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Abstract

Mechanotransduction is the conversion of mechanical stimuli into biological signals. All living
organisms are affected by mechanical forces in their environment, which ultimately contribute
to survival through the sensory systems. Starting from the idea that our body can adapt to diet
and lifestyle we started to investigate if exposure to fatty acids can tune the physiology of
intestinal cells and in particular mechanotransduction. Analysing systematically the
mechanosensory apparatus of the cells, we postulated an involvement of several elements:
Firstly, Piezol channels, which are mechano-gated large Ca?*-permeable non-selective cation
channels. Recent findings suggest that Piezo channels play a role in pathophysiological
processes including gut inflammation, cancers and cardiovascular mechanobiology. Moreover,
Yes-associated protein 1 (YAP1) is a co-transcription factor in a number of biochemical
pathways which regulate organ size, regeneration, and tumorigenesis. Furthermore, YAP1 is a
potent oncogene in some cancers and therefore a potential target in the treatment of cancer.
Both Piezol and YAP1 depend on mechanical cues for their functioning. Since palmitic acid
(PA) and oleic acid (OA) are among the most prevalent fatty acids in the uptake of food and
likewise the lipids building blocks which are known to alter mechanical properties of the
membrane, the hypothesis is whether these fatty acids could lead to a modification of cell
membrane fluidity, a difference in the distribution of Piezol channels, a change in the actin
cytoskeleton or a variation of the translocation efficiency of YAP1. Experiments using a human
colon cancer cell line (HCT 116) as well as a human immortalized epithelial colon cell line
(HCEC-1CT) were carried out. The results showed a significant concentration dependent
reduction of cell membrane fluidity of both PA and OA in the cancer cell line. This effect was
not seen in the HCEC-1CT cell line. Overall, there was no significant difference noticeable in
the expression of Piezol after treatment with PA and OA. However, there was a very significant
increase in actin in the cytoskeleton in both cell lines and for both high and low concentrations
of PA and OA. For all treatments and both cell lines higher levels of YAP1 were observed in
the nucleus than in the cytosol. Significant reduction of YAP1 could be determined for low
concentrations of PA in the nucleus in the HCT 116 cell line and a significant increase of YAP1
for higher concentrations of both PA and OA. Low concentration of OA significantly reduced
YAPL in the nucleus of the HCEC-1CT cell line. Interestingly there was a very significant
difference in the controls when the two cell lines were compared to each other, both in the

expression of YAP1 in the nucleus as well as in the cytosol. To interpret these findings



additional experiments such as shear stress experiments and proteomics are needed to better
understand the effects of PA and OA on the intestinal tract with respect to mechanotransduction.



Zusammenfassung

Mechanotransduktion ist die Umwandlung von mechanischen Reizen in biologische Signale.
Alle lebenden Organismen werden durch mechanische Kréfte in ihrer Umgebung beeinflusst,
die Uber die sensorischen Systeme zum Uberleben beitragen. Ausgehend von der Vorstellung,
dass sich unser Korper an die Ernahrung und den Lebensstil anpassen kann, haben wir
untersucht, ob die Exposition gegeniiber Fettsdauren die Physiologie der Darmzellen und
insbesondere die Mechanotransduktion beeinflussen kann. Bei der systematischen Analyse des
mechanosensorischen Apparats der Zellen postulierten wir eine Beteiligung mehrerer
Elemente: Erstens Piezol-Kandle, bei denen es sich um ,mechano-gated“ grofle Ca2+-
permeable nicht-selektive Kationenkanale handelt. Jingste Erkenntnisse deuten darauf hin,
dass Piezokandle bei pathophysiologischen Prozessen wie Darmentziindungen,
Krebserkrankungen und kardiovaskulérer Mechanobiologie eine Rolle spielen. Darlber hinaus
ist das Yes-assoziierte Protein 1 (YAP1) ein Co-Transkriptionsfaktor in einer Reihe von
biochemischen Prozessen, die die OrgangréRRe, Regeneration und Tumorentstehung regulieren.
Daruber hinaus stellt YAP1 bei einigen Krebsarten ein starkes Onkogen da, und daher ein
potenzielles Ziel bei der Behandlung von Krebs. Sowohl Piezol als auch YAP1 sind fiir ihre
Funktion von mechanischen Reizen abhéngig. Da Palmitinsaure (PA) und Olséure (OA) zu den
haufigsten Fettsduren bei der Nahrungsaufnahme gehéren und ebenfalls zu den
Lipidbausteinen, von denen bekannt ist, dass sie die mechanischen Eigenschaften der Membran
verandern, lautet die Hypothese, ob diese Fettsauren zu einer Veranderung der Fluiditét der
Zellmembran, zu einer unterschiedlichen Verteilung der Piezol-Kanéle, zu einer Veranderung
des Zytoskeletts bezlglich Aktin oder zu einer Veranderung der Translokationseffizienz von
YAPL fihren konnten. Es wurden Experimente mit einer menschlichen Dickdarmkrebs-
Zelllinie (HCT 116) sowie einer menschlichen immortalisierten epithelialen Darm-Zelllinie
(HCEC-1CT) durchgefuhrt. Die Ergebnisse zeigten eine signifikante konzentrationsabhangige
Verringerung der Zellmembranfluiditat sowohl von PA als auch von OA in der Krebszelllinie.
Dieser Effekt wurde bei der HCEC-1CT-Zelllinie nicht beobachtet. Insgesamt war kein
signifikanter Unterschied in der Expression von Piezol nach der Behandlung mit PA und OA
festzustellen. Allerdings war bei beiden Zelllinien und sowohl bei hohen als auch bei niedrigen
Konzentrationen von PA und OA ein sehr deutlicher Anstieg von Aktin im Zytoskelett zu
beobachten. Bei allen Behandlungen und beiden Zelllinien wurden hohere YAP1-
Konzentrationen im Zellkern als im Zytosol beobachtet. Bei der Zelllinie HCT 116 konnte bei
niedrigen Konzentrationen von PA eine signifikante Verringerung von YAPL im Zellkern und



bei hoheren Konzentrationen von PA und OA ein signifikanter Anstieg von YAP1 festgestellt
werden. Niedrige Konzentrationen von OA reduzierten YAP1 im Zellkern der HCEC-1CT-
Zelllinie signifikant. Interessanterweise gab es einen sehr signifikanten Unterschied in den
Kontrollen, als die beiden Zelllinien miteinander verglichen wurden, sowohl in der Expression
von YAP1 im Zellkern als auch im Zytosol. Um diese Ergebnisse zu interpretieren, sind
zusétzliche Experimente wie ,,Shear-Stress“-Experimente und Proteomik erforderlich, um die
Auswirkungen von PA und OA auf den Darmtrakt im Hinblick auf die Mechanotransduktion

besser zu verstehen.
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1.Introduction

All living organisms are affected by mechanical forces in their environment, which ultimately
contribute to survival through the sense of touch, proprioception, hearing, balance, and pain [1].
Beyond the functions in the sensory systems, mechanical forces are involved in numerous
physiological functions such as vascular tone, flow sensing in the kidneys or secretion in the
intestine [2]. The conversion of mechanical stimuli into biological signals is known as
mechanotransduction [3]. Mechanotransduction relies on a complex sensory apparatus and the
discovery of mechanosensitive ion channels and transcription factors led to the understanding
that mechanotransduction plays an important role for optimal functioning of biochemical
pathways, that when perturbed, pathophysiological conditions can arise [4, 5]. In the intestine
the epithelium is constantly exposed to external forces such as the stretch and compression
stemming from peristaltic movements and furthermore withstands shear stress caused by the
flow of luminal contents [6]. The intestinal epithelium is the fastest self-healing tissue in adult
mammals, as it only takes 3 — 5 days from the stem cell niche to extrusion [7]. It consists of a
monolayer of cells that creates a lining on the inner surface of the gut. The intestinal epithelium
acts as the first physical barrier against the environment and simultaneously absorbs water,
nutrients, and ions. Invaginations referred to as crypts and protrusions called villi originate
through folding of the monolayer [6]. Stem cells reside at the bottom of the former, where they
encounter biochemical signals to maintain their self-renewal [8]. Through the invaginations
they are largely protected by potentially harmful luminal content. On the other hand, villi have
a large surface area to optimize absorption and are perpetually exposed to luminal constituents.
Through signalling molecules stem cells continuously divide, leave the stem cell niche, and
thereafter move to the crypt neck [9]. Here the cells proliferate even faster as transit amplifying
cells. These in turn either differentiate into secretory (enteroendocrine cell, tuft cells, goblet
cells) or absorptive (enterocytes) cells, in a span of approximately two days. The differentiated
cells mature during migration toward the tip of the villus, where they are then extruded and die
[7]. Besides the aforementioned external mechanical stimuli such as stretch, compression, and
shear stress to which the epithelium is exposed, mechanical tasks must be performed by the
intestinal epithelium itself to maintain homeostasis. These include preservation of barrier
integrity, cell proliferation and extrusion, upkeep of tissue folding, transformation by crypt

fission and fusion, migration between tissue compartments and partitioning of cell types [6].



1.2 The Cell Membrane and Cytoskeleton

Fatty acids are the lipids’ building blocks and are an integral part of the cell membrane. As
interface with the extracellular environment the structure and composition of the cell membrane
contribute to the optimal functioning of signalling induced by mechanotransduction through
fluidity or rigidity caused by the membranes’ components [10, 11]. The “force-from-lipids”
principle establishes that the mechanical properties of the membrane ultimately control the
conformational rearrangements underlying mechanosensitive ion channel gating allowing the
cell to convert mechanical stimuli into electrical and biochemical signals [12]. Another current
model for mechanoelectrical transduction is the “force from filament” principle, in which
channels or the plasma membrane, are directly connected to cytoplasmatic as well as
extracellular matrix (ECM) tethers and bring about conformational changes and channel gating

[12, 13]. This demonstrates that the cytoskeleton plays a crucial role in mechanotransduction.

1.3 Mechanosensitive Piezol and YAP1

There has been discussion as to what properties an ion channel must exhibit to qualify as a
transducer of mechanical force. It has been suggested that the candidate gene of an ion channel
must be expressed in a mechanosensitive cell. Should the gene be deleted, it would lead to the
loss of mechanosensitivity of the cell, but not affect the development of the cell. The candidate
gene should also code for the pore-forming sub-unit. This could be validated through structural
analysis or by engineering point mutations which lead to changes in ion selectivity and
conductance [2]. This holds true for Piezol and Piezo2 which both have proven to be
mechanosensitive Ca?*-permeable non-selective cation channels [14] involved in numerous
processes in the intestinal tract [15]. Recently yes-associated protein (YAP), and transcriptional
coactivator with PDZ-binding motif (TAZ), was shown to exhibit mechanotransductional
properties [16]. Studies have demonstrated that YAP/TAZ are controlled by numerous factors
such as endoplasmic reticulum (ER) stress, cell density, hypoxia, growth factors, osmotic stress,
cell adhesion, energy stress, mechanical force, Wnt and a considerable number of G-protein-
coupled receptor (GPCR) ligands. Furthermore, it is palpable that YAP/TAZ are highly
susceptible to environmental conditions i.e., nutrition/metabolites [17]. Although most research
on YAP/TAZ has focused on the area of differentiation and cell growth, the knowledge in the

field of YAP/TAZ in metabolism regulation in growth and tissue homeostasis is advancing



swiftly. Here the effects of palmitic acid and oleic acid on the mechanosensory apparatus will

be assessed in vitro using intestinal cell lines.

1.4 Aim of this Thesis

Since fatty acids are the lipids building blocks and are known to alter the mechanical properties
of the membrane, the central aim of this thesis is whether dietary lipids can affect
mechanotransduction. This could be obtained, firstly by the modification of cell membrane
fluidity, secondly either and/or through a variation of the distribution of the Piezo ion channels
and thirdly through a variation of the translocation efficiency of mechano-sensitive
transcription factor YAPL. To follow these demands, two intestinal cell lines are chosen. One
being a tumorigenic cell line (HCT 116) and one being an immortalized epithelial cell line
(HCEC-1CT). Through the incorporation of both palmitic acid and oleic acid into the cell
membrane and the application of cerulenin, the effects of all three compounds on membrane
fluidity, expression of the Piezol ion channel, actin in the cytoskeleton and the translocation of
YAP1 will be assessed.



2 Theoretical Background

2.1 Mechanotransduction

Living organisms respond to their environment down to the cellular level. Cells are constantly
subjected to chemical or physical stimuli which have an effect on the organism through various
biochemical pathways [18]. Mechanical forces are perpetually exerted on the epithelial cells of
the vascular system through the cardiac pump which circulates a large volume of blood
throughout the body causing a cycle of stretching and relaxing of force variations on the cells
[5]. Similarly, in the process of breathing, continuously varying levels of mechanical forces are
applied to the epithelial cells which line the lung [19]. In the intestinal tract peristalsis is
involved in the uptake, and transport of food from the mouth to the excretion of waste through
the rectum. Here too mechanical forces are applied throughout the intestinal tract through the
undulating movement of the muscles and the passage of chyme [6, 15]. Furthermore, the role
of mechanical force is of great importance in embryonic development in regard to
organogenesis, displaying the significance of the cell and it’s interaction with the
microenvironment — neighbouring cells and the extracellular matrix -  through
mechanotransduction [20]. Early twentieth century D’ Arby Thompson’s pioneering work “On
Growth and Form” led to the emerging field of the intersection between morphogenesis and the
physical sciences as well as mathematics [21]. Since then, research has shown that
mechanotransduction is involved in numerous processes such as proliferation, cell
differentiation, motility, and protein synthesis [22]. The absence of or deficiency of mechanical
cues can lead to pathophysiological changes which can cause dysfunction and disease [5].
Understanding cell migration, ion channel activation via shear stress and the discovery of the
integrin proteins in the 1980s as well as the emergence of new techniques such as live cell
imaging and the development of assays has advanced research in the field of
mechanotransduction [2, 23, 24]. There are different types of force that can be applied to cells
in assays to better understand the process of mechanotransduction. These are among others
shear stress, stretch, suction stretch, mechanical indentation, and osmotic change-induced
swelling [2]. One type of mechanosensor that has been identified over the last two decades are
mechanosensitive ion channels consisting of several gene families which include
DEG/ENaC/ASIC lon Channels, Transient Receptor lon Channels, TMC/TMHS/TMIE:

Transduction Channel in hair cells, Mechanosensitive Potassium Channels and Piezo lon



Channels [2]. Other candidate mechanosensors which play an important role are cell-cell
adhesion complexes [25], the glycocalyx [3], focal adhesion sites and their corresponding

proteins [26], and the cell membrane [10].

a SHEAR STRESS STRETCH b
g ~ — : <- , ;
SUCTION MECHANICAL d
C STRETCH \._INDENTATION
e
H,0

—

OSMOTIC CHANGE-INDUCED SWELLING

Figure 1: A selection of types of force that can be applied to cells.

a: shear stress; b: stretch; c: suction stretch; d: mechanical indentation; e: osmotic change-induced
swelling. Taken and adapted from Ranade et al. 2015.

2.2 Cell Membrane

The cell membrane consists of a fragile two-ply sheet of lipid molecules approximately 5 nm
thick which acts as a protective sheath which ensures that cells can survive and grow. The lipid-
bilayer is mainly composed of amphipathic molecules, with phosphatidylcholine being the most
prevalent [27]. Although the membrane acts as a permeability barrier to most water-soluble
materials, highly selective channels and transporters permit the import and export of substances
such as nutrients, metabolites, and ions through the membrane [28]. Regular packing of the
hydrocarbon tails results in closeness between the molecules which leads to an increase in
viscosity as seen in saturated fatty acids. Unsaturated fatty acids have kinks in their tails due to
the double bonds and cannot be packed as closely resulting in a more fluid membrane [29].
Cholesterol which comprises for about 20 % of the total lipid weight in membranes also has a

modulating effect, mostly leading to an increase in stiffness and a decrease of permeability [30].
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Figure 2: The structure of the cell membrane.

Taken from Nicolson, G. L et al., 2021. This figure represents an updated version of the Singer-Nicolson
Fluid-Mosaic Membrane model to depict the complexity of the cell membrane structure. Molecules and
other structures are not shown proportionately

The cell membrane is not a rigid structure but can be regarded as a flexible two-dimensional
fluid, originally based upon the Singer-Nicolson Fluid-Mosaic Membrane model of the cell
membrane as proposed in 1972 [27], however continued research has shown that this original
scheme does not reflect the heterogeneous complexity now applicable to the cell membrane.
Among numerous advancements to the model are the discovery of transbilayer lipid motions,
the fact that membranes are curved and the lateral heterogeneity of membranes. So, under
conditions which entail spatial and temporal limitations, membrane lipids may be subjected to
“flip-flop” or fast transbilayer motion. Also, domains or heterogeneous patches comprise areas
of approximately 0,1 — 1,0 uM, which are enriched with certain proteins and lipids contributing
not only to characteristic structural but also functional properties [31]. Furthermore, membrane
curvature is not a fixed parameter, but can dynamically be modulated by protein binding and
protein insertion as well as changes in lipid composition. Of great importance to membrane
curvature is the geometry of the lipids, including the concepts of lipid packing — as mentioned
before, monolayer intrinsic curvature and membrane intrinsic curvature. If a membrane was

only comprised by laminar lipids, it would function as an insulator but would not be able to
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support life [31]. Having non-laminar lipid structures present in the membrane makes it possible
to respond to stimuli, because the membrane is able to be disrupted through electrical and
chemical gradients or through the insertion of proteins [31, 32]. Mechanical properties of the
cell membrane allow for cell growth and division by adding membrane with no loss of
continuity and self-healing properties ensure immediate closing of the cell membrane if
damaged [31]. The cell membrane has an important role in that it serves as an anchor for
macromolecules on both the extracellular as well as on the cytosolic side [31]. Furthermore,
functional proteins distributed throughout the membrane give the membrane it’s individual
characteristics and are classified as peripheral, integral [27, 33] or membrane associated
proteins. These often function as sensors or receptors to appropriately respond to the

environment.

2.3 Piezo lon Channels

Mammalian Piezol and Piezo2 have recently been discovered with each forming large Ca%*-
permeable non-selective cation channels. These ion channels have abilities to sense and respond
to mechanical forces such as membrane stretch [14], hence the name “Piezo” is derived from
the Greek word piezein, meaning to “press”. Both Piezol and Piezo2 are involved in
physiological processes that are essential to life. In the mouse Piezol plays a role in the
development of the lymphatic as well as the vascular system [34, 35]. Piezo2 plays an important
role in mechanotransduction and is found in the sensory neurons of Merkel cells and the dorsal
root ganglia [34]. Piezo2 is also present in the enterochromaffin cells (EC) of the intestinal tract
[36]. Genetic ablation of either Piezol or Piezo2 leads to embryonic or early post-natal lethality
in mice [34]. In humans a suppression of Piezo2 is associated with a loss of normal touch
sensation and proprioception [37]. The vast array of physiological functions that Piezo channels
contribute towards in living organisms have yet to be fully understood. Recent findings suggest
that Piezo channels play a role in pathophysiological processes including migraine headaches
[38], gut inflammation [39], cancers [4], cardiovascular mechanobiology [35] and gastric
cancer[40]. Piezo2 has been suggested as a candidate biomarker for irritable bowel syndrome
(IBS) and gut inflammation [39, 41].

To determine the structure of a Piezo channel cryo-electron microscopy (cryo-EM) was used.

It was found that Mouse Piezol has a trimeric three-bladed, propeller-like shaped structure [42].



It forms a pore-forming ion channel which is directly gated by membrane stretch. This central
pore-forming module consists of an inner helix (IH), an intracellular C-terminal domain (CTD)
an outer helix (OH) and a C-terminal extracellular domain (CED). The peripheral regions are
composed of “blade”, “beam” and “anchor” domains. The “blade” domains are extracellular
and have 36 peripheral helices (PHSs) in each sub-unit. The “beam” and “anchor” domains are
intracellular (figure 3a). It has been suggested that the N-terminal non-pore containing region
transmits mechanosensitivity on the channel [34],[43]. Piezo2 channels are large membrane
proteins comprised of over 2,800 residues, but share only about 42% sequence homology with
Piezol, although the overall structure is very similar [44]. Through single channel recordings,
it was discovered, that an intrinsically disordered domain next to the beam acts as a cytostolic
plug. This plug limits ion permeation probably by clogging the inner vestibule not only in
Piezo2 but also in Piezol [45]. Through structural comparison between Piezol and Piezo2,
Wang et al. discovered that the transmembrane constriction site is controlled by the cap domain

and might act as a transmembrane gate [46].

A Extracellular view Intracellular view
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Figure 3: Structure of mouse Piezol

A: depicts the trimeric three-bladed, propeller-like shaped structure made up of cap and blades. B:
represents a 38 transmembrane topology model: individual THUs (transmembrane helical units) as well
as major structural domains are labelled; Areas functionally important for mechanotransduction are
labelled in red. C: a cartoon model showing one sub-unit with structural domains labelled. D: a ribbon



diagramme of the the ion-conducting pore unit (left). Surface electrostatic potential is shown on the
right. Taken from Zhao et al., 2018 and Beech et al., 2018.

2.4 Actin and the Cytoskeleton

The cytoskeleton of the eucaryote cell spans the cytoplasm and connects the nucleus with the
plasma membrane. The cytoskeleton is dynamic and provides the cell with remodelling
capabilities through molecular motors acting on it and also allows for active transport within
the cell [47]. Further dynamic properties of the cytoskeleton are aiding during cell division,
assisting the cell respond to its environment and being responsible for movement of the cell.
This includes processes such as engulfing particles through phagocytosis, wound healing, and
muscular movement [48]. Additionally, the cytoskeleton controls the location of organelles in
the cell [49]. The protein filaments can be divided into intermediate filaments, microtubules,
and actin filaments. Intermediate filaments mostly provide structural support, whereas
microtubules and actin facilitate faster cell responses [47]. Approximately 5 % of total protein
in the cell is actin of which half are globular and half assembled into filaments. These filaments
(F-actin) are helical polymers assembled spontaneously from globular actin (G-actin)
monomers which have a flexible structure with a diameter of 7 nm and a few microns in length.
Most filaments are capped before reaching a length of 0,5 um [49]. Individual micro-filaments
are not only flexible but also highly dynamic and can form stress fibers or more mechanically
stable bundles [50]. Actin has the ability to bind and hydrolyse ATP. The dynamic turnover of
actin filaments is due to the conformational change through the transition from ATP-actin to
ADP-bound actin [51]. A dynamically regulated actomyosin network can be achieved through
the cross-linking of myosin molecular motors and actin filaments. This enables cell motility
and application of force through localized contractions of the network, but also facilitates local
transport along filaments. Focal adhesions are stable cell-matrix connections of clustered trans-
membranal integrins, which connect to the actin-network and are responsible for transmitting

localized forces extracellularly [47].

If forces and deformations are applied to the cell it is the cytoskeleton that is important for
maintaining the cell’s stiffness and morphology as well as ensuring plasma membrane integrity
and stability. Actin typically localizes to the submembranal region or cortical region and so
supports the plasma membrane against deformations, but also facilitates formation of
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lamellipodia or filopodia [52]. Changes in the cytoskeleton which lead to reduced internal and
external stiffness can be seen in cancer cells [53]. Here a reduction in cortical actin as well as
stress fibers and F-actin filaments can be observed, resulting in a weaker cytoskeletal structure
[54].

Figure 4: Actin filaments in HCEC-1CT cells

Actin filaments are stained by phalloidin and depicted in green, nuclei in blue. Image was taken with
LSM Zeiss 710 equipped with ELYRA PS.1 system with a Plan Apochromat 63X/1.4 oil objective.

2.5 YAPI1 Transcription Factor

Yes-associated protein 1 (YAPL) is a transcription coregulator and component of the hippo
signalling pathway which regulates organ size through cell proliferation and apoptosis [55].
Recently YAP/TAZ have been identified as mechanotransducers, relaying mechanical stimuli
from the nucleus [16]. YAP and TAZ are largely equivalent proteins based on their genetic
redundancy and structural similarities, however they do display different phenotypes and
investigating these differences are an ongoing process, but they have previously often been
merged as YAP/TAZ [56]. YAP can be regulated both biochemically and mechanically.
Biochemically YAP is regulated by the hippo signalling pathway and mechanically by cues
such as strain, shear stress, ECM rigidity or adhesive area [57]. The hippo pathway consists of
a cascade of interacting kinases mammalian STE20-like kinase (MST 1/2) and large tumour
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suppressor (LATS 1/2), which eventually lead to the phosphorylation of YAP/TAZ at the
serine-127 residue [58]. This leads to YAP/TAZ remaining in the cytoplasm, whereas if the
hippo signalling pathway is switched off due to the loss of polarity, YAP/TAZ is not
phosphorylated at ser-127 and can pass into the nucleus where it promotes numerous
transcriptional programmes involved in cellular proliferation, invasion and suppression or
expression of apoptotic genes [56]. Though as a transcriptional co-activator not binding directly
to the DNA, YAP modulates gene expression depending on its binding partner. Therefore, YAP
can either act as a tumour suppressor by binding to for example p73 in the nucleus and
expressing apoptotic genes [59] or as an oncogene through its interactions with TEA domain
(TEAD) transcription factors [60].

Hippo ON GPCRs Hippo OFF
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Figure 5: The Hippo pathway

The Hippo pathway in ON state (left): YAP/TAZ is phosphorylated by LATS 1/2 and cannot enter the
nucleus. The Hippo pathway in OFF state (right): YAP/TAZ is not phosphorylated and can enter the

nucleus to function as a transcription factor. Taken from Totaro et al., 2018

The process of YAP nuclear translocation can additionally be achieved independently of the
hippo signalling pathway. It has been proposed, that through linker of the nucleoskeleton and
cytoskeleton (LINC)-related nuclear stretching, resulting in the increased permeability of the
nuclear pores, leads to entry of YAP/TAZ into the nucleus. In other words, mechanical coupling

between the nucleus and cytoskeleton is necessary for YAP nuclear translocation. This is
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accomplished through exposure to a stiff environment in which cells build a mechanical
network between the cytoskeleton and the nucleus, which allows for forces exerted through
focal adhesions to extend to the nucleus. This leads to nuclear flattening, which in turn stretches
the nuclear pores and increases Y AP nuclear import through the pores’ reduction of resistance
to molecular transport [57]. These are only two of many emerging signal routes through which
YAP/TAZ can be activated or deactivated. Moreover, the Wnt-pathway coordinates both 3-
catenin and YAP/TAZ activity [56]; different classes of G-protein coupled receptors (GPCRS)
function as repressors or inducers of YAP/TAZ [61]. Furthermore, the regulation of YAP/TAZ
iIs linked to metabolic factors such as the metabolism of lipids through the
mevalonate/cholesterol pathway leading to the promotion of proliferation [62] or through the
presence of the enzyme of the rate limiting step of the glycolytic cascade — phosphofructokinase
1 — which stabilizes the interaction between YAP/TAZ and TEAD and therefore promotes the
transcriptional programme [63]. Beyond these there are many more pathways that interact or
are affected by YAP/TAZ and research in this field is continuously growing with promising

applications in cancer through bioengineering [20].
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Figure 6: Low and high cell mechanics

By adjusting their tensional states through integrin-mediated cell-ECM adhesions, cells respond to
ECM rigidity. Low ECM resistance (left) leads to reduced adhesion, low actomyosin contractility and
YAP/TAZ inactivation. High ECM resistance (right) leads to integrin clustering and intracellular
tension incapacitating YAP/TAZ mechanically regulated inhibitory mechanisms, permitting YAP/TAZ

function. Taken from Totaro et al., 2018
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2.6 Dietary Constituents and Modulation of Mechanotransduction

Fatty acids are the lipids building blocks and play an important role the structure of membranes
[27]. Fatty acids are also a source of energy which the organism can access through the
production of acetyl-CoA by means of (3-oxidation in the matrix of mitochondria and
peroxisomes [64]. Fatty acids exhibit different properties depending on their chain length and

the degree of saturation [65].

Palmitic acid is a fatty acid which is saturated and 16 carbon atoms in length. It belongs to one
of the most prevalent fatty acids in the human diet and can be found in products such as palm
oil (44% of fats), butter, milk, cheese, and meats such as beef [66]. PA can be derived from
dietary sources but can also be endogenously produced from other fatty acids, amino acids, or
carbohydrates. PA constitutes for 20 - 30 % of total fatty acids in adipose triacylglycerols
(TAG), and membrane phospholipids (PL) [67]. The tissue concentration of PA does not
significantly change [68] due to higher intake of PA, due to the fact, that intake is abrogated by
PA endogenous synthesis via de novo synthesis (DNL). However, if DNL is strongly induced
through factors such as nutritional constituents and certain physiopathological conditions, an
increase in tissue content of PA and disruption of homeostatic control of its tissue concentration
is observed [69]. Research has shown that PA not only contributes as a source of energy but
also functions as an intracellular signalling molecule which plays a role in the development of
cancers and furthermore advances the metastatic potential of breast cancer and melanoma in a
CD-36 (fatty acid receptor) dependant manner [70] and promotes the growth of prostate cancer
[71]. Furthermore, a high fat diet, which coincides with a high uptake of saturated fatty acids is
associated with numerous diseases such as cardiovascular disease (CVD), type 2 diabetes

(T2D), metabolic syndrome and contributes to an increase in morbidity and total mortality [65].
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Figure 7: Palmitic acid and oleic acid

Chemical structures of palmitic acid (left) and oleic acid (right). Source: Pubchem

(https://pubchem.ncbi.nlm.nih.gov/compound)

Oleic acid is a monounsaturated fatty acid (MUFA), with one double-bond in position 9 (®-9
FA) and is 18 carbon atoms in length. OA has been associated with positive health effects such
as lowering blood pressure and blood glucose, antioxidant and anti-inflammatory effects,
improving lipoproteins, promoting wound healing and inhibiting cell proliferation in cancer
[72]. Furthermore, in HT29 cells it was shown that olive oil as well as oleic acid can
significantly induce apoptosis in the colorectal cancer cell line [73]. As PA, so OA belongs to
the most prevalent of fatty acids in the human diet. Olive oil is an excellent source of OA
constituting about 75 % of total fatty acids and an important ingredient of the traditional
Mediterranean diet which has various health benefits [74]. Two cohort studies - the Nurses’
Health Study investigating 83 349 women (1980 — 2012) and the Health Professionals Follow-
up Study investigating 42 884 men (1986 — 2012) — taking diverse lifestyle factors into
consideration, assessed among others the influence of the intake of dietary fat (assessed at
baseline and updated every 2 — 4 years) on total mortality. All individuals were free of, cancer,
types 1 and 2 diabetes and cardiovascular disease at baseline. It was shown that higher intakes
of polyunsaturated fatty acids (PUFA) and MUFAs were associated with lower mortality,
whereas saturated fatty acids and trans-fat had the opposite effect (figure 8). It was concluded
that replacing 5 % of energy from MUFA and PUFA was associated with a decrease in total

mortality by 13 % and 27 % respectively [65].
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Figure 8: Percentage of Energy from specific types of fat and the change in total mortality

Percentage of Energy from specific types of fat and the change in total mortality. These data are based
on the Nurses’ Health Study and the Health Professionals Follow-up Study Taken from Wang et al.,
2016
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3 Materials and Methods

3.1 Materials

The complete list of chemicals, consumables, software, and devices utilized for this work is
shown in tables 3 - 6 in the appendix. Here the compounds and the two cell lines used for the

experiments will be presented.

3.1.1 Fatty Acids and FASN Inhibitor

Cerulenin: Beside PA and OA (previously discussed) another compound in use is cerulenin
((2R, 3S)-2,3-epoxy-4-oxo-7,10-trans,trans-dodecadienamide) [75]. This is an antibiotic and
antifungal agent originally isolated from Cephalosporium caerulens. This product is
synthetically derived [76]. The compound acts as a potent and specific Fatty Acid Synthase
(FASN) inhibitor and has been shown to block the synthesis of stearoyl-CoA and eicosanoyl-
CoA fatty acids in microsomes. Cerulenin binds covalently to the active centre cysteine of the

condensing enzyme domain and inhibits FASN [77].

Figure 9: Cerulenin

Chemical structure of cerulenin. Source: Pubchem (https://pubchem.ncbi.nlm.nih.gov/compound)

3.1.2 HCT 116
This cell line was acquired from ATCC and will serve as an in vitro model for cancerous
intestinal cells. There is a mutation on the codon 13 of the ras protooncogene and the cells can

be used experimentally among others in toxicology and cancer research. This cell line was
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originally isolated from an adult male with colon cancer (www.atcc.org/products/ccl-247).

Colorectal cancer is (CRC) one of the most prevalent cancers worldwide, with high rates of
morbidity and mortality [78]. The HCT 116 cells are small and rather round in their morphology
as can be seen in figure 10.

Figure 10: HCT 116 cells

(Image taken with Olympus SC50, 10x magnification).

3.1.3 HCEC-1CT

The HCEC-1CT cell line will serve as an in vitro model for normally functioning intestinal
epithelial cells. The human colonic epithelial cell (HCEC) cell line was initially derived from
biopsies stemming from two different patients (“1” and “2”’) in 2010. These were immortalized
by expression of cyclindependant kinase 4 and the catalytic constituent of human telomerase,
allotting the numbers “1” and “2” and the letters “C” and “T” and to complete the abbreviation
[79]. In 2D culture the morphology of the HCEC-1CT cells is cuboidal to spindle shaped (figure
11) [79]. These cells were kindly provided by Prof. Jerry W. Shay (UT Southwestern Medical
Center, Dallas, TX, USA) [80] and the use kindly allowed by Univ.-Prof. Doris Marko as

intramural collaboration.
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Figure 11: HCEC-1CT cells

(Image taken with Olympus SC50, 20x magnification).

3.2 Methods

The methods implemented in this work will be presented in the following and include cell

cultivation and experiments carried out for this thesis.

3.2.1 Cell Cultivation

Cell maintaining: HCT 116 and HCEC-1CT cells are cultivated in flasks in an incubator at
37°C with 5% CO». The cells are passaged two to three times per week after reaching a cell

confluency of approximately 80 %.

Media composition: The ingredients for the cell culture media for both cell lines can be seen
in table 1 and table 2.
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Table 1: Composition of the cell culturing medium for HCEC-1CT cells

Dulbecco’s Modified Eagle Medium 92,8%
Medium 199 (10x) 2%
Cosmic Calf Serum 2%
1M HEPES buffer solution 2%
Insulin-Transferrin-Selenium [100 pg/ml]  1.04%
Gentamicin Solution 0,12%
Epidermal Growth Factor [100u/ml] 0.02% 0,02%
Hydrocortison [5 mg/mi] 0,02%

Table 2: Composition of the cell culturing medium for HCT 116 cells

McCoy’s 5a medium 89%
Fetal Calf Serum 10%
Penicillin/ Streptomycin Solution 1%

Determination of cell concentration: To determine the number of cells per millilitre Trypan
blue exclusion is used. Here the cell membrane permeability increases after cell death and
allows inclusion of the dye. Living cells with intact membranes do not incorporate the dye and
therefore remain transparent. A 1:2 or 1:5 dilution of cell suspension with trypan blue is
prepared and 10 pL are added to a Neubauer cell counting chamber. Living cells are counted
under the use of a microscope with 5x magnification in all four squares of the counting chamber.

To calculate the concentration of living cells per millilitre, equation (1) is utilized.

cells _ mean living cells* dilution factor (1)
mL chamber depth*counted area
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3.2.2 Experiments

Preparation of stock solutions and concentrations of compounds: For the application of
palmitic acid (Sigma; Lot# SLCH6263) , oleic acid (Sigma-Aldrich; Lot# SLCJ8227) and
cerulenin (EMD Millipore Corp, USA; Lot# 3762630) to the cell lines a modified medium was
used. Though the recipe is similar to tables 1 & 2, both media do not contain serum and 1mg
FA free BSA/mL medium is added to encourage the uptake of the fatty acids which act as
hydrophobic small molecule ligands to albumin as a transporter [81]. All three compounds are
dissolved in DMSO. To ensure complete solubilization, sonification is used for approximately
30 s. When preparing the stock solutions (500 uM for PA and OA; 100 uM for CER) the DMSO
residue is 0,64 % for PA, 0,14 % for OA, and 0,22 % for CER. To ensure equal amounts of
DMSO for each concentration, DMSO is added accordingly. Likewise, 0,64 % DMSO is added
to serum controls (containing cell culturing medium) and no-serum controls (medium without
serum). The concentrations chosen for PA and OA range from 0 uM to 500 pM. This
concentration range was chosen on the basis of models previously published [73, 82].

WST-1 Assay

To determine the cytotoxic effect of PA, OA, and CER at different concentrations on the two
cell lines, a WST-1 assay was carried out [83-85]. The viable cells are determined by the
cleavage of the tetrazolium salt WST-1 (4-[3-(4-lodophenyl)-2-(4-nitro-phenyl)-2H-5-
tetrazolio]-1,3-benzene sulfonate) to formazan through cellular enzymes. The overall activity
of mitochondrial dehydrogenases in viable cells increase the amount of formazan dye produced
and can then be quantified through spectrophotometric methods [83]. The cells are seeded into
a 96-well plate (Sarstedt) and after reaching a confluency of approximately 80 %, the treatment
is added and incubated for 24h. The medium is removed, and the cells are washed with phenol
red free DMEM and again aspirated. 100uL of WST-1 solution (WST-1:phenol red free
DMEM, 1:20) is added to each well and incubated for 30mins at 37°C, 5 % CO». Thereafter the
absorbance is measured via plate reader (CYTATON5S762 plate reader, Biotek) at 450 nm
against a background blank. The reference wavelength is set to 650 nm. Data are expressed as

T/C [%] and the graphs are obtained after performance of n=4 biological experiments.
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Figure 12: Cleavage of tetrazolium salt WST-1 to formazan

(RS = mitrochondrial succinate-tetrazolium-reductase system, EC = electron coupling reagent).

Source: Merck (https://www.merckmillipore.com)

The last replicate was stained using Cell mask™ Deep red plasma membrane. For this
procedure the cells are washed twice with LCI and 100 pL of staining solution (Cell mask™
Deep red plasma membrane: LCI, 1:2000) are added to each well. After 15 min incubation at
RT, the wells are washed twice with LCIl and 200 pL LCI are added to each well before imaging.
Images are captured using the Lionheart using the CY5 and phase contrast channels. Intensity

is measured for all treatments and conditions.

Membrane Fluidity Assay

This assay involves the application and incubation of pyrene-dodecanoic acid (PDA) which can
be biosynthetically incorporated into the cell membrane in sufficient quantities to produce the
degree of labelling required for long-wavelength pyrene excimer fluorescence. Depending on
the fluidity of the membrane different ratios of monomer and excimer are formed in the

membrane leading to an increase or decrease of fluorescence [80, 86].

Prior to carrying out the membrane fluidity assay, the cells of both the HCT116 and HCEC-
1CT lines are seeded into a 96-well clear bottom black side plate 48h in advance. After 24h
hours the treatment is applied and incubated for 24h at 37°C (5% CO>).

For the membrane fluidity assay a 10 mM PDA stock solution in DMSO is prepared freshly
each time. The stock solution is diluted 1:1000 with Life Cell Imaging Solution (LCI) (for
HCT116) or serum free media (for HCEC-1CT colourless DMEM, HEPES, penstrep). The cell
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culture medium is aspirated and 100 pL PDA in LCl/media is added to each well. The PDA is
incubated for one hour at 37°C (5% CO>). Thereafter the PDA-LCI/medium solution is
removed and 100 uL of stimuli (MRCD 50 uM, MRCD-Chol 10 uM, H20, 1mM) is added to
the wells designated as stimuli controls. The wells treated with PA, OA and CER are covered
with 100 pL colourless DMEM (HCEC-1CT) or LCI (HCT 116). Then the plate is incubated
for 10 min. The fluorescence intensity is measured once using a plate reader. For the monomer
the excitation wavelength is 344 nm and the emission 375 nm. For the excimer 344 nm and 470
nm respectively. Data are expressed as intensity [excimer/monomer] and the graphs are

obtained after performance of at least n=3 biological experiments.

Immunostaining: Piezol lon Channels, Actin

To carry out the staining of the Piezol channels a previously implemented protocol by Del
Favero et al., 2020 is adapted [87] and 8-well slides for both cell lines are prepared. For the
HCEC-1CT the cells are seeded at a concentration of 100 000 cells/mL or 25 000 cells per well
(250pL). For the HCT116 the cells are seeded at a concentration of 240 000 cells/mL or 60 000
cells per well (250uL). Two wells act as controls, two wells are treated with palmitic acid (25
or 100uM), two wells are treated with oleic acid (25 or 100M) and the remaining two wells
are treated with a cerulenin concentration of 10pM. Concentrations are chosen on the basis of
the outcome of the cytotoxicity and membrane fluidity experiments. Following an incubation
time of 24h at 37°C (CO2 5%) the cells are fixed with formaldehyde (3,7 % in PBS). This is
done in the dark for 15min with two washing steps using PBS-A hereafter. The 8-well slides
are sealed and stored at 4°C until the staining procedure.

First, a blocking step is made to ensure that unspecific binding sites are blocked. For this 2%
donkey serum (Sigma Aldrich) in PBS-A (250uL/well) is applied for 1 hour at room
temperature. The blocking mixture is removed and the Piezol antibodies are applied at a 1:400
dilution in PBS-A (200uL/well). The antibodies are incubated at 4°C overnight.

On the following day a series of washing steps (3x 10min; 2x 5min) are carried out with PBS-
A only. In order to privilege the localization of Piezol membrane proteins, this step was
performed without detergents.

Next the secondary donkey-anti-rabbit antibodies (Invitrogen — Alexa Fluor™ 568 donkey-
anti-rabbit) are added with a dilution of 1:1000 in PBS-A. The secondary antibodies are

23



incubated for 1,5 h in the dark. Following this the wells are again washed (3x 10min; 2x 5min)
with PBS-A only, using the rocking table.

The permeabilization of the cell membrane is achieved by using 0,2 % TritonX-100 in PBS-A
and adding 200uL of the mixture to each well for 10min. Hereafter another blocking step is

carried out with 2 % donkey serum in PBS-A (250 pL) for 1h at room temperature in the dark.

Next 200uL phalloidin (Invitrogen - Oregon Green® 488 phalloidin) is added with a dilution
of 1:500 in PBS-A to each well to stain the cytoskeleton (actin). The phalloidin is incubated at
room temperature for 1,5h. After this another series of washing steps are applied: firstly, 3x
10min using the washing buffer Triton-X (0,05 % in PBS-A); secondly, 2x 5min using PBS-A

only.

To complete the staining procedure a post fixation step is carried out using 3,5 % formaldehyde
in PBS-A. 200uL of the mixture is added to each well and incubated for 10min in the dark.
Hereafter each well is washed with 250uL PBS-A and 200uL PBS-glycin is added to inactivate
the remaining formaldehyde for 5min using the rocking table. This is removed and another
250uL PBS-A are added to each well.

The PBS-A is removed and 3 — 4 drops of mounting media are applied to each well. The
mounting media contains DAPI which stains the nuclei as well as glycerol with serves to keep
the air out as well as minimizing the potential photobleaching of the fluorescent molecule. The

8-well slides are sealed with a lid, parafilm and foil and are kept at 4°C for imaging.

Images for Piezol (568 nm*), actin (488 nm*) and nuclei (358 nm*) are acquired with LSM
Zeiss 710 equipped with ELYRA PS.1 system with a Plan Apochromat 63X/1.4 oil objective
(zoom 1.5). At least 3 images are taken from each well and single cell selections are made for
at least 5 cells per well. Images are analysed with ZEN 2012 SP3 and FIJI. (* absorption

maximum)

Immunostaining:YAP1

To carry out the YAPL1 immunostaining again, the previously implemented protocol by Del
Favero et al., 2020 is adapted [87]. First, pores are created on the cell membrane using the
TritonX buffer (= permeabilization buffer; 0,2% TritonX-100 in PBS-A). 200uL of this solution
is applied to each well and incubated for 10min at RT. The permeabilization buffer is then
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removed and the 250pL of blocking buffer is added to each well. The blocking buffer used is
2% donkey serum in PBS-A. This is incubated for one hour, RT in the dark. The buffer is
removed and 200uL of the primary antibody (Rb m Ab to YAP1, Abcam) at a 1:700 dilution
in PBS-A is added to each well and incubated overnight at 4°C.

On the following day a series of washing steps is carried out always using the rocking table.
Firstly, 250uL of washing buffer consisting of 0,05% TritonX in PBS-A is added to each well.
This procedure is carried out 3x10mins. Secondly, 250uL of only PBS-A is added to each well

and washed for 3x5mins.

Having removed the PBS-A, 200uL of labelled secondary antibodies (donkey-anti-rabbit,
1:1000 dilution in PBS-A) and phalloidin (1:500 dilution in PBS-A) are added to each well and
incubated for 1,5 hours in the dark. Thereafter another series of washing steps are carried out:
3x10mins using the washing buffer and 3x10mins using PBS-A only. Each time 250uL of the
solution is added to each well.

For the post fixation the liquid is removed and 200uL 3,7% formaldehyde in PBS-A is added
to each well and incubated between 10 — 15 mins, at RT in the dark. The formaldehyde is
collected, and the wells washed with 250uL PBS-A, which is also collected with the
formaldehyde waste. Hereafter 200pL PBS-glycin is added to each well for 5mins to inactivate
any formaldehyde activity. The PBS-glycin is removed and 250uL PBS-A is added to each
well, which is again removed. Lastly 3-4 drops of mounting media are added to each well and

the plates are sealed and stored at 4°C for further use.

Images for YAP1 (568 nm*), actin (488 nm*) and nuclei (358 nm*) are acquired with LSM
Zeiss 710 equipped with ELYRA PS.1 system with a Plan Apochromat 63X/1.4 oil objective
(zoom 1.5). At least 3 images are taken from each well and single cell selections are made for
at least 5 cells per well. Images are analysed with ZEN 2012 SP3 and FIJI. (* absorption

maximum)
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Rhodamine-labelled palmitic acid

To carry out the experiment using rhodamine-labelled palmitic acid, 8-well slides for both cell
lines are prepared. For the HCEC-1CT the cells are seeded at a concentration of 100 000
cells/mL or 25 000 cells per well (250uL). For the HCT116 the cells are seeded at a
concentration of 240 000 cells/mL or 60 000 cells per well (250uL). Four wells act as controls
(two 0 % serum; two 10 % serum) the remaining four wells are treated with rhodamine-labelled
PA, two with 0 % serum, and two well with 10 % serum. The rhodamine-PA solution is only
vortexed and not sonicated as not to break the bond between rhodamine and PA. The treatment
is incubated for 24h (37 °C, 5 % CO,). After incubation the cells are washed and LCI is added
to each well before images are captured with LSM Zeiss 710 equipped with ELYRA PS.1
system with a Plan Apochromat 63X/1.4 water objective.

3.2.3 Imaging and Statistical Analysis

Image analysis: Live cell imaging is done using the Lionheart FX automated microscope

(BioTek Instruments Inc., Winooski, VT, USA), using the CY5 and phase contrast channels.

Images for Piezol, actin and YAP1 are acquired with LSM Zeiss 710 (Carl Zeiss AG,
Oberkochen, GER) equipped with ELYRA PS.1 system with a Plan Apochromat 63X/1.4 oil
objective (zoom 1.5) and an AndoriXon 897 (EMCCD) camera.

Images are analysed with ZEN 2012 SP3 and FIJI. Regions of interest (ROI) are selected and

evaluated with the software.

Statistical analysis: Analysis is conducted using Excel and OriginPro® 2022 software. One
way ANOVA with Fischer LSD for multiple comparison is performed for all data. Differences

were considered significant applying a threshold value (p) of 0.05.
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4 Results

4.1 Cytotoxicity

The results of the WST-1 assay are expressed as T/C (test/control) in percent. The controls are
set to 100 %, and the percentage of the viable cells for each condition can be determined. The
highest concentration tested (500 uM) has a cytotoxic effect for all compounds on both cell
lines. CER also has a toxic effect at a concentration of 250 pM. At the concentration of 250
MM, PA also triggers a loss of viable cells. The lower concentrations (PA, OA — 25 puM, 50 pM,
100 uM; CER - 5 uM, 10 uM, 25uM) had no appreciable toxicity or even supported cell
proliferation . The purpose of the cytotoxicity assay was to find working concentrations for

further experiments in which the cells exhibit no adverse reaction to the compounds.

1m'—T% %— [

TIC [%)

50

0

T ZTEN PR TR [ e TT

L
Ctd 25 50 100 250 500 25 50 100 250 500 5 10 25 50 100

PA [uM] OA [uM) CER [uM] o

Figure 13: WST-1: Cytotoxicity in the HCT 116 cell line

Displayed are the means plus standard error of mean for each treatment condition as treatment over
control for the HCT 116 cell line. Ctrl = control; yellow green = PA in increasing concentration
[UM]; green = OA in increasing concentration [uM]; violet = CER in increasing concentration
[uM]; Data are expressed as T/C [%] and obtained after n = 4 biol. experiments. significant
difference to control with *p<0,05, **p<0,01, ***p<0.001, all others not significant, error bars:
standard error (ANOVA).
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Figure 14: WST-1: Cytotoxicity in the HCEC-1CT cell line

Displayed are the means plus standard error of mean for each treatment condition as treatment over
control for the HCEC-1CT cell line. Ctrl = control; yellow green = PA in increasing concentration
[UM]; green = OA in increasing concentration [UM]; violet = CER in increasing concentration
[uM]; Data are expressed as T/C [%] and obtained after n = 4 biol. experiments; significant
difference to control with ***p<0.001, all others not significant, error bars: standard error (ANOVA).

The cytotoxic effects can be clearly seen (figures 15 and 16) in the images acquired with the
Lionheart FX automated microscope after the staining with Cell mask™ Deep red plasma

membrane stain.
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Figure 15: Images of cytotoxicity in HCT 116 cells

Representative images of the appearance of HCT 116 cells after incubation with toxic and non-toxic
concentrations of treatments with PA, OA, and CER (all phase contrast and CY5 merge) as compared
to control (phase contrast, CY5 and phase contrast and CY5 merge). A decrease in cells’ density and
change in morphology can be seen for toxic concentrations. The images are acquired with the Lionheart
FX automated microscope after staining the cells with Cell mask™ Deep red plasma membrane stain.
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Figure 16: Images of cytotoxicity in HCEC-1CT cells

Representative images of the appearance of HCEC-1CT cells after incubation with toxic and non-toxic
concentrations of treatments with PA, OA, and CER (all phase contrast and CY5 merge) as compared
to control (phase contrast, CY5 and phase contrast and CY5 merge). A decrease in cells’ density and
change in morphology can be seen for toxic concentrations. The images are acquired with the Lionheart
FX automated microscope after staining the cells with Cell mask™ Deep red plasma membrane stain.

4.2 Membrane Fluidity

When comparing controls of both cell lines with one another it can be observed, that the
HCT116 cell line is less fluid than the HCEC-1CT. The cancer cells exhibit a significant (p <
0,001) decrease in membrane fluidity with an increase of the concentration (25 uM, 50 uM,
100 puM) for both PA and OA and at 250 uM (OA) (figure 17, 1a and 1b). The relative increase
in fluidity for the treatment with PA (250 uM, 500 uM) and OA (250 uM) is more likely due
to the cytotoxic effect as demonstrated in the WST-1 assay results and in the bright filed images
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(figures 13 - 16). Here the dying cells lose the integrity of the plasma membrane and are able
to incorporate more PDA forming more excimers resulting in a higher signal. This effect is
even more pronounced in the highest concentration for both PA and OA in the HCEC-1CT
cells. Otherwise only the treatment with 100 uM PA resulted in a significant (p < 0,001)
decrease in cell membrane fluidity in the HCEC-1CT cell line (figure 17, 2a).
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Figure 17: Effect of PA and OA on Membrane fluidity

The data of the membrane fluidity assay are expressed as intensity [excimer/monomer]. Graphs 1a and
1b represent the cancer cell line HCT 116, with 1a representing the significant decrease in membrane
fluidity after treatment with different concentrations of PA depicted in yellow green in [uM] (24 h) and
1b representing the significant decrease in membrane fluidity after treatment with different
concentrations of OA depicted in green in [UM] (24 h). HCT 116 controls are orange. Graphs 2a and
2b represent the non-tumorigenic intestinal cell line HCEC-1CT, with 2a representing the change in
membrane fluidity after treatment with different concentrations of PA depicted in yellow green in [uM]
(24 h) and 1b representing no change (with exception of 500 uM) in membrane fluidity after treatment
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with different concentrations of OA depicted in green in [uM] (24 h). HCEC-1CT controls are red.
Error bars: standard error; boxes: 25/75 percentile with mean. Data are obtained after at least n = 3
biological replicates. Significant difference to control with ***p<0.001, n.s.= no significance
(ANOVA).

4.3 Piezol lon Channels

Due to changes in membrane fluidity it was expected that a change in Piezol ion channels
would be seen in the cell membrane, however in general the change was not significant for the
treatment with fatty acids (figure 18 and 19). Only in the HCT116 cell line the treatment with
PA (100 pM) led to an increase in the expression of Piezol ion channels (figure 18). Cerulenin
on the other hand, had opposing effects on the expression of Piezol in the different cell lines;
a significant (p<0,01) increase in HCT116 and a significant (p<0,001) decrease in HCEC-1CT
(figure 20).
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Figure 18: Piezol expression in the HCT 116 cell line

In the HCT 116 cell line only the treatment with 100 puM PA (24 h) and 10 pM CER (24 h) led to a
significant increase of Piezol. Other treatments with PA and OA had no effect on Piezol expression.
Data are expressed as intensity at 568 nm and the graphs are obtained after performance of at least
n=3 biol. replicates in techn. n=major of 360 cells/ROIs; Significant difference to control with
**p<0.01, n.s. = no significance; Error bars: standard error; boxes: 25/75 percentile with mean
(ANOVA).
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Figure 19: Piezol expression in the HCE-1CT cell line

In the HCEC-1CT cell line only the treatment with 10 uM CER (24 h) led to a significant decrease of
Piezol. Treatments with PA and OA had no effect on Piezol expression. Data are expressed as intensity
at 568 nm and the graphs are obtained after performance of at least n=3 biol. replicates in techn.
n=major of 360 cells/ROIs; Significant difference to control with ***p<0.001, n.s. = no significance;
Error bars: standard error; boxes: 25/75 percentile with mean (ANOVA).
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Figure 20: Comparison of Piezol expression in both cell lines after treatment with cerulenin

a: Treatment with CER (violet, 10 uM, 24h) had opposing effects on the two cell lines. This is an
indication of the difference in lipid metabolism in cancer (orange) and non-tumorigenic cells (red)
affecting the mechanodransductory apparatus of the intestine. Data are expressed as intensity at 568
nm and the graphs are obtained after performance of at least n=3 biol. replicates in techn. n=major of
60 cells/ROls (one grey dot = one cell/ROI) for each condition; significant difference to control (Ctrl
NS = control no serum) with **p<0.01, ***p<0.001; error bars: standard error; boxes: 25/75
percentile with mean. (ANOVA). b: The decrease of the expression of Piezolin the HCEC-1CT cell
line and the increase of Piezol in the HCT 116 cell line after treatment with CER (10 um, 24 h) can be
observed (immunostaining, Piezol shown in orange). Images acquired at 568 nm with LSM Zeiss 710
equipped with ELYRA PS.1 system with a Plan Apochromat 63X/1.4 oil objective.

4.4 Actin

Looking for additional components of the cell mechanosensory apparatus we decided to verify
the effects of our cells on actin cytoskeleton. In the tumorigenic cell line, collectively a
significant (p<0,001) increase of actin could be observed for all treatments and concentrations
compared to controls (figure 21). Sharper concentration dependent responses could be
identified in the HCEC-1CT cell line. Ranging from no significance (OA, 25 uM), over a
significant (p<0,05, PA, 25 uM), to a highly significant (p<0,001, PA 100 puM, OA 100 pM,
CER 10 uM) increase in actin compared to controls (figure 22). Images of actin were captured

with the LSM Zeiss 710 after staining actin with phalloidin. The changes in actin after treatment
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with PA and OA can be viewed in figure 23, with only actin and as merge (Piezol, actin &
DAPI).
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Figure 21: Significant increase of actin after treatment with PA, OA and CER in HCT 116

A significant (p<0,001) increase in actin is observed for all concentrations and compounds (PA (yellow)
25 UM, 100 uM; OA (green) 25 uM, 100 uM; CER (violet) 10 uM) in the cancer cell line HCT 116
compared to no serum controls (orange). Data are expressed as intensity at 488 nm and the graphs are
obtained after performance of at least n=3 biol. replicates in techn. n=major of 390 cells/ROlIs (one
grey dot = one cell/ROI); significant difference to control with ***p<0.001; error bars: standard error;
boxes: 25/75 percentile with mean (ANOVA).
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Figure 22: Change of actin in the HCEC-1CT cell line after treatment with PA, OA and CER

A variety of effects on actin is observed the HCEC-1CT cell line. No significant difference is observed
for treatment with 25 uM OA. A significant increase for all remaining concentrations and compounds
(PA (yellow) 25 pM, 100 pM; OA (green) 100 uM; CER (violet) 10 uM) is seen compared to no serum
controls (red). Data are expressed as intensity at 488 nm and the graphs are obtained after performance
of at least n=3 biol. replicates in techn. n=major of 345 cells/ROlIs (one grey dot = one cell/ROI);
significant difference to control with *p<0,05, ***p<0.001, n.s. = no significance; error bars: standard

error; boxes: 25/75 percentile with mean (ANOVA).
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Figure 23: Images of actin stained by phalloidin in both intestinal cell lines

Actin (green) distribution in the HCT 116 and HCEC-1CT cell line. In the HCT 116 cells the more
intense colouring of actin (stained with phalloidin) of the treated cells can be seen when compared to
controls corresponding to the data in figure 21. A variation of intensity of actin can be seen in the
HCEC-1CT cells (see also figure 22). Depicted above are also merged images of actin (488 nm, green),
Piezol (568 nm, orange) and nuclei (358 nm, blue). Images are acquired with LSM Zeiss 710 equipped
with ELYRA PS.1 system with a Plan Apochromat 63X/1.4 oil objective.

45 YAP1

After observing a significant change in actin cytoskeleton, we pursued the hypothesis that
mechanosensitive transcription factors could change their localization profile upon incubation
with the fatty acids. An increase in YAP1 in the nucleus corresponds potentially to an increase
in the activity as a transcription factor. When comparing controls of both cell lines there are
overall higher levels of YAPL in both the cytosol and the nucleus of the HCEC-1CT cell line,

and lower levels in HCT116 cells (figure 24 a-c). Furthermore, in both cell lines and all
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conditions it could be observed that levels of YAP1 are higher in the nucleus than in the cytosol,

though to different degrees (figure 25 a and b).
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Figure 24: Comparison of controls of both cell lines in regard to YAP1 expression

Of notice the significant (p<0,001) difference in YAP1 expression in both the nucleus and cytosol for
both cell lines: a: YAP1 expression is higher in the HCEC-1CT (red) cell line in both the nucleus and
cytosol when compared to the HCT 116 (orange) cell line. Data are expressed as intensity at 568 nm
and the graphs are obtained after performance of at least n=3 biol. replicates in techn. n=major of 220
cells/ROIs (one grey dot = one cell/ROI); significant difference to control with *p<0,05, ***p<0.001,
n.s. = no significance; error bars: standard error; boxes: 25/75 percentile with mean (ANOVA). b:
Image depicting YAP1 expression in the cancer cell line. c: Image depicting YAP1 expression in the
non-tumorigenic cell line. Here the higher concentration of YAP1 in the nucleus can be observed in
comparison to the cytosol. Furthermore, the higher intensity when compared to “b” can clearly be seen,
reflecting on the data in “a”. Images are acquired at 568 nm with the LSM Zeiss 710 equipped with
ELYRA PS.1 system with a Plan Apochromat 63X/1.4 oil objective.
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Figure 25: An overview of YAP1 expression in both cell lines and all treatments

An overview of the data on the expression of YAP1 in both cell lines shows that the expression of YAP1
is higher in the nucleus (+ = nucleus) for all treatments and conditions when compared to YAP1
expression in the cytosol ( ~ = cytosol). Quantification and experimental details are shown in figures 26
and 28. a: The intensity for YAP1 measured at 568 nm is at a lower range (approx. between 10 to 45)
in the HCT 116 cell line than in the non-tumorigenic cell line (b). Concentrations are expressed in [uM],
no serum controls (orange), PA (yellow), OA (green), CER (violet). b: The intensity of YAP1 ranges
between approx. 30 and 110 measured at 568 nm in the HCEC-1CT cell line. Concentrations are
expressed in [uM], no serum controls (red), PA (yellow), OA (green), CER (violet).

With respect to YAPL in the nucleus following observations were made: The presence of
cerulenin induced no change in HCT116. However the treatment with fatty acids has divergent
effects. The high concentration (100 uM) of both PA and OA increases the amount YAPL in
the nucleus significantly (p<0,001), whereas a low concentration (25 uM) of PA leads to a
significant (p<0,001) decrease and a low concentration (25 pM) of OA conversely leads to an

increase (p<0,05) in YAP1.
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Figure 26: YAPL1 expression in the nucleus of HCT 116 cells

The treatments had a variety of effects on YAP1 expression in the nucleus. Compared to the no serum
controls (orange) there is a significant increase in YAP1 after treatment (24 h) with PA (100 uM,
yellow), OA (25 uM, 100 uM, green) and a significant decrease with PA 25 uM. Treatment with CER
(10 uM, violet) led to no significant difference. Data are expressed as intensity at 568 nm and the graphs
are obtained after performance of at least n=3 biol. replicates in techn. n=major of 350 cells/ROls (one
grey dot = one cell/ROI); significant difference to control with +p<0,05, +++p<0.001, ***p<0,001,
n.s. = no significance; error bars: standard error; boxes: 25/75 percentile with mean (ANOVA).
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Figure 27: Images of YAP1 expression in HCT 116 cells

The difference in intensity of YAP1 can be clearly seen in the treatment of the cells with 100 uM PA and
100 uM OA in comparison to the control (further treatments are not depicted, but data can be obtained
in figure 26). Both treatments led to a significant (p<0,001) increase of YAP1 expression in the nucleus.
Depicted above are also merged images of YAP1 (568 nm, orange), actin (488 nm, green), and nuclei
(358 nm, blue). Images are acquired with the LSM Zeiss 710 equipped with ELYRA PS.1 system with a
Plan Apochromat 63X/1.4 oil objective.
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In the HCEC-1CT cell line there was no significant difference between the control and all
conditions, with exception of a significant (p<0,001) decrease of YAP1 after incubating with
25 UM OA (figure 28). This effect can be clearly seen in the change the intensity of YAP1 (with
and without treatment with 25 uM OA) in the images aquired with the LSM (figure 29).
Likewise, this is the only treatment which led to no significant difference in regard to actin in
HCEC-1CT.
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Figure 28: YAP1 expression in the nucleus of HCEC-1CT cells

Only treatment with OA (25 UM, 24 h, green) led to a significant p<0,001 decrease of YAP1 expression
in the nucleus when compared to the control (red). All other treatments and conditions had no effect
(PA 25 and 100 pM, green; OA 100 pM, yellow; CER 10 pM, violet). Data are expressed as intensity
at 568 nm and the graphs are obtained after performance of at least n=3 biol. replicates in techn.
n=major of 330 cells/ROIs (one grey dot = one cell/ROI); significant difference to control with
***p<0.001, n.s. = no significance; error bars: standard error; boxes: 25/75 percentile with mean

(ANOVA).
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Figure 29: YAPL: Images of treatment with 25 pM OA in HCEC-1CT cells

Only treatment with OA (25 uM, 24 h) led to a significant p<0,001 decrease of YAP1 expression in the
nucleus when compared to the control. Above the decrease of the intensity of YAPL in the OA treated
cells can observed, with the controls appearing much brighter. Depicted above are also merged images
of YAP1 (568 nm, orange), actin (488 nm, green), and nuclei (358 nm, blue). Images are acquired with
the LSM Zeiss 710 equipped with ELYRA PS.1 system with a Plan Apochromat 63X/1.4 oil objective.

4.6 Rhodamine-labelled Palmitic Acid

On the basis of the data at hand, we postulated that the two cell lines could differ in the
efficiency to take up the fatty acids. To this aim we performed live-cell imaging experiments
with fluorescently labelled PA to observe in detail the intracellular distribution of the
compound. Though the analysis of the experiments carried out using rhodamine-labelled PA is
foreseen beyond the conclusion of this master thesis, a brief qualitative comparison between

the two cell lines can be made. As seen in figure 30 it can be observed that PA incorporates into
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the cell membrane of HCT 116 cells as opposed to the HCEC-1CT cell which take PA up into
the cells but not into the cell membrane. The uptake was verified by 3D imaging to ensure that
PA is within the cell and not on the outside. Here the entirely different uptake of PA in cancer
cells and non-tumorigenic cells can be seen as well as dependency on the serum used for the
incubation conditions.

0 % serum 10 % serum

HCT 116

HCEC-1CT

Figure 30: Treatment of both cell lines with rhodamine labelled palmitic acid

On the left, the cells are treated in serum free medium, 25 uM PA,; on the right with 10 % serum, 25 uM
PA. Different uptake of PA can be observed for both cell lines. HCT 116 cells take up PA into the
membrane and the cell. The outline of the cells can be clearly defined. The outline of the HCEC-1CT
cells cannot be established, but through 3-D imaging the uptake into the cell could be verified. Images

are acquired with the LSM Zeiss 710 equipped with ELYRA PS.1 system with a Plan Apochromat
63X/1.4 water objective.
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5 Discussion

It was to be elucidated whether the fatty acids PA and OA have an influence on the
mechanosensory apparatus, comparing a cancer cell line to a non-tumorigenic line. Changes in
membrane fluidity, Piezol, actin and YAP1 were assessed and compared to controls and
cerulenin treated cells. In the following, results of the experimental work for this thesis will be
discussed.

Based on the “force from lipids” principle [12] it stood to test whether PA and OA would induce
changes in the rigidity or fluidity of the membrane, which in turn could potentially affect the
mechanical properties of the membrane. Recently, research was conducted on the potential
effects on membrane fluidity on the mechanosensitive Piezol ion channel, by treating mouse
neuro-2a (N2A) and human embryonic kidney (HEK) cells with different fatty acids. These
included margaric acid (MA, C17:0), and PUFAs such as arachidonic acid (AA, C20:4),
eicosapentaenoic acid (EPA, C20:5) and docosahexaenoic acid (DHA, C22:6). Through atomic
force microscopy (AFM) and differential scanning calorimetry (DSC) it was determined that
membranes containing MA display a higher bending stiffness and are more rigid than those
enriched in PUFAs [88]. Based on these results, it was anticipated that like MA, PA belonging
to the group of saturated fatty acids would decrease membrane fluidity and OA acid might
increase the fluidity slightly due to its only double bond or have no effect due to the shorter
chain length when compared to PUFAs. However, the results of the membrane fluidity assay
only partly coincided with the expectations. Compared to the controls, both PA and OA
treatment for all concentrations (25, 50, 100, 250 and 500 uM) led to a significant (p<0,001)
decrease of membrane fluidity for the HCT 116 cell line (figure 17 1a and 1b). Surprisingly,
both PA and OA did not have this effect on the HCEC-1CT cell line. Only the treatment with
100 uM PA led to a significant (p<0,001) decrease compared to the controls (figure 17 2a and
2b). The significant increase in membrane fluidity with the treatment of 500 UM PA (increase
after initial decrease in lower concentrations) and 500 uM OA, can be attributed to the cell
membrane disintegrating, but also cells losing adhesion and shape, so that they fold on each
other. This is due to the cytotoxic effect which could potentially alter the distribution of the
PDA and not to a more fluid membrane per se. These results however contradict the findings
that tumour cells often possess higher membrane fluidity than non-tumour cells. The higher
fluidity being a feature that promotes malignancy for example in lung cancer cells [89]. In this

respect, it is worth mentioning that cancer cells like HCT 116 divide rapidly. To facilitate
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constant cell division, the cell membrane must accommodate accordingly, whereas non-
tumorigenic cells like HCEC-1CT exhibit a slower rate of turn-over [90]. However, changes in
fluidity could also be transitionary since only one time point (24h) was measured. These results
beg the question how dissimilarly the uptake of the fatty acids into the cell membrane is, when
comparing the cell lines to each other. Therefore, rhodamine-labelled PA was used to be able
to establish whether PA is incorporated into the cell membrane or taken up into the cell to better
understand the membrane fluidity results. Though the experiment has not yet been quantified,
the qualitative images derived from the experiment clearly demonstrate that PA is indeed
incorporated into the cell membrane and taken up in aggregates into the cytoplasm of the HCT
116 cell line. In figure 30 the outline of each cell can be seen, indicating the incorporation into
the membrane, as well as PA aggregates within the cells. The HCEC-1CT cell line on the
contrary exhibited practically no uptake into the cell membrane, but uptake of PA into the cell
in form of tiny droplets. Also, in figure 30 the uptake into the cell (verified by 3-D imaging)
can be seen, but essentially no colouring from rhodamine in the cell membrane can be observed,

coinciding with the results of the membrane fluidity assay.

In general, the treatment with PA and OA did not lead to an increase or decrease of Piezol in
the cell membrane. With the exception of the application of 100 uM PA in the HCT 116 cell
line, which led to a significant (p<0,01) increase of Piezol, all other treatments with fatty acids
led to no significant change (figures 18 and 19). Recently it was demonstrated that an increase
of cholesterol led to an increase of Piezol incorporated into the membrane [91]. Together with
sterols such as cholesterol - gangliosides, and certain glycosphingolipids form microdomains
referred to as membrane/lipid rafts (MLR). These regions can either be morphologically
apparent invaginations or planar areas. The MLR function as scaffolds for signalling receptors
and ion channels, forming clusters of more active signalling platforms which are dependent on
interactions with and dynamic rearrangement of the cytoskeleton for their organization [92].
Since Piezol are very large ion channels, which have the size of approximately 2500 amino
acids with multiple transmembrane regions [45] they might be incorporated into MLR more
easily than other regions of the cell membrane. That said, PA and OA possibly do not contribute
to the structural rearrangement of the MLR in which large ion channels involved in signalling
reside, but rather integrate into regions of the cell membrane that are more uniform and more
likely resemble the lipid-bilayer model originally proposed by Singer-Nicolson [27].

Furthermore, the results of the immunostaining de facto only account for the Piezol ion
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channels present in the cell membrane, but not for their functionality. This would have to be

determined by further experiments such as Ca 2 measurements.

Interestingly, cerulenin had opposing effects on the expression of Piezolin both cell lines; a
significant (p<0,01) increase in HCT116 and a significant (p<0,001) decrease in HCEC-1CT
(figure 20). This is an indication that cancer and non-tumorigenic cells have entirely different
lipid management capacity, which in turn reflects on the mechanosensory apparatus of the cells.
Cerulenin inhibits the function of FASN. FASN is a multi-enzyme complex which catalyses
fatty acid synthesis. The primary function is to catalyse the production of PA from Acetyl-CoA
and Malonyl-CoA in the presence of NADPH. The multi-enzyme protein consists of two
identical subunits with four C-terminal catalytic domains (thioesterase, acyl carrier protein,
enoyl reductase, ketoacyl reductase) and three catalytic domains (ketoacyl synthase,
malonyl/acetyltransferase, dehydrase) in the N-terminal region [93, 94]. Cerulenin blocks
interaction of malonyl-CoA with FASN by binding to the R-keto-acyl-ACP synthase moiety.
Cerulenin has also shown to stimulate fatty acid oxidation by activating carnitine
palmitoyltransferase 1 (CPT1), which is inhibited by malonyl-CoA [77]. FASN is
overexpressed in many cancers, including colon cancer, since an increase in de novo fatty acids
biogenesis is a metabolic trait that equip tumours with survival benefits and proliferative
advantages [95]. Therefore, through the inhibition of FASN the metabolic effect is much greater
in cancer than in non-cancer cells, which are not as relient on FASN. Cerulenin has been shown
to induce apoptosis in the HCT 116 cell line as the treatment was associated with reduced levels
of phosphorylated Akt and the activation of p38, inducing caspase-3 cleavage leading to
apoptosis [96, 97]. This effect can be seen in the WST-1 assay readout, when comparing HCT
116 cells to HCEC-1CT cells. In figures 13 and 14 a much higher toxic effect of cerulenin (less
than 20 % viability) can be observed in the highest concentration (100 uM) on the cancer cells
vs. the non-tumorigenic cells. It has been proposed that cell death potentially could stem from
the toxic accumulation of malonyl-CoA and not from a lack of fatty acids [98]. Therefore,
further experiments with simultaneous treatment of fatty acids with cerulenin could be carried

out on the cells to elucidate combinatory effects.

There is an ongoing dynamic interplay between the MLR and the underlying cytoskeleton,
which regulates many aspects in the functionality of eukaryotic cells in terms of their adaption
to changing environments [92]. A change of actin in the cytoskeleton was observed upon
treatment with PA, OA, and CER in both cell lines. When compared to the controls all

compounds and concentrations in the HCT 116 cell line showed a significant (p<0,001) increase
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of actin (figure 21). In the HCEC-1CT cells (figure 22) there was no change after the treatment
with 25 uM OA, but a significant increase after the application of PA (25 uM, p<0,01; 100 puM,
p<0,001), OA 100 uM (p<0,001) and CER (10 uM, p<0,001). This increase can be observed in
the images obtained from the LSM after staining actin with phalloidin (figure 23). Since a
significant change in the cytoskeleton was observed, it was hypothesized that mechanosensitive
transcription factors could potentially be translocated into the nucleus after incubation with PA

and OA. Therefore, the transcription factor YAP1 was chosen for further experiments.

YAP/TAZ is connected the Wnt pathway which plays an important role in the intestine. At the
core of the canonical Wnt pathway is a multiprotein machinery called destruction complex.
When the Wnt pathway is in an “Wnt OFF” state, both B-catenin and YAP/TAZ associate with
AXxin and are incorporated into the destruction complex. Phosphorylation prevents YAP/TAZ
and R-catenin from detaching and/or degrading in the cytoplasm. In the “Wnt ON” state the
destruction complex is dissembled by Wnt ligands and consequentially the cytosolic inhibition
of YAP/TAZ and R-catenin are abolished, triggering nuclear accumulation and activation of
transcriptional responses in the nucleus [56]. The Wnt pathway is crucial for the homeostasis
of intestinal stem cells. This is applicable for both crypt homeostasis and stem cell maintenance
that rely on active Wnt signalling. Research has verified this using Wnt agonists in transgenic
mice which led to the progressive loss of intestinal crypts [99]. When intestinal tissue is
damaged, it has the remarkable feature of being able to regenerate. The regenerative process
after damage involves a temporary expanded gradient of cell proliferation along the crypt villus
axis [100], induced by Wnt/R-catenin signalling, Sox9, and Myc. Alongside these contributors
of regeneration, additional signalling proteins such as YAP1, Src kinase and focal adhesion
kinase (FAK) are specifically required [101]. Recent research has demonstrated that the Wnt
pathway primes the intestinal crypt for regeneration by activating a gradient of YAPL,
TEAD1/2/4 and CD44, which in turn recruits Src. Therefore, to increase cell proliferation and
promote regeneration in damaged tissue through YAP-TEAD-mediated transcription, strong
Src activation and consequent translocation of Y AP to the nucleus are essential. There exists a
synergism between YAP and Wnt signalling which is necessary for amplification of Myc and
Sox9 expression domain in the regenerating crypt. After approximately a week the crypt returns
to its homeostatic state through a negative feedback process which reduces Wnt signalling
[101].
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Wnt OFF

Figure 31: YAPL: the Wnt pathway

YAP/TAZ are components of the Wnt pathway. On the left the pathway is depicted in the “off” state, in
which YAP/TAZ are bound in the cytosol. On the right the pathway is shown in “on” state, in which
YAP/TAZ can translocate to the nucleus and bind to TEAD. Figure taken from Totaro et al., 2018.

Colon cancer is one of the most pervasive cancers worldwide, which affects both women and
men. It is the third most prevalent cancer after breast and lung cancer [96]. Approximately a
quarter of colon cancer patients develop metastasis which can occur in the lung, liver, lymph
nodes, bone, and brain. Although treatments are available and continuously advancing for
metastatic colon cancer, the overall 5-year survival rate is only about 30-40 % [102]. One of
the hallmarks of colorectal cancer is the overactivation of Wnt signalling. This contributes to
oncogenesis and growth defects with aberrant Wnt activation in approximately 90 % of
intestinal tumours [103]. So not only does this pathway contribute to intestinal regeneration,
but is also considered a key regulator of early and late and invasive stages of colorectal cancer
[9]. With regard to the experiments that were carried out for this thesis only the increase and
decrease of YAPL in the nucleus and cytosol were determined using immunostaining. What is
interesting to observe is that in the non-tumorigenic cell line more YAPL is present in the
cytosol as well as the nucleus when compared to the cancer cell line (figure 24). In the HCEC-
1CT cell line only the treatment with 25 uM OA led to a decrease in the nucleus and all other

treatments were not significant (figure 28). In the HCT 116 cell line with the overall lower
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concentration of YAP1 both fatty acids were shown to have an effect on YAP1 translocation.
A significant (p<0,001) decrease for PA 25 uM, and an increase (p<0,01) for OA 25 uM and a
significant (p<0,001) increase for both 100 uM PA and OA (figure 26). Since YAP1 is involved
both in regenerative and cancer promoting processes in the numerous pathways already
discussed it is difficult to interpret the available data. To establish a connection between the
application of fatty acids and the nuclear translocation of YAP1 it was decided to carry out a
further experiment with the HCT 116 cell line under static and under shear stress conditions.
To this aim, proteomics will help to determine which changes in protein expression occur due
to PA and OA. The analysis for this experiment is in progress however it goes beyond the scope

of the present work.
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6 Outlook

Through the preceding discussion it has become evident, that the underlying biochemical
pathways involved in mechanotransduction and lipid metabolism in the intestine are numerous
and highly complex. Beside the results already discussed more experiments are currently being
carried out to further elucidate the connection between PA and OA and the mechanosensory
apparatus. Proteome analysis of the effect of PA and OA on the HCT 116 cell line in both static
and shear stress conditions will be performed to confirm the functional effects of our
observations. Rhodamine-labelled PA was used to examine the uptake of PA in both cell lines
and will help to clarify the details of the subcellular localization of PA in the different cell lines.
Furthermore, experiments investigating the effect of biophysical stimulation through the
combination of shear stress with the application of PA and OA in regard to YAPL1 translocation
in a time dependent manner are currently being carried out. The analysis will be realized after
the immunostaining of YAP1. Endpoints in this experiment are 3h, 6h and 24h. As cerulenin
had a profound contrasting effect on the different cell lines it would be viable to carry out further
experiments to determine combinatory effects of fatty acids and cerulenin in both cell lines. All
aforementioned experiments were carried out in 2-D cell models without differentiation, so
would be interesting to observe the effects of fatty acid uptake in differentiated cell models
displaying villi. Combined with biophysical stimulation the differentiated cell model would

even more closely mimic the in vivo environment in the intestine.
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7 Conclusion

Ongoing research brings forth more knowledge of the interconnectedness of mechanosensitive
molecules such as YAP1 and Piezol and their roles in health and disease. The results acquired
through the experiments carried out in this work are just a tiny fraction of additional knowledge
in an ever-expanding field of research. It could be shown that both PA and OA led to a
concentration dependent decrease of membrane fluidity in the cancer cell line. Overall, there
was no effect on the expression of Piezol through the application of PA and OA. However, it
was discussed that FASN inhibitor cerulenin had opposing effects on the cell lines, highlighting
the fact, that cancer cells and non-tumorigenic cells exhibit different lipid metabolism
capabilities leading to differing expression of mechanosensitive Piezol. Furthermore, there was
a very significant increase in actin in the cytoskeleton in both cell lines and for both high and
low concentrations of PA and OA. For all treatments and both cell lines higher levels of YAP1
were observed in the nucleus than in the cytosol. Significant reduction of YAP1 could be
determined for low concentrations of PA in the nucleus in the HCT 116 cell line and a
significant increase of YAP1 for higher concentrations of both PA and OA. Low concentration
of OA significantly reduced YAP1 in the nucleus of the HCEC-1CT cell line. However, these
treatment dependent changes have to be interpreted in combination with the aforementioned
experiments which are still pending, to validate the influence of PA and OA on the
mechanosensory apparatus in regard to YAP1. A better understanding of the interrelationship
of lipid metabolism and mechanosensory factors, both in healthy and diseased cells have the
potential to generate novel methods and refine existing ones to develop applications to maintain

and promote intestinal health.
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Appendix

Table 3: Substances

Accutase

Alexa Fluor™
568 donkey
anti-rabbit IgG
(H+1)

BSA FRACV.
Fatty acid, nuc,
prot-free

Cell mask™
Deep red
plasma
membrane stain
Cerulenin,
Cephalosporium
caerulens
Cholesterol-
Water soluable
Dimethyl
sulfoxide
Donkey Serum
Dulbecco’s
Modified Eagle
Medium
Dulbecco’s
Phosphate
Buffered Saline
Fetal calf serum
Hydrogen
peroxide 30%
KCl

KH,PO4
Mounting
Media
MyCoy’s 5a
Medium
NazHP04

NacCl

Oleic acid
Oregon
Green®488
phalloidin
Palmitic acid

Merck
Invitrogen

EMD Millipore Corp, USA

Invitrogen

EMD Millipore Corp, USA

Sigma

Carl Roth GmbH + Co. KG, Karlsruhe, GER

Sigma Aldrich
gibco

gibco

gibco

Carl Roth GmbH + Co. KG, Karlsruhe, GER

Roth
Roth
abcam

gibco

Roth

Roth
Sigma-Aldrich
Invitrogen

Sigma

53

A10042

M.W. 66000

C10046

M.W.223.3

C4951-30MG

A994.1

D9663-10ML

21063-029

14190-094

10270-106

8070.2

67811

39041

ab104139

22330-021

49841

09662

01383-1G
07466

P0O500-10G

3698854
1964370

3563189

1913941

3762630

SLBZ

127253465

SLBQ9773
2300364

2339098

42GBI93K

479286547
38908471
GR3434511-
1

2063605

020289971
390289120
SLCJ8227
1246105

SLCH6263



Palmitic acid -
lissamine
rhodamine
PDA 1-
Pyrenedecanoic
acid
Penicillium
streptomycin
Piezol
Polyclonal
Antibody

Rb m Ab to
YAP1

Trypsin

WST-1

Avanti

Sigma

Gibco

Invitrogen

Abcam

gibco
Rocha

Table 4: Consumables

TC Plate 96 Well,
Standard d, F

Neubauer counting

chamber

pu-Slide 8 well ibiTreat ibidi
96 Well Optical Btm PIt

Sarstedt 83.3924
Paul Marienfeld 0640110
GmbH&Co. KG, GER

80826
Thermo Scientific 165305

PolymerBase Black

w/Lid

Table 5: Software

Genb, 3.08

Imagel, 1.53c

Olympus cellSens

Entry, 1.18

OriginPro®, 2022

BioTek Instruments
Inc., Winooski, VT,
USA

Wayne Rasband,
National Institutes of
Health, USA

Olympus
Corporation,

Shinjuku, JP

OriginLab
Corporation,
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2260669-55-2

82660

15140-122

PA5-106296

Ab 52771

11644807001

1021821
608848

211129/3
1320775

810104P-
1MG-A-011

BCCC7918

2211097

V13141597

GR3266441-
6

461129
45722500



ZEN 2012 SP5 FP3
(black), 14.0.20.201

Inkscape 1.2.1

Table 6: Devices

CYTATON5762 plate
reader

Lionheart FX
automated
microscope

Zeiss LSM710 Elyra
PS.1

Northampton, MA,
USA

Carl Zeiss AG,
Oberkochen, GER
Il

Inkscape Community

BioTek Instruments
Inc., Winooski, VT,
USA

BioTek Instruments
Inc., Winooski, VT,
USA

Carl Zeiss AG,
Oberkochen, GER
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