biological experiments. SC = 

static control, SS = shear stress, tPiezo = total Piezo. A+C = 3 hours static and shear, B+D = 24 hours static and 

shear.  

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 

A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, nuclei in blue and 

Piezo1 in pink, scale bar 100 µm. 
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Figure 27: Microscopy: Piezo1 of static control and shear stress (OVCAR3) 
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3.3.5 YAP  
The key player of the Hippo pathway YAP1 is a mechanosensitive protein regulating a variety 

of transcription factors [59]. Therefore, effects of shear stress have been elucidated and to 

additionally put the information into context, 0,1 µM YODA treatment was performed to 

chemically activate Piezo1 and mimic effects of shear stress [100]. The results are acquired as 

total intensity from nuclear and cytosolic area and the quotient of those to show nuclear 

translocation. 

As seen in figure 28 the intensity of total YAP, as well as translocation of YAP into the nucleus 

is not induced through shear stress for SKOV3 cell line. 

 

Displayed are images and violin plot with quartiles of SKOV3 cell line after n = 3 biological experiments. SC = 

static control, SS = shear stress, tYAP = total YAP, n/c = nucleus to cytoplasm. A+C+E = 3 hours static and shear, 

B+D+F = 24 hours static and shear.  

No significant differences between control and shear stress with (t-Test). 
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Figure 28: Microscopy: total YAP and YAP translocation of static control and shear stress (SKOV3) 
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A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, nuclei in blue and YAP1 

in red, scale bar 100 µm. 

 

In comparison, figure 29 shows more pronounced results for SKOV3 cell line after treatment 

with YODA with significant increases in total YAP after 3 (C) and 24 hours (D) of incubation. 

After 3 hours of YODA, YAP translocation is significantly increased, but not after 24 hours. 

 

Displayed are images and violin plot with quartiles of SKOV3 cell line after n = 4 biological experiments. ctrl = 

untreated control, YODA = YODA treatment, tYAP = total YAP, n/c = nucleus to cytoplasm. A+C+E = 3 hours 

treatment incubation, B+D+F = 24 hours treatment incubation.  

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 

A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, nuclei in blue and YAP1 

in red, scale bar 100 µm. 
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Figure 29: Microscopy: total YAP and YAP translocation after YODA treatment (SKOV3) 
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Analysis of YAP1 for OVCAR3 cell line is shown in figure 30. Translocation can be obtained for 

OVCAR3 cell line after 3 (E) and 24 (F) hours of shear stress, but no significant changes in total 

YAP concentration (C and D).  

 

Displayed are images and violin plot with quartiles of OVCAR3 cell line after n = 3 biological experiments. SC = 

static control, SS = shear stress, tYAP = total YAP, n/c = nucleus to cytoplasm. A+C+E = 3 hours static and shear, 

B+D+F = 24 hours static and shear.  

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 

A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, nuclei in blue and YAP1 

in red, scale bar 100 µm. 
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Figure 30: Microscopy: total YAP and YAP translocation of static control and shear stress (OVCAR3) 
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Differentially to SKOV3, OVCAR3 cell line shows less pronounced results after treatment 

with YODA as displayed in figure 31. Total intensity of YAP is increased after shear stress, 

which is significant after 24 hours (D) of incubation. A significantly higher translocation 

of YAP is achieved after 3 hours (E) of treatment incubation, but not after 24 hours. 

 

Displayed are images and violin plot with quartiles of OVCAR3 cell line after n = 4 biological experiments. ctrl = 

untreated control, YODA = YODA treatment, tYAP = total YAP, n/c = nucleus to cytoplasm. A+C+E = 3 hours 

treatment incubation, B+D+F = 24 hours treatment incubation.  

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 

A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, nuclei in blue and YAP1 

in red, scale bar 100 µm. 
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Figure 31: Microscopy: total YAP and YAP translocation after YODA treatment (OVCAR3) 
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3.3.6 Nrf2  

Compared to YAP1, Nrf2 follows a different pathway and the transcriptional regulation is 

important for detoxification events [55]. Nrf2 signaling might be interesting to elucidate the 

responses of cisplatin treatment. The results are acquired as total intensity from nuclear and 

cytosolic area and the quotient of those. 

Figure 32 represents Nrf2 of SKOV3 cell line, 3 hours of shear stress leads to a significant 

decrease of total Nrf2 intensity (C) compared to the static control in contrast to a significant 

increase after 24 hours (D). Similar are the results for Nrf2 translocation which is lowered 

trough 3 hours of shear stress (E) but increased trough 24 hours (F). 

 

Displayed are images and violin plot with quartiles of SKOV3 cell line after n = 3 biological experiments. SC = 

static control, SS = shear stress, tNrf2 = total Nrf2, n/c = nucleus to cytoplasm. A+C+E = 3 hours static and shear, 

B+D+F = 24 hours static and shear.  

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 
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Figure 32: Microscopy: Nrf2 of static control and shear stress (SKOV3) 
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A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, nuclei in blue and Nrf2 

in yellow, scale bar 100 µm. 

 

For OVCAR3 cell line 3 hours of shear stress did not influence the intensity of Nrf2 (C) nor the 

translocation (E) as shown in figure 33. But after 24 hours total intensity of Nrf2 decreases 

significantly with shear stress (D). Also, a reduction in translocation can be seen after 24 hours 

of shear stress compared to the static control (F).  

Displayed are images and violin plot with quartiles of OVCAR3 cell line after n = 3 biological experiments. SC = 

static control, SS = shear stress, tNrf2 = total Nrf2, n/c = nucleus to cytoplasm. A+C+E = 3 hours static and shear, 

B+D+F = 24 hours static and shear.  

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 

A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, nuclei in blue and Nrf2 

in yellow, scale bar 100 µm. 
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Figure 33: Microscopy: Nrf2 of static control and shear stress (OVCAR3) 
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3.3.7 PTMs 
Analyzing different post-translational modification might give insights into the differences of 

SKOV3 and OVCAR3 cell lines. Farnesylation is important for the Hippo pathway [81], 

acetylation for metabolism [79] and phosphorylation for signal transduction [77]. The results 

for farnesylation and acetylation were quantified from the nuclear area and for 

phosphorylation are acquired as total intensity from nuclear and cytosolic area and the 

quotient of those. 

Farnesylation is significantly increased after 3 (C) and 24 hours (D) of shear stress in SKOV3 cell 

line compared to static control as shown in figure 34.  

 

Displayed are images and violin plot with quartiles of SKOV3 cell line after n = 3-5 biological experiments. SC = 

static control, SS = shear stress. A+C = 3 hours static and shear, B+D = 24 hours static and shear.  

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 

A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, nuclei in blue and 

farnesylation in pink, scale bar 100 µm. 
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Figure 34: Microscopy: Farnesylation of static control and shear stress (SKOV3) 
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In contrast, a significant decrease in farnesylation intensity is seen for OVCAR3 cell line after 3 

(C) and 24 hours (D) of shear stress as displayed in figure 35.  

 

Displayed are images and violin plot with quartiles of OVCAR3 cell line after n = 3-5 biological experiments. SC 

= static control, SS = shear stress. A+C = 3 hours static and shear, B+D = 24 hours static and shear.  

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 

A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, nuclei in blue and 

farnesylation in pink, scale bar 100 µm. 
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Figure 35: Microscopy: Farnesylation of static control and shear stress (OVCAR3) 
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As seen in Figure 36, acetylation is not significantly increased after 3 hours of shear stress (C), 

but after 24 hours (D) in SKOV3 cell line. Acetylation seems to decrease over time when 

comparing overall intensities in graph C and D. 

Displayed are images and violin plot with quartiles of SKOV3 cell line after n = 3 biological experiments. SC = 

static control, SS = shear stress. A+C = 3 hours static and shear, B+D = 24 hours static and shear.  

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 

A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, nuclei in blue and 

acetylation in pink, scale bar 100 µm. 
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Figure 36: Microscopy: Acetylation of static control and shear stress (SKOV3) 
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In contrast, OVCAR3 cell line shows a slight significant increase in acetylation after 3 hours of 

shear stress (C) compared to the static control but decreases significantly after 24 hours of 

shear stress (D) as displayed in Figure 37. Also, for OVCAR3 the overall intensity reduction was 

observed over time seen in graph C and D. 

Displayed are images and violin plot with quartiles of OVCAR3 cell line after n = 3 biological experiments. SC = 

static control, SS = shear stress. A+C = 3 hours static and shear, B+D = 24 hours static and shear.  

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 

A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, nuclei in blue and 

acetylation in pink, scale bar 100 µm. 
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Figure 37: Microscopy: Acetylation of static control and shear stress (OVCAR3) 
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Phosphorylation for SKOV3 cell line is presented in figure 38 and shows a significant decrease 

in total phosphorylation after 3 (C) and 24 hours (D). Similar, the translocation of 

phosphorylation significantly reduces after 3 (E) and 24 hours (F) of shear stress compared to 

the static control.  

 

Displayed are images and violin plot with quartiles of SKOV3 cell line after n = 3 biological experiments. SC = 

static control, SS = shear stress, tPhos = total Phosphorylation, n/c = nucleus to cytoplasm. A+C+E = 3 hours 

static and shear, B+D+F = 24 hours static and shear.  

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 

A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, nuclei in blue and 

phosphorylation in pink, scale bar 100 µm. 
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Figure 38: Microscopy: Phosphorylation of static control and shear stress (SKOV3) 
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On the other hand, OVCAR3 shows a significant increase in total phosphorylation intensity 

after 3 hours (C) of shear stress but significantly decreases after 24 hours (D). The same is seen 

for translocation of phosphorylation, which increases after 3 (E) but decreases after 24 hours 

(F) of shear stress shown in figure 39.  

 

Displayed are images and violin plot with quartiles of OVCAR3 cell line after n = 3 biological experiments. SC = 

static control, SS = shear stress, tPhos = total Phosphorylation, n/c = nucleus to cytoplasm. A+C+E = 3 hours 

static and shear, B+D+F = 24 hours static and shear.  

Significant difference with *p<0,05, **p<0,01, ***p<0,001 (t-Test). 

A+B: Images are acquired with Lionheart FX automated microscope, 20x magnification, nuclei in blue and 

phosphorylation in pink, scale bar 100 µm. 
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Figure 39: Microscopy: Phosphorylation of static control and shear stress (OVCAR3) 
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4 Discussion 
Ovarian cancer cells are surrounded by a variety of physical stressors in the peritoneal cavity 

and especially fluid shear stress increases with the ascitic build-up in many women. The impact 

of shear stress stimuli in vitro has been previously described by Bileck et al., 2021 via proteomic 

and structure analysis. In this work, it was described how differently SKOV3 and OVCAR3 cell 

lines react to external stressors and how this reflects on cells morphology and in changes in 

phosphoproteome signature that could already be observed after 3 hours of shear stress [94]. 

Already the very first experiment regarding proliferation rates (figure 11) demonstrates that 

both cell lines decrease proliferation after short term exposure to mechanical cues (3 hours of 

shear stress), revealing a high sensitivity to physical stimulation. Even though significances 

between static control and the corresponding shear stress samples are not strong, a trend can 

be seen. Especially when looking at the percentual growth of the cell lines, shear stress 

decreases growth. However, when looking at the kinetic of the events, between 24-72 hours 

an increased cell growth could be observed. Previous research has shown reduced cell viability 

and cellular adaptations to shear stress [102] but also the impact of different matrix stiffness 

on the behavior of ovarian cancer cell lines was reported [103]. Additionally, it was proven that 

cells can retain a memory of their previous environment, e.g. past matrix stiffness or 

mechanical cues even after they have been removed from that environment. This cellular 

memory can influence cell behavior and function when cells are subsequently placed in a 

different environment [104, 105]. Cells cultured at different seeding densities can exhibit 

distinct responses to their surrounding environment and the cell-cell contact might change cell 

signaling as has been shown for the Hippo pathway [106].  

Cisplatin is the most efficient and most frequently used platinum-based drug in ovarian cancer 

treatment [107]. But as treatment frequency rises, resistance to cisplatin emerges and both 

cell lines show some baseline resistance [89, 91]. However, the specific effects of shear stress 

on the efficiency of cisplatin or other platinum-based drugs on ovarian cancer cell lines have 

not been extensively studied. The impact of mechanical stimulation on chemoresistance 

especially against cisplatin depends on the substrate stiffness [103] as well as on shear stress 

[87, 108, 109], which is consistent with our findings but effects further depend on the specific 

characteristics of the cancer cells. Treatment efficiency for SKOV3 cells with cisplatin resulted 

in a complex response profile. However, treatment efficiency for SKOV3 cell line follows a more  

dose-dependent response where treatment with 20 µM cisplatin was observed with the 
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lowest cell mass after 3 hours (figure 13). After 24 hours the response appeared to be U-

shaped with the highest treatment efficiency at 1 µM cisplatin (figure 14). An incubation time 

of 48 hours seems to be more efficient in cells that underwent mechanical stimulation protocol 

for treatment with 0,5-5 µM cisplatin changing to a decreased sensitivity for treatment with 

higher concentrations of 5-20 µM similar for 3 and 24 hours of shear stress (figure 13 and 14, 

panel A). The equal effect is seen for 24 hours of cisplatin incubation after 24 hours of shear 

stress (figure 14, panel B), but compared to the same layout after 3 hours of shear stress, 

where all concentration except for 20 µM the static control seems to be more sensitive to the 

treatment (figure 13, panel B).  A very low response to cisplatin treatment was observed in the 

third layout with treatment after 24 hours of recovery time for the cells. For SKOV3 cell line, 

Hassan et al., 2022 found a decreased sensitivity towards 0,05 mM cisplatin treatment through 

the activation of PI3K/Akt signaling pathway induced by shear stress [108]. Moreover, in 

spheroid formation shear stress leads to a greater chemoresistance in SKOV3 for 25 mM 

cisplatin [87] supporting the results achieved for higher cisplatin concentration in our 

experiments. The results of cisplatin treatment on the OVCAR3 cell line did not show any 

significant differences between static and shear and an overall linear treatment response was 

observed (figure 15 and 16). Even though slight differences might be seen, shifts and changes 

in active signaling pathways and cell cycle phase progression could play a role in treatment 

efficiency. Nath et al., 2020 showed a carboplatin resistance of the OVCAR5 cell line through 

increased ERK-activation induced by shear stress [109]. Notably, the lowest effect of cisplatin 

was observed in the third layout with 24 hours of recovery time regardless of static or sheared. 

Overall, the data might lead to the conclusion that SKOV3 and OVCAR3 cell lines have different 

drug responses. However further studies are in progress to elucidate molecular mechanisms 

underpinning these data.  

Ovarian cancer cells are sensitive to physical stimulation and therefore structural changes in 

nuclei area, elongation and the formation of stress fibers can occur [94]. This was seen in 

nuclear area observing a significant increase in size, indicating stress sensation and cellular 

adaptations through shear stress in SKOV3 and OVCAR3. Furthermore, both cell lines show an 

initial decrease in actin intensity after shear stress, which is comparingly more pronounced in 

OVCAR3. Previous research has shown that stress fiber formation occurs in the OVCAR3 cell 

line due to physical movement [94, 110], which was visually seen with the microscope. 

However, actin intensity decreases significantly after shear stress compared to the static 
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control (figure 21). This was not expected since stress fibers would typically increase signal 

intensity, hence these results need to be interpreted with caution and additional quantification 

strategies are currently in progress to verify these results. For SKOV3 cell line the cytoskeleton 

seems to contract lightly after 3 hours of shear stress but spreads again as shear stress 

continues seen as an increase in actin intensity (figure 19). This points to various adaptational 

strategies of the cell to shear stress. 

 A very well-known mechanosensor is Caveolin-1 since Cav1 interacts with the actin 

cytoskeleton and is involved in formation of caveolae at the plasma membrane. 3 hours of 

shear stress led to a significant increase in Cav1 in the SKOV3 cell line (figure 22), but to a 

decrease in the OVCAR3 cell line (figure 23). In literature Cav1 has been reported with different 

results regarding the cell type, shear stress intensity and duration. For example, increased 

expression of Cav1 has been observed in breast cancer cells after lower shear stress (2 

dyn/cm2) [111]. In epithelial cells high shear stress (20 dyn/cm2) lead to an increased Cav1 

expression but to a suppression of expression after lower shear stress (4 dyn/cm2) [112]. 

Moreover, a prolongation of shear stress led to a gradual decrease in Cav1 in epithelial cells 

[68], which is also seen in SKOV3, resulting in a less significant expression in Cav1 level after 

24 hours of shear stress. The interplay of Cav1 and actin explored by Xiong et al., 2017 is 

correlated to lower stress fiber formation in breast cancer cells after silencing Cav1 expression 

[113]. A similar trend was observed also in our experiments with OVCAR3: after 3 hours of 

shear stress the Cav1, as well as actin intensity, were significantly decreased, but after 24 hours 

Cav1 was stabilized back to normal (static control level), accompanied by a higher stress fiber 

formation. 

Further, we evaluated the expression of Piezo1, as a mechanosensitive ion channel impacting 

downstream signaling pathways through the transduction of mechanical stimuli into cellular 

responses [38]. Piezo1 was influenced by shear stress with a decrease in intensity observed in 

both cell lines. In the SKOV3 cell line a significant decrease in Piezo1 intensity occurred after 

24 hours (figure 26), but much faster adaptations were seen for the OVCAR3 cell line with a 

shear stress induced decrease already after 3 hours (figure 27). Furthermore, opposite results 

were observed for total YAP and YAP translocation regarding the application of shear stress 

and YODA treatment, which is an agonist of Piezo1 and chemically activates the ion channel 

which can be used to mimic the effects of shear stress [100]. In the SKOV3 cell line shear stress 
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led to no translocation of YAP (figure 28), but after 3 hours of YODA treatment translocation 

was observed (figure 29). The results for OVCAR3 cell lines showed a shear stress induced 

translocation (figure 30) which was not seen after the treatment with YODA (figure 31). The 

effects could be linked to the changes in cell morphology and formation of stress fibers [114] 

which stiffens the cytoskeleton of the OVCAR3 cell line and enables YAP to translocate, unlike 

in SKOV3 where stress fibers are absent. Lee et al., 2019 previously correlated the absence of 

stress fibers in breast cancer cytoskeleton to a lack of YAP activity [115], which might be similar 

in the SKOV3 cell line after shear stress.  As previously described, Ajuba negatively regulates 

YAP activity [64], which in fact was observed to be reversely correlated. The protein Ajuba was 

increased in intensity in the SKOV3 cell line after 3 hours of shear stress but decreased after 

24 hours in comparison to static control (figure 24). On the other hand, in the OVCAR3 cell line 

shear stress of 3 hours led to a decrease in Ajuba intensity which was stabilized after 24 hours 

re-equilibrating to normal state of static control (figure 25). Downstreaming toward the 

intracellular compartment, additional transcription factors can contribute to the regulation of 

mechanotransduction. Among these, transcription factor Nrf2 regulates antioxidant defense 

of the cell towards different stimuli [55]. Moreover, Nrf2 was shown to be mechanosensitive, 

in other words, Nrf2 translocates to the nucleus upon mechanical stimulation [116]. Nrf2 

activity might amplify the different responses in chemoresistance seen with cisplatin 

treatment. In the SKOV3 cell line total Nrf2 is significantly decreased after 3 hours of shear 

stress but increases after 24 hours (figure 32), as well as translocation to the nucleus is 

increased, which suggests Nrf2 transcriptional activity. Contrary to SKOV3 cell line, OVCAR3 

cells showed a decrease in Nrf2 signal after 24 hours of shear stress (figure 33). Overall, Nrf2 

is known to be an important player in cellular defense and the activation of its downstream 

targets strongly depends on several different mechanisms and their crosstalk. In this regard, 

the effects on drug response are dependent on the duration and regulation of Nrf2 activity in 

each tumor [117].  

Shear stress can trigger various post-translational modifications, including phosphorylation, 

acetylation, and farnesylation, which in turn regulate protein function and cellular responses 

to mechanical forces. These modifications seem to work very specifically in their contribution 

to  cellular mechanotransduction pathways [118]. In this regard, farnesylation can influence 

protein-protein signaling at the plasma membrane through interaction with other membrane-

associated proteins or anchor signaling complexes. These interactions are essential for the 
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proper functioning of various cellular processes, including signal transduction, vesicular 

trafficking, and cytoskeletal organization [119]. Our results show a decrease in farnesylation 

(figure 35), acetylation (figure 37) and phosphorylation (figure 39) in the OVCAR3 cell line 

which might be linked to stress fiber formation, with significant decrease in all three PTMs 

correlated to prolongation of shear stress. In contrast, for the SKOV3 cell line farnesylation 

(figure 34) and acetylation (figure 36) are increased after shear stress in a time-dependent 

manner, but phosphorylation (figure 38) is significantly decreased. This might suggest similar 

pathways involved in phosphorylation between both cell lines. 

In conclusion, physical forces are inseparable part of tissue and tumor microenvironment and 

can not be omitted as factor impacting cellular behavior in both healthy and pathologic states. 

Our results show considerable heterogeneity between ovarian cancer cell lines with respect 

to cellular response to mechanical stimulation. This could further lead to differential response 

to treatment. The acquired chemoresistance of ovarian cancer cells is a major obstacle in 

successful therapy and understanding of the molecular mechanisms potentially sustaining 

these phenomena is essential to support alternative approaches and science-based 

intervention.  The presented results offer some initial perspectives for a deeper understanding 

of these pathomechanisms with a special focus on cancer mechanotransduction.  
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