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Abstrakt: Modely bunécnych kultur se v pribéhu ¢asu transformovaly z jednoduchych
monovrstvych kultur v Petriho miskach do pokroc¢ilych 3D platforem, které poskytuji
podminky a vlastnosti pro riist bunék ve vSech smérech, podobné jako in vivo. Bunky
tkani ovliviiuje mikroprostiedi okolni extracelularni matrix, které 3D bunécna kultura
muze replikovat. Vysledky vyzkumu naznacuji, ze mechanické signaly generované
extracelularnim mikroprosttedim ovliviiuji bunééné chovani a funkce. V této disertacni
praci jsme se zamétili na odhaleni molekularnich mechanism mechanotransdukce, zmén
bunécného metabolismu a molekularnich signalnich drah v 3D kultufe jaternich
nadorovych bunék v kolagenovém nosici. Vyuzili jsme celou fadu biochemickych testl
sledujicich proliferaci, expresi signalnich proteind, imunofluorescenéni barveni a
konfokalni mikroskopii, genetickou manipulaci a fotobiomodulaci. N4§ vyzkum si klade
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signalnich drah v 3D prostiedi, ale véfime, Ze mlize poskytnout zéklad pro vice prediktivni
systétmy bunécnych kultur, coz mize byt prakticky vyuzitelné, naptiklad v modelech

jaternich organoidil pro validaci novych 1éciv.
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1 INTRODUCTION
1.1 Mechanobiology of living cells

A living cell is a basic structural and functional unit of a multicellular organism. It is
the smallest independently functioning unit, that can perform the essential processes
required for life. It possesses a defined structure with specialized organelles and performs
a wide array of functions necessary for the survival and growth. The most essential
functions of the living cell include metabolism, reproduction, homeostasis, transport,
communication, differentiation and also response to changes in cellular environment.
Cells are highly adaptable and play a crucial role in maintaining the complex functions in
multicellular organisms. The living cell consists of nucleus, that contain genetic
information and is the cell’s control center (Figure 1). Cell is surrounded by selective
barrier consisting of a lipid bilayer, so-called plasma membrane. A cytoplasm is a gel-like
substance within the cell, where important chemical reactions and cellular organelles
occur. Organelles are highly specialized structures, that has specific functions. Cellular
organelles include lysosomes, endoplasmic reticulum, Golgi apparatus and mitochondria.
Finally, cytoskeleton is a network of filamentous proteins, that provide structural support

and assists in cell division, adhesion and transport (Figure 1) [1].

Cytoskeleton

Mitochondria

Lysosome

Nucleus

Golgi Apparatus Endoplasmic

Reticulum

Figure 1: Generic animal cell. Created with BioRender.com.

Mechanobiology explores the interaction between a cell and its environment,

elucidating the cell’s capability to perceive and react to the stiffness of its substrate and
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the implications of these mechanisms in living organisms. A cellular environment is a 3D
microarchitecture structure that surrounds cells and creates a functional milieu. In vivo,
we recognize the extracellular matrix (ECM) that is providing a platform for cellular
growth and interactions between the cells and the ECM itself, but also with other cells and
extracellular fluids. ECM is a highly dynamic structure that supports cells while also
playing a role in tissue differentiation and homeostasis [2]-[5]. Specifically, the ECM
structure and function is tightly connected to the state of the tissue condition, such as
normal, aged, wounded, fibrotic or tumorous [2]. Cells are in constant interaction with its
surrounding via cell adhesion. Cell adhesion is a phenomenon describing the attachment
of cell-cell or cell-ECM interaction [1]. Cell-ECM interactions includes focal adhesions
(FA) (Figure 2) [6] and hemidesmosomes [7]. At those sites, cell-adhesion molecules
(CAMs) act as a physical action of the connection [8]. CAMs, including integrins,
vinculin, paxillin, talin, filamin and focal adhesion kinase (FAK), are complex molecular
linkers, located at the interface between cells and ECM (Figure 2). CAMs play an essential
role in fundamental cellular behavior and its changes can lead to multiple pathologies,
such as cancer [9], [10]. Protein vinculin (VCL) is highly abundant at FA sites and provide
actin anchoring to the membrane. Specifically, VCL sustain the extended conformation of

other FA proteins [11].

Actin
Filamin
Vinculin) ( Vinculin Vinculin) ( Vinculin Vinculin
Talin Talin Talin Talin Talin
Paxilin) ( Paxilin Paxilin) (Paxilin Paxilin Cytoplasm
FAK ' (= ’
I PM
a
ECM
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Figure 2: Schematic representation of focal adhesion (FA). ECM — Extracellular
Matrix, PM — Plasma Membrane, FAK — Focal Adhesion Kinase. Created in

BioRender.com.

Mechanotransduction defines the intricate cellular processes that convert mechanical
stimuli into biochemical signals and facilitate the adoption to physical environment of
cells [12]. A growing body of research demonstrates that the physical/mechanical cues
such as viscoelasticity (stiffness of the material), poroelasticity and plasticity originated
in the cellular physiological microenvironment have a significant impact on the functions
of cells, including growth, survival, apoptosis, differentiation, and morphogenesis [13],
[14]. Viscoelasticity deals with materials that exhibit both viscous and elastic behavior
and poroelasticity deals with materials that have both solid and fluid components, while
each mentioned involve the deformation of material. A key mechanical cue that controls
cellular behavior and function is the stiffness of the material that surrounds the cell [15].
It is generally acknowledged that physical stimuli like substrate stiffness, shear stress,
topography, and mechanical strain can be sensed by cells and cause them to respond [14]
[16]. Biomechanical forces originating in the cellular microenvironment, including
external shear stress, are thought to be one of the main regulators of fundamental cellular
properties such as proliferation, motility and plasticity [14], [17]. Therefore, cellular
mechanotransduction signaling is a fundamental component of maintaining cellular
homeostasis ensuring proper cell function and influencing cell destiny [18]. The Focal

Adhesion (FA) protein complex is crucial for mediating mechanotransduction [19], [20].

Despite recent developments in the field of mechanotransduction [21]-[23], there is
still a lack of knowledge regarding the regulation of mechanosensing in hepatic cancer
cell lines. To the best of our knowledge, there aren't many studies that examine how low-
stiffness 3D collagen scaffold affects genetically distinct but closely related hepatic cell
lines. It's important to note that different cell lines, even those that are closely related,
react to stimuli in different ways. Nowadays, scientists realized that cellular environment
plays a crucial role in many aspects, therefore it might be beneficial to mimic this

environment in vitro to provide more realistic cell culture models.
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Physical cues (called also mechanical cues) include topological features of 3D cellular
environment as well as material stiffness, directly affects the cellular behavior [24]. The
stiffness of ECM in vital and diseased tissue differs. Usually, the stiffness of animal organs
is in kilopascal (kPa) range (Figure 5), while plastic used for cell culture offers the stiffness
in gigapascal (GPa), that is out of the range for physiological and pathological values.
Therefore, shift towards the ~kPa scale in biomaterial-based 3D cell culture might mimic
the physiological as well as pathological conditions of tumor environment. Moreover, the
physical cues including stiffness, could mechanically affect cellular behavior in process
called mechanotransduction, that become highly discussed in literature over recent years

(Figure 3).
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Figure 3: Statistical overview for topic “mechanotransduction”. (A) Graph of
publication activity in different publication access categories during last 20 years. (B)
Graph of citation trends during last 20 years. (C) Pie chart of most popular scientific
Jjournals for mechanotransduction. (D) Word cloud for the keywords that are most popular

within the research for “mechanotransduction”. Sourced from https://www.wizdom.ai/.
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Yes-associated protein 1 (YAP) is an oncoprotein and transcriptional regulator that
functions as a corepressor and coactivator, and is an important downstream regulatory
target in the Hippo signaling pathway, regulating proliferation and survival [25], [26].
Moreover, YAP is the principal regulator of the interaction between cells and the
extracellular matrix (ECM) [27]. Hippo signaling pathway key objective is to inhibit the
downstream transcriptional coactivators YAP/TAZ, in order to control organ size via
regulating the proliferation, differentiation and apoptosis [28]. It is worth to note here, that
YAP is deregulated in many cancers, including hepatocellular carcinoma (HCC) [28]. In
fact, it was revealed that increased YAP/TAZ levels contribute to liver tumorigenesis [28]
and that YAP participate in metabolic reprogramming of cancer cells, such as glycolysis
[29], [30]. In tumors, activation of YAP results in cellular uptake of glucose and
promotion of glycolysis rate [31]-[33]. Nardone et al. revealed, that cell mechanics is
determined by YAP-induced focal adhesions (FA) assembly and that YAP is directly
regulating the FA-related gene expression [27]. Evidence points to cell density, shape, and
matrix stiffness as factors, that affect YAP activity [23], [34]. TAZ, a homolog of YAP,
has also been identified as a key mechano-transducer alongside YAP and is an effector in
the Hippo pathway [34]. It is worth noting here, that YAP and TAZ are part of Hippo
metabolic pathway, that in organs control the size and tumorigenesis [35].
Dephosphorylated and activated YAP changes its subcellular localization, and it is
translocated into the nucleus, where it controls tissue growth and differentiation as well

as cell division [35].

Interestingly, YAP modulate stem cell-based tissue renewal controlling the
proliferation and differentiation via activation of mTOR [36]. It is possible, that mTOR
and YAP may both participate in mechanosensing during tumorigenesis as a result of
YAP's mechanosensitivity. We demonstrated how the hepatic tumor cell lines in a soft
tumor microenvironment (storage modulus G' ~94 Pa) alters cellular size and significantly
slows cellular proliferation through YAP-mTOR signaling axis [37]. However, the
molecular mechanisms by which microenvironment stiffness promotes the development
of liver pathologies, particularly tumor formation, remain poorly understood. YAP/TAZ

mechanosensors are proposed to fill the gap between biophysical cues and the metabolic
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transformation in tumor niche [38]. It is not surprising, that Y AP/TAZ represent promising

target for therapeutics to use in cancer treatment [28].

1.2 Liver pathology and stiffness

Liver is a multifunctional organ, maintain the detoxification of metabolites,
decomposition of blood cells, protein biosynthesis, glycogen storage and production of
digestive elements [39]. Liver is a large organ located in the upper right side of the
abdomen. In human, liver normally weights approx. 1,5 kg and the width is about 15 cm.
Liver is divided into left (smaller) and right (bigger) lobe. Within those lobes, there are
functional units called hepatic lobules, that are characteristic with hexagonal shape. Inside
hepatic lobules are located hepatic cells, that include macrophages, stellate cells,
endothelial cells, biliary epithelial cells and hepatocytes. Hepatocytes are the most
abundant cells within the liver and maintain a wide range of functions including
metabolism of sacharides, proteins and lipids, detoxification the toxins, drugs and
metabolic waste products, bile production, glycogen storage and albumin synthesis.
Resident macrophages, so-called Kupffer cells are specialized immune cells localized
within the liver sinusoid (Figure 4) and their primary role is the phagocytosing bacteria
and foreign particles. Stellate cells produce collagen and play a crucial role in liver
fibrosis, when liver injured or inflamed. Endothelial cells form the blood vessel, so-called
sinusoid — a one cell-thin capillary, that maintain the transport of molecules between blood
and hepatocytes. Finally, biliary epithelial cells, also called cholangiocytes, building a 3D

network of bile ducts, also known as biliary tree [40].
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Figure 4: Schematic representation of liver, liver lobule and cross-section of liver
sinusoid. Endothelial capillary of sinusoid contains resident hepatic macrophages, so-
called Kupffer cells. In Space of Disse are located stellate cells. Adapted from [41].

Created with Biorender.com.

Hepatocellular carcinoma (HCC) is a highly abundant primary malignant tumor of
the liver around the world [42] and one of the deadliest cancers at all [43]. Primary liver
cancer is the 7" most frequently occurring cancer disease worldwide and 2™ most
common cause of cancer disease mortality [44]. In global merit, HCC is the most abundant
type of liver cancer, with ~75% abundance [45]. In Czech Republic, the data for malignant
neoplasm of liver and intrahepatic bile ducts are following: in year 2021 the incidence was
988 people (absolute numbers) and mortality 883 people (absolute numbers) (source:

UZIS CR).

Cross-linked fibrous proteins and carbohydrates, such as collagen, elastin, laminin,
and fibronectin, are present in the extracellular matrix (ECM) of the liver [46].
Metabolism of collagen is significantly deregulated in tumor progression, with either

increased collagen expression, increased collagen deposition, altered organization or

17



increased matrix metalloproteinase, or matrixins (MMPs) activity [47]. MMPs are
proteases capable to degrade ECM proteins and play a critical role in tumor cell invasion,
carcinogenesis, angiogenesis, vasculogenesis and metastasis [47]. It is worth noting here,
that high levels of MMPs correlate with poor prognosis in cancer [48]. Unfortunately,
synthetic MMP inhibitors have failed as a promising treatment in clinical trial settings
[47]. Inconsistently, type I collagen represents a physical barrier against tumor invasion,
but elevated expression level of collagen is linked to incidence of metastasis [49]. A
striking physical and mechanical characteristic of solid tumors is matrix stiffening
(increase of the stiffness), which is primarily caused by excessive ECM protein deposition
and cross-linking [50]. Increased stiffness is linked to an epithelial-mesenchymal

transition (EMT) and enhanced proliferation in HCC.

A recent study demonstrated the morphological changes that occurred when HCC
cell lines were grown on various substrate types. In contrast to the widely dispersed and
flattened cells that grew on stiff supports (12 kPa), those that grew on soft supports (1
kPa) had a smaller, more rounded cell shape [51]. According to recent research, liver
stiftness values between 1-5,5 kPa are considered as normal. In healthy adults, the liver
stiffness is approximately 5,5+1,6 kPa [52]. Pathological occurrences, such as fibrosis,
cirrhosis, and cancer progression, are associated with changes in the stiffness of the liver
ECM. In fact, values between 10-75 kPa are associated with liver cancer [53]-[55].
Median value of liver stiffness from 17 patients with HCC was 55 kPa [56]. Cirrhotic
livers were measured by transient elastography and revealed the values of stiffness in
range from 12,5 to 75,5 kPa (Figure 5) [57]. Overall, a stiffer extracellular matrix (ECM)
has been linked to chemotherapeutic resistance and the promotion of proliferation in HCC
[51], [58], as well as accelerated cancer cell migration [59]. It is worth noting here, that
cancerous tissue exhibits mechanical heterogeneity: the front tissue is significantly stiffer
than the tumor core [60], [61]. In addition, low ECM stiffness (1-5 kPa) is associated with
cancer stemness promotion or dormancy, which is a stage in cancer progression where the
cells survive in a quiescent state while waiting for appropriate environmental conditions

to begin proliferation again [62].
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Figure 5: Schematic representation of stiffness measured in used experimental model

and liver pathology. Created in BioRender.com.

In this dissertation, we used hepatocyte-derived immortalized cell lines, that are
genetically different. These cells lines are derived from human patients with
hepatocellular carcinoma (HCC) and/or hepatoblastoma (HB) [63], namely Alexander
(also known as PLC/PRF/5) (ATCC) and HepG2 (American Type Culture Collection,
ATCC). Alexander cell line (RRID: CVCL_0485) was originally isolated from a 24 years
old African male donor with primary hepatocellular carcinoma (HCC), also called
hepatoma and contains hepatitis B surface antigen, however they don’t produce infectious
virus [64]. HepG2 cell line (RRID: CVCL 0027) was isolated from a 15 years old
Caucasian male donor and hepatitis B surface antigens are absent. Originally, HepG2 cells
were identified as a hepatocellular carcinoma. However, there is conflicting evidence
regarding the pathology of HepG2 cells and recently was proposed that HepG2 is
hepatoblastoma [63]. Used cell lines are considered as a reliable cancer model and are

often use for drug development and toxicity testing [65]-[67].

While it's true that not all cancer cell lines fully replicate in vivo tumor models,

they still serve as a dependable preclinical model for fundamental research. [67]. HCC
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cell lines such as HepG2 and Alexander have been found to retain the genomic and
transcriptomic characteristics of primary HCC [65], [66]. Using HCC cell lines as

preclinical models for basic research is therefore scientifically well-justified [65], [66].

1.3 Advanced 3D cell culture systems

In the liver, hepatocytes are parenchymal cells responsible for serum protein synthesis,
bile production and drug metabolism [39]. The major sources of cells in hepatocyte
cultivation are primary hepatocytes [68], immortalized hepatic cell lines [69] and
pluripotent stem cells (PSC) [70]. Primary hepatic cells are the best qualified in vitro
model, that represents liver landscape the most. However, the cultivation of primary
hepatocytes has several drawbacks, such as limited lifespan and rapid dedifferentiation.
Moreover, primary hepatocytes are difficult to maintain and require specialized culture
conditions and media [71]. On the other hand, hepatic cell lines have theoretically
unlimited lifespan and stable phenotype. In comparison with primary cultures, cell lines
culturing conditions are simple and easy to implement. The major drawback of hepatic
cell lines lies in drug metabolism capacities; cells like HepG2 express only few enzymes
that are responsible for drug detoxication [71]. As we mentioned in previous chapter, liver
cells, such as hepatocytes are under mechanical stimuli of extracellular matrix while
developing a pathology, such as fibrosis or cancer. Therefore, the selection of
immortalized cancer cell lines with genomic stability, such as Alexander and HepG2, is
feasible to elucidate the mechanotransduction signaling pathways in modulation of

cellular plasticity.

In general, there are different methods to cultivate hepatocytes, including 2D
monolayer culture (MC), 3D cell culture, co-culture and spheroid culture [72]. 2D MC is
a well-established and easy to maintain cultivation technique. Investigation carried out on
2D MC is robust and can be proceeded in high throughput screening analysis. Moreover,
2D MC might be decorated with ECM-derived biomaterial, including collagen,
fibronectin or commercially-available Matrigel [72]. The aim of the 3D cell culture
technique is to mimic ECM-like conditions in vivo. This was first achieved by
“sandwiching” a monolayer of hepatocytes with a collagen layer on two sides, so-called

sandwich culture [73]. With this approach, hepatocytes are embedded within two layers
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of ECM molecule, that is imitating the Space of Disse from liver sinusoid anatomy (Figure
4). Nowadays, hydrogel-based techniques are available and represent a vital option for
hepatocyte cultivating [74], [75]. 3D cell culture bridges the gap between in vitro and in
vivo experimental conditions, that significantly improves the research and pharmaceutical
development in drug discovery, toxicology and disease modeling [76]. The most advanced

3D cell culture is organotypic culture, so-called liver organoid [77].

3D cell cultures offer a physiologically relevant model for basic research in
toxicology, disease modeling, and drug discovery [37], [78], [79]. 3D cell culture systems
represent an advanced system, that is not always easy to analyze. Therefore, there is a
growing interest to separate and mimic the specific microenvironmental cues, that 3D cell
culture systems could yield [78], such as adhesion, mechanics and soluble factors. In
comparison, traditional 2D monolayer cultures are robust, well-established, inexpensive,
and easy to analyze [80]. In fact, 3D cell cultures point towards in vivo-like conditions
and hold great promise in cell culture-based research. The extracellular matrix (ECM),
which contains cross-linked proteins and carbohydrates, including collagen, is in fact a

functional and specific substrate for liver cells such as hepatocytes.

3D cell culture systems have many advantages and strengths, including the fact that
they could mimic in vivo settings [81], [82]. Moreover, substrate that contain ECM
features induce cell-cell contact, communication and activation of signaling pathways
[83]. 3D culture is highly versatile and could be supplemented by additional factors, such
as proteins, that are found in tumor microenvironment [83]. Cells that are embedded in
3D culture are heterogenous population, that have distinct phases of cell cycle, such as
hypoxic, proliferating and necrotic cells [84], [85]. Molecular patterns of protein
expression level as well as cellular behavior are approaching in vivo conditions [86]-[89].
The key strength of 3D culture is the fact, that it provides in vitro model for inclusion of
different cell types and create multicellular model for anti-cancer drug testing [90]. On the
other hand, there are also disadvantages and limitations, that 3D cell culture possess. The
variability of biomaterial-based 3D matrices could result into non-reproducible

experimental results [75]. [83]. The biggest weakness of 3D cell culture systems is the
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lack of vasculature, that is essential in tumor growth, survival and drug delivery as well

[91], [92].

In fact, cellular attributes such as morphology [93], proliferation [51], [58],
cytoskeletal remodeling [93], exposure to medium [51], adhesion [93], stage of cell cycle
[51], gene/protein expression [37] and drug sensitivity [37], [94] varies greatly between
2D and 3D cell culture systems (Figure 6) [76]. Specifically, MCF-7 breast cancer cells
in 2D culture system appears sheet-like flat and stretched, while cells cultured in 3D
system occurred in round shape [79]. Prostate carcinoma cells LNCaP were cultivated in
a 3D hyaluronic acid-based bilayer hydrogel system and display reduced ability to
proliferate, in comparison with cells cultured in 2D monolayer [95]. In general, cells in
2D monolayer culture are exposed equally to cultivation media, that contains growth
factors and nutrients, while in 3D cell culture this is not a case, because cells near the core
of culture might not receive as many nutrients and growth factors as cells on the edge of
3D culture (Figure 6) [85], [90]. Because of that, majority of cells cultured in 2D culture
are in the same cell cycle stage, while cells in 3D would experience wide array of stages,

including proliferation, quiescence, hypoxia or necrosis [84], [85].

Cells growing in a 3D cell : Cells growing in a 2D
culture : monolayer culture

Forced cellular
organization and
polarity

Diffusion of soluble
factors into the
media (no gradient)

Concentrated
gradient of soluble
factors

Cells adhere to ECM
via integrin-matrix
binding

Cells exposed
to liquid
interface

High stiffness
promotes
monolayer

spreading of cells

Cell-cell
interactions

Restricted cell-
cell interactions

Matrix fibrils restrict
cell spreading

Figure 6: Comparison of 3D and 2D cell culture. Created with BioRender.com.

The methods used in tailoring the 3D cell cultures, include spontaneous aggregation,
liquid overlay cultures, scaffold-based cultures, gyratory and spinner flasks, microcarrier

beads, pre-engineered collagen composite scaffolds and rotary cell culture system [96]. It
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is possible to produce in-house 3D cell culture systems, moreover usage of commercially
available options, such as Matrigel, increasing the reproducibility of the research, because

constant conditions are maintained [97].

In general, 3D cell culture represents an evolving platform that better mimic in vivo-
like conditions of human or animal tissues. In comparison with 2D monolayer culture, 3D
cultures permit cells to grow and interact with their surroundings in all directions as it is
in vivo. Thus, adding one extra dimension offer distinct conditions that living cells can
experience, in comparison with 2D cell culture. In recent years, the publication activity

concerning the 3D cell culture is raising (Figure 7).
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Figure 7: Statistical overview for topic “3D cell culture”. (A) Graph of publication
activity in different publication access or closed categories during last 20 years. (B)
Graph of citation trends during last 20 years. (C) Pie chart of most popular scientific
Jjournals for 3D cell culture, including ACS Biomaterials Science & Engineering [98]. (D)
Word cloud for the keywords that are most popular within the research for “3D cell

culture”. Sourced from https.//www.wizdom.ai/.
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1.4 Photobiomodulation as a tool modulating living cells

Light, as a natural phenomenon represents an amazing example of physical tool. With
light we can modulate molecules and regulate biological processes [99], [100]. There is
an exceptional association between light and biology. Microorganisms operate light-gated
ion channels to perform phototaxis [101], plants convert solar energy into chemical energy
in process called photosynthesis [102], and higher organisms are equipped with
phototransduction-based vision system [103], [104]. Therefore, utilization of light
sources, such as laser (acronym for Light Amplification Stimulated by Emission of
Radiation) or light-emitting diode (LED) in biomedical applications is a logical extension
of the evolutionary aspect of light in nature [104]-[109]. Moreover, light is a central
modulator of circadian rhythms [110]. Certainly, light-based methods are exclusive and
trusted tools in diagnosis, surgery and therapy [104]. Photobiomodulation (PBM),
formerly known as Low-level Laser (Light) Therapy (LLLT) represents an advanced
medical therapy approach, where laser or LED is modulating or improving the cellular
target conditions [111]-[115]. “Low — level” refer to utilization of red and near infrared
(NIR) light, because energy density of this light is low in comparison with laser therapy,
such as ablation [111]. Historically, the development of this physics-based medical
approach started in 1960s [111], when gradually solid-state and gas laser were invented.
In 1967, at Semmelweis University in Budapest, scientists recorded that ruby laser could
stimulate the regeneration not only of mechanically induced wounds, but also of burns in
white mouse [116]. Later, the same research team applied their approach to human
patients, in order to treat non-healing skin ulcers [117]. In 21% century, the current research
of photobiomodulation is focusing on chronic joint disorders [118], rheumatoid arthritis

[119] and osteoarthritis [120] disease treatment.

Fundamentally, light as a part of electromagnetic radiation (ER), is an important tool
in diagnosis and treatment of human disease [104]. Certainly, ER spectrum waves and
rays possess duality phenomenon, that the radiation is represented by particles as well as
by waves [111]. In optics, light as a wave is described by Maxwell’s Equations, that
supposed to have amplitude, that determines brightness of the light, wavelength that
determines light color and vibration angle (polarization) [111]. According to quantum

theory, ER consists of photons, a lightspeed and massless packets (“quanta”) of energy
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where number of photons determines brightness of the light, energy of photon determines
the color and polarization is described in space and time (4D polarization) [111].
Underlying mechanistic principle of the PBM treatment is the induction of photochemical
reaction in a living cell [111]. Light photon is absorbed by a chromophore (a part of the
molecule, that absorbs specific wavelength) in the treated cells and become excited and

jump from a low-energy orbit to a higher-energy orbit [113], [121].

Photobiomodulation operation is characteristic by biphasic dose response or so-called
Arnt-Schulz curve [111]. Biphasic dose response means that lower doses of light are more
beneficial than high doses [111], [121]-[124]. More specifically, if the applied light is not
of sufficient irradiance or the irradiation time is too short that results into no response. On
the other hand, if the irradiance is too high or treatment time is too long, then the response
may be inhibited [125]-[127]. PBM/LLLT as a therapy remains controversial, because
molecular mechanism of action and executive biochemical metabolism foundations of
living cells interacting with light remains enigmatic [111], [114]. Secondly, in order to
choose light parameters for each treatment application, one has to consider parameters
including wavelength, fluence, power density, pulse structure and timeframe of the
procedure [111]. It is worth to note here, that sub-optimal selection of parameter values
may not only result in decreased effectivity of the treatment, but also negative therapeutic
outcome or no effect may occur [111]. Red and NIR light (600-1070 nm) wavelengths fall
into “optical/therapeutical window”, that is defined by minimized absorption and

scattering of light in key tissue chromophores within the NIR region [128].

There are some insights into molecular mechanism of PBM action. It was shown, that
mitochondria might serve as a “sensor” and “effector” of non-specific interaction between
laser light and living cells [104], [129]-[131]. It was found, that red laser induces MTCO
activation [104], [129]-[131]. Matching spectra with laser light range used in PBM
indicates that MTCO is the key chromophore in PBM response [132], [133]. Inner
mitochondrial transmembrane protein complex cytochrome C oxidase (MTCO) is a bulky
protein structure, that consists of two copper centers and two heme-iron centers and
servers as a component of electron transport chain metabolic pathway [134]. Electron

transport chain (ETC) represents a fundamental biological mechanism of ATP generation
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using the oxidative phosphorylation [1]. Through ETC protein complexes, high-energy
electrons from electron carriers passthrough a sequence of transmembrane proteins,
including MTCO to the final electron acceptor, generating a proton gradient that trigger
ATP production [1]. PBM of tissue results in an elevated cellular respiration via increase

of metabolic products, including ATP, NADH, protein and RNA [135].

1.5 Challenges and perspectives

A substantial body of current research has consistently demonstrated that alterations
in physical cues within the cellular environment led to corresponding shifts in cell
behavior and functionality. While these studies yield valuable insights into cell plasticity,
they often lack a comprehensive mechanistic explanation that examine the underlying
processes driving these changes. Consequently, there is a critical knowledge gap
concerning the intricate molecular mechanisms through which these factors exert their
influence on cellular behavior and functionality. Therefore, the acquisition of a research
in this regard holds great significance, serving both fundamental and practical interests. It
not only contributes to our fundamental comprehension of molecular biology of living
cells, but also holds the potential to offer practical applications in various areas, ranging
from regenerative medicine to designing advanced therapeutic strategies in cancer
treatment. By deciphering the intricate interplay between physical cues and cellular
responses, we are looking for innovative interventions and technologies that can harness

these mechanisms for improved scientific advancements and health outcomes.
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2 AIMS

In this dissertation thesis we intended to elucidate the molecular mechanism of
mechanotransduction and cellular plasticity under the physical cues of 3D cell culture in
liver cancer cells. Therefore, we conduct comparative research analysis of hepatic liver
cancer cell lines HepG2 and Alexander cultured in 3D cell culture in a soft ~94 Pa collagen
scaffold (CS) under physical cues provided by CS, i.e., fibers and pores. As a comparison
we used widely used traditional stiff (~GPa) 2D monolayer culture (MC) on a plastic dish
(Figure 8).

The aims of this thesis are following:

e Develop and characterize the microarchitecture 3D cell culture model using the
major liver ECM component collagen I

e Establish the cell culture of genetically validated Alexander and HepG2 liver
cancer cell lines in 3D cell culture of collagen scaffold (CS)

e Capture the differences between hepatic cancer cell lines HepG2 and Alexander
cultured either in soft 3D cell culture and in traditional 2D cell culture on stiff
(~GPa) plastic dish

e Rigorously analyze the cellular behaviour, including cellular size alteration,
proliferation dynamics, cytoskeletal protein element’s structure reorganization and
cellular adhesion of Alexander and HepG2 under the physical cues of CS

e Reveal the biochemical signaling of mechanotransduction and key molecular
determinants involved in the cellular response to 3D soft ECM conditions such as
YAP and mTOR

e Reveal the mitochondrial dynamics using the chemical agent’s treatment and
marked mitochondrial membrane potential in 3D CS

e Expose how physical cues of 3D CS affects metabolism, including glycolysis
pathway, energy metabolism and autophagy

e Explain how photobiomodulation treatment with red laser light affect cells
cultured in 3D CS and what are the mechanistic foundations for cellular response

in 3D culture
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Stff (~GPa) 2D Monolayer Culture (MC)
Soft (~94 Pa) 3D Collagen Scaffold (CS)

Figure 8: Schematic representation of living cell cultured either in 3D collagen scaffold
or in 2D monolayer culture (plasma membrane in red, nucleus in blue). (4) Schematic
round cell attached to collagen fiber in 3D collagen scaffold (CS) that consists of fibers
and pores. (B) Schematic stretched cell attached to the plastic Petri dish in 2D Monolayer
Culture (MC). Rendered in Blender 3.3.

To achieve these aims, we used advanced biomaterial-based 3D cell culture platform,
1.e., collagen scaffold, biochemical assays, biophysical approach, genetic manipulation
and photobiomodulation treatment. Specifically, we induce the mechanotransduction in
HepG2 and Alexander hepatic cancer cell culture in 3D collagen scaffold. Our intention
was to observe the alterations in the morphology and proliferation and reveal the changes

in molecular signaling pathways and metabolic changes.
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3 EXPERIMENTAL METHODS

This doctoral thesis represents a cross-disciplinary study and various methodology
including biochemistry, biophysics and genetic engineering, that were used to achieve
proposed aims. Briefly, description of methodology is listed here, while full experimental
design and extended information for used methodological approaches are part of scientific
papers published in Q1 journals [37], [98], and can be found in appendices (Appendix I,
10).

3.1 Characterization of 3D collagen scaffold

For the preparation of disc-shaped collagen scaffold (CS) [37], [98], we used medical
grade lyophilized collagen I (VUP Medical, a.s., Brno, Czech Republic) with dry basis
min. 80% and used cryostructuring technique [136]. The CS preparation as well as CS
stiftness determination was done by dr. Yuriy Petrenko and a team at the Department of
Biomaterials and Biophysical Methods in the Institute of Experimental Medicine (UEM
AVCR) in research group led by dr. Sarka Kubinova. In general, cryostructuring technique
is widely used and consists of three stages: gelation, freezing and removal of frozen
solvent [136]. We estimated the viscoelastic properties of the crafted biomaterial scaffold
(CS). Rheological measurements were performed with modular compact rheometer MCR
92 (Anton Paar Ltd., St Albans, UK) with plate-plate crosshatched geometry setup using
oscillatory strain sweep mode of frequency 1 Hz [37]. Using this setup and the oscillatory
strain sweep mode with frequency 1 Hz we determined the storage modulus G” and loss

modulus G"'[37].

We were interested in microporous nature of collagen scaffolds (CS). Therefore, we
used fluorescence contrast technique to visualize collagen fibers and pores. In order to
expose the morphology of the CS in a native liquid environment, we labelled CS with low
molecular weight fluorescent probe Col-F (ImmunoChemistry Technologies, LLC,
Bloomington, USA), that exhibits affinity for collagen [137]. Particularly, we were
interested in physical features of CS (so-called physical/mechanical cues), that are pores

and fibers.
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3.2 Cell culture of HepG2 and Alexander cell lines

Cell culture of HepG2 and Alexander cell lines was kept in Eagle’s Minimum
Essential Medium (EMEM) culture medium (ATCC), that was enriched with 10% fetal
bovine serum (FBS, ThermoFisher Scientific, Waltham, MA, USA) and 1%
penicillin/streptomycin (ThermoFisher Scientific, Waltham, MA, USA) and changed once
a week [37] [98]. Cell culture incubator was set to humidified 5% CO, atmosphere at 37

°C and represents our cultivation conditions (Figure 9B) [37] [98].

For 3D cell culture we used in-house synthesized soft collagen scaffold (CS)
material described in the previous chapter. Briefly, after cells has been sub-cultured,
harvested cells were seeded into CS. Approximately, 10° of HepG2 and Alexander viable
cells in 30 pl were seeded into CS and placed in classic 6-well plate [37], [98]. After 1
hour of incubation at cultivation conditions (Figure 9B), a fresh and 37 °C-tempered
medium was added to cover up the whole volume of the CS [37]. For every cell culture
experiment, cells had been cultivated in CS for 7 days at cultivation conditions and EMEM
medium was changed every other day (Figure 9) [37] [98]. As a 2D monolayer cell culture
model, we used standard 35-mm wide standard glass bottom dishes (Cellvis, Sunnyvale,

CA, USA) or 6-channel pSlide (Ibidi, Martinsried, Germany) [37], [98].

In order to improve the scientific validity, reliability, relevancy and overall quality of
studied cellular model systems (HepG2 and Alexander cell lines), we verified the
authenticity of human cell lines and match with standardized short tandem repetition
(STR) genetic code profile reference [138], [139], using the commercially available
service (ATCC, Manassas, VA, USA). According to the service provider instructions, we
prepared cell culture samples of HepG2 and Alexander and shipped the sample to ATCC

company for genetic analysis of STR using PowerPlex® 18D System (Promega).

In order to keep validity of the cell culture system models we monitor level of

Mycoplasma contamination [140], [141] using selective biochemical test MycoAlert™,
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Figure 9: Schematic representation of procedure for cell seeding and culturing. (4)
Cells were seeded into collagen scaffold (CS) and monolayer culture (MC). (B) Cell

culture conditions of incubator. Created with Biorender.com.

3.2.1 siRNA transient transfection

siRNA transient transfection represents a genetic engineering method and
advanced molecular biology technique. We have used commercially-available product
Lipofectamine 3000 that is increasing the transfection efficiency of RNA, including small
interfering RNA (siRNA), in cell cultures using the lipofection. In this thesis, we used this
genetic manipulation technique in 2D monolayer cell culture in order to transiently
decrease the expression of YAP protein. Briefly, cells were seeded onto 12-well plates at
a density 0£ 400,000 cells per well [37]. After 24 hours, cells were transfected with 1.5 pg
of YAP1 Silencer Select per well using Lipofectamine 3000 transfection reagent (Thermo
Fisher Scientific, Waltham, USA) and followed the manufacturer instructions [37]. After
24 and 48 hours from siRNA transfection procedure, cell lysates were collected for protein
analysis. For utilization of transfected cells in immunofluorescence, we seeded viable cells
onto 6-channel pSlide (Ibidi, Martinsried, Germany) at a density of 1,5 x 10* /channel
[37]. After 24 hours of incubation at cultivation conditions (Figure 9B), cells were
transfected with 150 ng of YAP1 Silencer Select siRNA [37]. After 48 hours of siRNA

transfection, cells were stained for immunofluorescence microscopy.
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3.2.2 Cell extracts and immunoblot analysis

To compare different protein expression profiles between 2D monolayer and 3D
cell culture, we used immunoblot analysis (also known as Western blot). In order to
execute that, we collected cell extracts using the lysis radioimmunoprecipitation assay
(RIPA) 1x solution (Millipore, Burlington, VT, USA) supplemented with protease and
phosphatase inhibitors [37], [98]. We performed the assay according to the manufacturer
directions and our verified protocol [140]. Briefly, aliquots of whole-cell lysates
containing equal amounts of protein concentration were prepared using Micro BCA™
Protein Assay kit (Thermo Fisher Scientific) [37]. Individual proteins were separated at
denatured conditions, using sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) [37], [98]. Later, separated proteins on polyacrylamide gel were transferred
to Invitrolon™ polyvinylidene difluoride (PVDF) membrane (Invitrogen, USA), that has
0.45 pum pore size [37], [98]. Invitrolon™ PVDF membranes are suitable for high
sensitivity and low background immunoblotting and represents the optimal solution for
Western transfers of proteins > 10 kDa (Invitrogen, USA). To prevent antibodies from
binding to the membrane non-specifically, we blocked the PVDF membrane using either
5% (w/v) fat-free dried milk or, alternatively, 5% (w/v) bovine serum albumin (BSA) for
1h [37], [98]. Subsequently, PVDF membranes were incubated with various specific
primary antibodies (see Appendices I and II for details) at 4°C in circular motion overnight
[37], [98]. Finally, chemiluminescence signals were detected using the imaging system
GBOX CHEMI XRQ (Syngene, Synoptics group, Cambridge, UK) as was described
[141]. The chemiluminescence signals were recorded using acquisition software
GeneTools (Syngene, Synoptics Group, Cambridge, UK) and densitometric quantification
of blot protein bands were execute using GeneTools quantification software (Syngene,
Synoptics group, Cambridge, UK) [37], [98]. To determine the protein band size, we used
a marker Precision Plus Protein™ Dual Color Standards, that contain recombinant

proteins designed to provide a consistent size ladder (10-250 kDa) (Bio-Rad, USA).

3.3 RNA isolation and quantitative measurement of gene expression from human
patients
In order to measure the gene expression in human liver samples, we used real-time

polymerase chain reaction (PCR). Human samples of neoplastic liver tissues were
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procured from patients during surgical resection at the Transplant Surgery Department of
the Institute for Clinical and Experimental Medicine (IKEM). All patients signed the
informed consent. Clinical samples collection was performed according the standards and
approved by the IKEM and Thomayer University Hospital Research Ethics Committee
[142]. Briefly, total RNA samples from 12 human patients’ cohort were isolated and
purified using silica-membrane spin columns RNeasy Mini Kit (Qiagen, Hilden,
Germany), followed by DNA removal procedure using RNase-Free DNase Set (Qiagen,
Hilden, Germany) [98]. In order to determine the integrity, purity and quantity of isolated
RNA samples, we used NanoDrop One Microvolume UV-Vis Spectrophotometer
(Thermo Fisher Scientific) [98]. To generate cDNA we used Maxima H Minus First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA). According to the previously
published protocol [143] we used 2 pug of RNA to synthesize the cDNA. Real-time PCR
was performed on an Applied Biosystems Viia7 Real Time PCR system (Applied
Biosystems, Waltham, MA, USA) using the Fast Advanced TagMan Gene expression
Master mix (Thermo Fisher Scientific, Waltham, MA, USA) and pre-designed
commercially available specific TagMan Gene Expression Assays (Appendix II) [98].
Data were analysed using Microsoft Excel and MaxStat Pro 3.6 software (MaxStat,
Cleverns, Germany) [98]. According to previously published study [144] we used
2—AACT methodology to determine the expression of target gene by normalizing to

GAPDH gene expression [98].

3.4 Spectro-fluorometrical analysis

3.4.1 Pyruvate content analysis

In order to glimpse into basic cellular regulation pathways, we analysed
metabolism of pyruvate, an output of the glycolysis, where one molecule of glucose breaks
down to two molecules of pyruvate. Subsequently, pyruvate enter mitochondria and it is
further metabolized via tricarboxylic acid cycle. Therefore, we performed colorimetric
assay, using the Pyruvate Assay Kit (Sigma Aldrich, St. Louis, MO, USA) [98] and
followed manufacturer directions. Briefly, we have collected cell extracts and determined
protein concentration as we described in section 3.1.2. Cell Extracts and Immunoblot
analysis. Endogenous lactate dehydrogenase (LDH) might degrade lactate, therefore we

performed deproteinization of samples using a 10 kDa molecular weight cut-off (MWCO)
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spin filter VIVASPIN (Sartorius, Goettingen, Germany) [98]. Deproteinized samples
were mixed with Pyruvate Assay Kit chemistry according to the manufacturer direction,
incubated and colorimetric assay was performed [98]. The intensity of signal was recorded
using a Tecan microplate reader SpectraFluor Plus (Tecan, Méannedorf, Switzerland) [98].
The amount of pyruvate was calculated using the calibration curve obtained from pyruvate
standards, that run simultaneously in assay with the samples of interest. Pyruvate molecule

content is expressed in nmol/mg of total protein content units [98].

3.4.2 Lactate content analysis

Another important molecule in cellular metabolism is lactate, that can be oxidized to
pyruvate or converted to glucose via gluconeogenesis metabolic pathway. We have used
Lactate Assay Kit (Sigma Aldrich, St. Louis, MO, USA) and performed colorimetric assay
in accordance with the manufacturer directions [98]. Briefly, we have gathered cell
extracts and determined out protein concentration as we described in section 3.1.2. Cell
Extracts and Immunoblot analysis. Samples were deproteinized and processed as we
describe in 3.3.1. Pyruvate content analysis. The intensity of colorimetric signal was
detected using the Tecan microplate reader SpectraFluor Plus (Tecan, Ménnedorf,
Switzerland) [98]. The amount of lactate was calculated using the calibration curve
obtained from lactate standards, that run simultaneously in assay with the samples of
interest. Lactate molecule content is expressed in pmol/mg of total protein content units

[98].

3.5 Ultra-fast high-resolution confocal microscopy

We used the brand-new high-resolution spinning disk confocal system IXplore
SpinSR Olympus IX3 (Olympus, Tokyo, Japan) to produce high-quality confocal images
[145], [146]. A spinning disc confocal unit (CSUW1-T2S SD; Yokogawa, Musashino,
Japan) and an inverted microscope (IX83; Olympus, Tokyo, Japan) that were included in
the system. Spinning disk confocal microscopy represents novel and innovative approach
to live-cell imaging that is used for observation and visualization of cellular components
and organelles, including microtubules, mitochondria and lysosomes [147]. Fluorescence
images were captured using either a 20x objective (LUCPLFLN20XPH NA 0.45 air lens,
Olympus, Tokyo, Japan) or a 100x silicone immersion objective (UPLSAPO100XS NA
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1.35 WD 0.2 silicone lens, Olympus, Tokyo, Japan). Fluorophores were excited at the
proper wavelengths using laser diodes with output powers of 50 mW at 405 nm, 100 mW
at 488 nm, and 100 mW at 561 nm. At a definition of 2048x2048 pixels, confocal images
were captured. Two digital CMOS cameras ORCA-Flash4.0 V3 (Hamamatsu,
Hamamatsu City, Japan) simultaneously captured the images after passing them through
the necessary emission filters (BA420-460, BA575IF, BA510-550; Olympus, Tokyo,
Japan). The acquisition program cellSens (Olympus, Tokyo, Japan) was used to capture
and store fluorescence confocal images. HepG2 and Alexander cells were cultured in
monolayer culture (MC) or collagen scaffolds (CS) under standard conditions (Figure 9B).
Following that, cells were either imaged live or fixed and immunostained using the
fluorescent probes and antibodies (see Appendices I and II for details). Cells were fixed
with 4% paraformaldehyde for 10 minutes at room temperature in PBS with a pH of 7.4.
Before staining, samples were permeabilized with 0.5% Triton X-100. Primary antibodies
against various proteins, as listed in Appendix I and II, and an Alexa Fluor 568-conjugated
secondary antibody (Thermo Fisher Scientific, Waltham, USA) were used for
immunofluorescence staining on fixed cells (Figure 10A). The spinning disk confocal
microscope [Xplore SpinSR (Olympus, Tokyo, Japan) was used to capture images of
stained cells (Figure 10B). For image processing and quantification, Imagel software

(NIH, Bethesda, MD, USA) was used [37] [98].
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Figure 10: Schematic representation of procedure for cell labeling and capturing of
immunofluorescence using ultra-fast high-resolution confocal microscopy. (4) Cells

were labeled with florescent probes or primary antibodies with affinity to specific protein
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and subsequently labeled with secondary antibody that was attached to a fluorophore. (B)

Detail on immunofluorescent procedure and its components. Created with Biorender.com.

3.6 Photobiomodulation: High-Fluence Low-Power (HFLP) laser treatment for
cell culture

In this thesis, we used a previously described laser system to expose cells to 649 nm
wavelength in order to cause severe mitochondrial dysfunction [129], [148]. Experimental
setup of the HFLP laser system contained a fiber taper with a waist diameter of 1545 um,
that was used to deliver 649 nm laser light from the system to a cell culture. An optical
power meter PM 100D (Thorlabs, Newton, NJ, USA) was used to measure the output laser
power, which was maintained at 631 uW [148], [129]. Before being exposed to laser
radiation, cells were seeded into a collagen scaffold (CS), cultured for seven days, and
labeled. We used a two-color fluorescence assay LIVE/DEAD® Viability/Cytotoxicity
Kit (Thermo Fisher Scientific, Waltham, MA, USA), to determine the viability of cultured
cells [98]. The optical taper was cleaned with 70% ethanol before being placed on the
cells. Using an Olympus [X83 microscope (Olympus, Tokyo, Japan) connected to a
Micromanipulator 5171 (Eppendorf, Wesseling-Berzdorf, Germany), the optical taper's

position to the close proximity of the cellular population was established [98].

3.7 Quantitative analysis of confocal microscopy digital images and its
automatization

Authentic microscopy images were captured using software cellSens (Olympus,
Tokyo, Japan). ImageJ software (NIH, Bethesda, MD, USA) was used for image
processing and quantitative analysis [37] [98]. The following parameters were quantified
using ImagelJ software (NIH, Bethesda, USA): cell and nuclei sizes, collagen pore size,
collagen fiber width, cell number, and fluorescence line scans. By selecting 5 to 10 visual
fields at random from each sample and using the same setting parameters (such as spinning

disk speed, laser power, and offset gain), quantitative image analysis was carried out.

3.7.1 Automatization of quantitative analysis of mitochondrial membrane
potential using ImageJ macros
We have created macros using the "Recorder" function in Image] software (NIH,

Bethesda, MD, USA) in order to perform efficient and semi-automated quantification of
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the JC-1 green-to-red fluorescence ratio. Using Macro 1 (Supplement Material [98] from
Appendix II), contrast and brightness enhancement were carried out. Following,
individual cells were manually chosen using the Region of Interest (ROI) Manager
function. Additionally, integrated densities for specified ROIs of the red and green
channels were measured, and Macro 2 (Supplement Material [98] from Appendix II) then
calculated the ratio of the integrated densities for the red channel and green channel. Using
Macro 3 (Supplement Material [98] from Appendix II), digital images were displayed as
amulti-stack montage. After manually choosing the ROI for the presentation, the montage
for the green, red, and combined channels was then completed using Macro 4 (Supplement

Material [98] from Appendix II) [98].

3.8 Statistical analysis

Quantitative results are given as £SEM (standard error of the mean). Sample size was
determined using a statistical method, stated in [149], considering the 95% confidence
level and 0.9 statistical power [37]. All statistical analyses were carried out using
SigmaPlot 13 (Systat Software, Palo Alto, CA, USA) and MaxStat Pro 3.6 software
(MaxStat Software, Cleverns, Germany) [98]. At (*) p<0.05, differences were deemed
statistically significant. We used the published instructions for quantitative confocal
microscopy to quantitatively analyze the images [150], [151]. A quantitative analysis was
performed on images from three separate experiments. We used a statistical technique that

was previously described to determine sample size [149].
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4 EXPERIMENTAL RESULTS
4.1 Characterization of 3D scaffold morphological structure

In-house sponge-like collagen disc-shaped scaffolds were produced [37], [98] using
the cryostructuring technique [136]. Synthesized 3D collagen scaffold has open-cell
facetted architecture, that is effective for culturing high density cell suspensions [96].
Accumulating evidence suggest, that extracellular matrix (ECM) stiffness modulate the
hepatic cancer cells proliferation rate. High substrate stiffness, e.g., glass, increases the
proliferation rate [51], [58], while low stiffness, e.g., collagen scaffold decreases the
proliferation [37], [152]. Correspondingly, ECM stiffness in range between 1-5 kPa is
associated with decreased proliferation and cancer stemness promotion [62]. Specifically,
phenotypic cancer stem cells (CSC) surface markers were observed in hepatocellular
carcinoma (HCC) cells under soft cell culture conditions (5,9 kPa) [153]. Therefore, in
order to reveal the stiffness of CS we characterize rheological/viscoelastic properties and
determine storage modulus G' and loss modulus G” [37]. We found that in-house made
3D CS have values ~94 Pa for storage modulus and ~0 Pa for loss modulus [37]. In
comparison, a plastic dish used for conventional 2D monolayer cell (MC) culture has
stiffness in range of ~GPa [80]. Unlike on 2D MC, 3D culture provides distinct competing
mechanical cues, including adhesion and pressure [37]. Basically, there are two distinct
mechanical cues that cells experience in collagen scaffold, i.e., fibers and pores (Figure

11).

In order to observe porous architecture of collagen scaffold (CS) at a micrometer [um]
scale, we decided to use low molecular weight fluorescent probe ColF, that display high
affinity for collagen [137]. To maintain the size and shape of disc-like morphology of CS,
we intentionally avoid experimental methods, where glutaraldehyde or formaldehyde
treatment and ethanol or acetone dehydration will be used. Mentioned chemical agents are
fixatives, that could cause chemical changes on the morphological micro-structure [154].
Instead of that, we used a method, where sample is prepared in native liquid medium, such
as phosphate-buffered saline (PBS) and ultra-fast high-resolution confocal microscopy

fluorescence imaging using confocal system Olympus [Xplore SpinSR.

38



Confocal

Figure 11: Collagen scaffold (CS) micro-architecture confocal microscopy analysis. (A)
Representative image of in-house cryo-structured disc-shaped collagen scaffold (CS) in
plastic Petri dish, scale included [cm]. (B) Differential Interference Contrast (DIC)
microscopy image of CS. (C) Confocal plane image using ColF fluorescent probe. (D) 3D
reconstruction of Z-stack confocal images using the ColF fluorescent probe. Reprinted
from open-access article [37] under the terms of the Creative Commons Attribution

License.

Using fluorescent method, we were able to observe how collagen fibers morphological
organization define the alignment of fibrous network and space of pores within the CS
(Figure 11,12) To describe the sizes, we measured the size of the pores (n=183) as well as
the thickness of the collagen fibers (n=57) [37]. We revealed, that the thickness of the
collagen fibers is in the range from ~0,8 to ~3,2 pm and the size of pores is in range from

~30 to ~200 pm (Figure 12) [37].
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Figure 12: High-resolution confocal images of collagen scaffold (CS) labeled with ColF
Sfluorescent probe. (4) 3D reconstruction of Z-stack images. (B) Representative plane
image of CS. (C) 3D reconstruction of Z-stack images highlighting the single collagen
fiber. Insert represents the cross-section of the collagen fiber. (D) Confocal plane image
of CS, highlighting the collagen pore. (E) High resolution detail of collagen fiber. (F) The
physical cues of CS are pores and fibers. Quantification of pore sizes (n=183) and fiber
thickness (n=57) was determined. Reprinted from open-access articles [37], [98] under

the terms of the Creative Commons Attribution License.

4.2 Genetic validity of Alexander and HepG2 cell lines

There are many reasons why to question and validate authenticity of cell lines,
including growing concerns about reproducibility issues in cell culture models and
improve the scientific data credibility [155], [156]. Recently, Liu et al. [157] used multi-
omics approach to reveal the biological variations across 14 HeLa cell samples [157].
Investigation of more than 10,000 scientific papers revealed, that discussion for laryngeal
cancer or normal intestine were based on studies using cell lines contaminated with HeLa
cell line [158]. According to the International Cell Line Authentication Committee

(ICLAC) there is a 582 misidentified cell lines and 535 cell lines has unknown authentic
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stock source [159]. Therefore, it is an essential to check the authenticity of used cell lines
in cancer research [159]. To address this question, we prepared the samples of HepG2 and
Alexander cell lines and purchased genetic analysis for Human Cell STR Profiling,
commercial service from company American Type Culture Collection (ATCC). STR
markers are specific DNA repetitive motifs, that are unique to each organism, therefore
human have different set of STR in comparison with other species, such as mouse [160],
[161]. It was confirmed that, STR markers are overlapping with ATCC reference database
with Alexander (also known as PLC/PRF/5), Hepatoma; Human (Homo Sapiens) for
Alexander cells sample on 100% (Table 1) For Alexander cell line, 8 core STR markers
plus amelogenin were examined (Table 1). Some STRs contain one value for number of
repeats, which means the homozygosity, while others display two values, which means
heterozygosity. Briefly, chromosomes are present in the human genome in pairs (2x23
chromosomes), while one chromosome from pair is from one parent, the other one
chromosome from pair is from another parent. Amelogenin locus reveals the gender of the

donor.

Table 1: Genetic analysis of 8 core STR loci plus amelogenin for Alexander cells.
The number of shared alleles between sample and database profile is an exact match

and 100% overlap.

STR Genetic Alexander Cells line Test Alexander ATCC Reference
locus sample Database
THO1 8 8

D5S818 12 12
DI13S317 11 12 11 12
D7S820 9 11 9 11
D16S539 13 13
CSF1PO 10 10

Amelogenin X X
VWA 15 16 15 16
TPOX 8 8

Further, STR markers are overlapping with ATCC reference database with
HepG2; Hepatocellular; Carcinoma; Human (Homo Sapiens) for HepG2 cells sample on

100% (Table 2). For HepG2 cell line, 8 core STR markers plus amelogenin were examined
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(Table 2). We provide the full profile and scoring values for analysis of each cell line
(Table 1,2). According to the genetic analysis of STR (provided by ATCC), both cell lines
Alexander and HepG2 were well-maintained and 100% authentic (Table 1,2).

Table 2: Genetic analysis of 8 core STR loci plus amelogenin for HepG2 cells. The

number of shared alleles between sample and database profile is an exact match and 100%

overlap.

STR Genetic HepG2 cells sample Test HepG2 ATCC Reference
locus sample Database
THO1 9 9

D5S818 11 12 11 12
DI13S317 9 13 9 13
D7S820 10 10
D16S539 12 13 12 13
CSF1PO 10 11 10 11

Amelogenin X Y X Y
vWA 17 17
TPOX 8 9 8 9

4.3 Cellular and nuclear size alteration under the physical cues of 3D collagen
scaffold cell culture
After 7 days of cultivating the cells in CS we were interested how size and shape of
cells Alexander and HepG2 was affected by physical cues of 3D CS. Therefore, we used
spinning disk confocal microscopy Olympus IX83 and fluorescent probes to detect the

size of nucleus and cellular plasma membrane [37], [98].

In order to visualize how cells interact with collagen fibers, we used ColF fluorescent
probe (green) to label collagen I and CellMask™ Orange (red) and Hoechst 33342 (blue)
to counterstain the nucleus (Figure 13) [37]. We found that cells experience distinct
conditions inside the collagen scaffold depending on whether they are attached close to
the fiber or are located within the collagen pore (Figure 13CD) [37]. We observed that
cells in the collagen pores display round shape, while cells attached to collagen fiber were

stretched and flat [37].
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Figure 13: Alexander and HepG2 cancer cells were cultured in 3D collagen scaffold
(CS) for 7 days and captured by confocal microscopy. Used fluorescent probes:
CellMask™ Orange (red) for plasma membrane, ColF (green) for collagen, and
Hoechst 33342 (blue) for cellular nucleus. (4) Representative images of cells, at
magnification 20x. (B) 3D reconstruction of captured Z-stack images for CS without cells,
and with Alexander and HepG?2 in CS. (C) Detail on single collagen pore populated with
Alexander or HepG2 cells. (D) Detail on a collagen fiber and cells. (E) Schematic
representation of proposed concept of distinct physical cues that arouse from CS and
affect cell plasticity and features. Reprinted from open-access articles [37] under the

terms of the Creative Commons Attribution License.

High-resolution confocal analysis of HepG2 and Alexander cells (Figure 14AC)
displayed that cultivation in CS resulted in a decrease of cellular size in both, Alexander
and HepG2 cells, while nucleus size was decreased only in Alexander cells and was not

affected in HepG?2 cells (Figure 14B).
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Figure 14: Viability and size alternation under physical cues of 3D collagen scaffold
(CS) in comparison with 2D monolayer culture (MC). (4) Cells were labeled with
calcein-AM (green), ethidium homodimer (red) and counterstained with Hoechst 33342,
3D reconstruction was done from captured Z-stack confocal images. (B) Quantitative
assessment of cellular size and nuclear size of Alexander and HepG2. (C) Representative
confocal images of Alexander and HepG?2 cells cultured either in CS or MC and labeled
with CellMask™ (green) and Hoechst 33342 (blue). Reprinted from open-access article

[37] under the terms of the Creative Commons Attribution License.

4.4 Proliferation kinetics

The level of proliferation in living cells is an essential feature of cancer disease
development and progression [162]. Alexander and HepG2 cell lines have malignant
origin of either HCC or hepatoblastoma, therefore, marked proliferation might be
expected. However, tumors have different stiffness, with soft core and stiff edges, which

might affect proliferation significantly [60].

In order to estimate the rate of the proliferation of Alexander and HepG2 hepatic
cancer cells, we initially used Hoechst 33342 nuclear staining to observe the alterations in
proliferation dynamics during the four days of cultivation (Figure 15A). In order to
determine the proliferation changes exactly, we used specific markers, including Ki-67
and proliferating cell nuclear antigen (PCNA). Ki-67 is a nuclear antigen and represents

indicator of active cell proliferation within the cellular population. Ki-67 function has
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peak in expression during G2 phase and mitosis [163]. Ki-67 is a functional protein entity,
that serve as a keeper of distance for mitotic chromosomes and also contribute to the
formation of peri-chromosomal protein assembly [163]. As a prominent cancer marker,
its evaluation is used in many types of cancers [164]. Ki-67 protein correlate with
metastasis, therefore it represents promising target in diagnosis and treatment of cancer
disease [165]. We used immunofluorescent detection on confocal microscope and
measured the Ki-67 proliferation index [152]. We repeatedly captured confocal images of
Alexander and HepG2 cells cultured either in MC or CS and stained them at the 7™ days
of cultivation with Hoechst 33342 and anti-Ki-67 (Figure 15C) [37], [98]. Ki-67
proliferation index is expressed in percentage and it’s defined as follows: Ki-67
proliferation index (%) = number of Ki-67 positive cells/number of all cells. We
repeatedly measured that the Ki-67 labeling index (%) and revealed significant decrease
in HepG2 and Alexander cells cultured in CS in comparison with cells cultured in MC
(Figure 15D) [152]. In fact, increased nuclear presence of Ki-67 protein
compartmentalization in cells (HepG2 and Alexander) is shown on Figure 15C [152].
PCNA is another marker of proliferation that was examined [37]. Specifically, PCNA is
a part of DNA sliding clamps protein family and represents a ring-shaped protein, that
encompass the DNA molecule [166]. Together with replication factor C (RFC), PCNA is
responsible for DNA replication fork assessment and function during DNA synthesis
phase in cell cycle [166], [167]. Moreover, PCNA has also crucial function in processes
such as tumor stemness and invasion [168]. PCNA marker showed significant decrease in
protein expression in HepG2 and Alexander cells cultured in CS in comparison with cells
cultured in monolayer culture (MC) (Figure 15B) [37]. Based on immune-detected
proliferation markers Ki-67 and PCNA we revealed the significant decrease of
proliferation of HepG2 and Alexander cells that were cultured in soft (~94 Pa) 3D CS
(Figure 15) [37], [152], that is in line with research conducted by other research groups
[51], [58].
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Figure 15: Proliferation dynamics analysis of Alexander and Hep G2 cell cultures either
in CS or MC. (A) Growth curves of 4 days long cultivation. Relative cell number is based
on DNA-binding staining (Hoechst 33342) and ImageJ plugin CellCounter, ***p<0.001
stand for significant differences. (B) Immunodetection of proliferative cell nuclear antigen
(PCNA) proliferation marker using the Western blot in Alexander and HepG2 cells.
GAPDH was used as a loading control. (C) Immunofluorescent analysis of Ki-67
proliferation marker using confocal microscopy. (D) Ki-67 labeling index (%)
determination. Reprinted from open-access articles [37], [98] under the terms of the

Creative Commons Attribution License.

4.5 Modulation of YAP signaling and cytoskeleton remodeling

In general, cytoskeleton is a highly dynamic network that has three main functions:
spatial organization of the cellular content; interconnecting the cell with the external
micro-environment; and force generation that enable cellular movement [169].
Cytoskeletal organization is distributed in all regions of a living cell and consists of
filamentous molecular structures, including microtubules, intermediate filaments and
microfilaments. Microfilaments cytoskeleton fibers contain actin subunits, while
microtubules contain tubulin subunits. Tension and reorganization of cytoskeleton is
driven by the cellular environment, either ECM or artificial [170]. Actin filaments might
transmit stress from one spot to the long distance over the cell [171]. Moreover,

ubiquitously expressed B-actin controls cell growth and migration [172].
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We have analyzed how physical cues of 3D CS cell culture affect the cytoskeleton
components in HepG2 and Alexander cells (Figure 16AB) using confocal microscopy.
We found that the average length of F-actin and B-tubulin filaments is lower in 3D CS
than in 2D MC in both cell lines (Figure 16 CD) [37], [98].
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Figure 16: Cytoskeleton remodeling of Alexander and HepG?2 cells cultured in 3D CS,
in comparison with cells cultured in 2D MC. (A) Maximum intensity projections of Z-
stack images for Alexander cells after seven days of culturing and stained with F-actin
(green), p-tubulin (red) and counterstained nucleus with Hoechst 33342 (blue) and
captured by confocal microscopy. (B) Maximum intensity projections of Z-stack images
for HepG?2 cells after seven days of culturing and stained with F-actin (green), p-tubulin
(red) and counterstained nucleus with Hoechst 33342 (blue) and captured with confocal
microscopy. (C) F-actin filaments average length (um) was determined. (D) p-tubulin
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filaments average length (um) was determined. Reprinted from open-access articles [37],

[98] under the terms of the Creative Commons Attribution License.

In order to visualize the ultrastructure of cytoskeletal organization (actin and
tubulin) we used 3D reconstruction from Z-stack digital images captured by confocal
microscopy and found the changes of cytoskeletal components organization using 3D

reconstruction, specifically decrease in the length of each filament type (Figure 17A) [98].

We have also performed analysis of the adhesion proteins, such as vinculin using
the immunofluorescence confocal microscopy. We observed, that in stiff 2D MC vinculin
was allocated with F-actin at the edge of the cell, while in 3D CS vinculin was less dense

and spot-like distributed (Figure 17B) [98].

A

Monolayer culture Collagen scaffold F-actin p-tubulin

3
1
-
A ; I

Alexander

HepG2

48



Alexander

HepG2

Figure 17: Cytoskeleton and focal adhesion immunofluorescence of vinculin in
Alexander and HepG2 cells cultured for 7 days either in CS or MC. Images were
captured using confocal microscopy. (A) 3D reconstruction of Z-stack images. F-actin
was labeled using the ActinGreen™ 488 ReadyProbes™ chemistry, f-tubulin was labeled
using the anti- p-tubulin antibody and nucleus was counterstained with Hoechst 33342.
(B) Focal adhesion (FA) analysis was achieved using anti-vinculin antibody staining
(red), F-actin (green) using ActinGreen™ 488 ReadyProbes™ chemistry and nuclear
counterstain Hoechst 33342 (blue). Reprinted from open-access article [98] under the

terms of the Creative Commons Attribution License.

Then, we performed immunodetection of B-actin and B-tubulin and observe
decrease in protein expression in HepG2 and Alexander cells cultured in 3D CS in
comparison with 2D MC (Figure 18AB) [98]. In addition, Yes-associated protein (YAP)
signaling pathway has a key role in transducing the effects of physical cues [23], [34].
Specifically, YAP regulate mechanotransduction by FA assembly control [27].
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Interestingly, actin regulates YAP [173] and YAP regulates actin driving force underlying
cellular motility [174]. The integral membrane protein Caveolin-1 (CAV1) was identified
as an upstream regulator of YAP [175]. CAV1 control YAP activity via the control of
actin cytoskeleton dynamics [175]. Recently, it was shown, that decreasing stiffness of
artificial cellular environment negatively affects protein expression of cytoskeletal

elements, such as F-actin and a-tubulin in human hepatocytes cell line L-02 [176].

Therefore, we were interested about the expression level of YAP, B-actin and B-
tubulin protein. We revealed, that in 3D CS-induced mechanotransduction, there was a
downregulation of YAP, B-actin and B-tubulin proteins in comparison with cells cultivated

in 2D MC (Figure 18A-C) [37].
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Figure 18: Immunodetection of f-actin, f-tubulin and Yes-associated protein 1 (YAP)
using Western blot. MC1-2 and CS1-4 represent replicates. (A) Expression levels of
proteins in Alexander cells cultured either in CS or MC, GAPDH served as a loading
control. (B) Expression level of proteins in HepG2 cells cultured either in CS or MC,
GAPDH served as a loading control. (C) Densitometric quantification expressed in
graphs, data are expressed as mean = SEM and *** p<0.001 stands for significant

differences. Reprinted from open-access article [37] under the terms of the Creative

Commons Attribution License.
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Regarding the YAP nucleocytoplasmic shuttling, it is known that stiff
environments induce activation of YAP and display nuclear localization, while soft

substrates display cytoplasmic localization of YAP [175].

In line with the previous findings, we immunodetected the decrease of YAP
protein in HepG2 and Alexander cells cultured in 3D CS, in comparison with 2D MC
culture [37]. Moreover, we used confocal microscope Olympus IX83 to reveal the distinct
pattern of nucleocytoplasmic YAP ratio (Figure 19AB) [37]. Using immunofluorescence
analysis, we observed difference between the cells localized on the edge of fiber and the
center of pore within the CS: there is a significant drop in the nuclear to cytosolic ratio for

YAP in cells located in the center of CS pore (Figure 19D) [37].
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Figure 19: YAP cytosolic translocation in cells cultured in 3D CS. (A)
Immunofluorescence of YAP protein in Alexander cells using anti-YAP antibody in order
to assess the YAP sub-cellular localization. F-actin was labeled using ActinGreen™ 488
ReadyProbes™ (green) chemistry and nucleus was counterstained with Hoechst 33342.
Dashed line indicates the interface between fiber and cells. (B) Immunofluorescence of
YAP protein in HepG2 cells using anti-YAP antibody in order to assess the YAP sub-
cellular localization. F-actin was labeled using ActinGreen™ 488 ReadyProbes™
(green) chemistry and nucleus was counterstained with Hoechst 33342. Dashed line
indicates the interface between fiber and cells. (C) Sub-cellular localization of YAP.
Representative line scans of confocal images shown in (4) and (B). Reprinted from open-
access article. (D) Analysis of nuclear/cytosolic YAP ratio in cells HepG2 and Alexander
cultured either in soft 3D CS or stiff 2D MC. In 3D CS we distinguish between cells that
are located at the collagen fiber (the edge) or are located in the pore of collagen scaffold
(the center). Reprinted from open-access article [37] under the terms of the Creative

Commons Attribution License.

4.6 Autophagy and mTOR-driven metabolism regulation

The master regulator of metabolism is the mammalian/mechanistic target of
rapamycin (mTOR) kinase protein. Moreover, mechanical stimuli generated by physical
cues might modulate mTOR signaling [177], [178]. In addition, mTOR signaling is linked
to YAP sub-cellular compartmentalization mechanical cues [179]-[181]. Therefore, we
were interested, how physical cues of 3D CS affected mTOR activity and sub-cellular
localization. Western blot detection of phosphorylated mTOR revealed significantly lower
level of pmTOR protein expression in 3D CS in comparison with 2D MC (Figure 20C) in
both cell lines Alexander and HepG2 (Figure 20AB) [37].
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Figure 20: Immunodetection of phosphorylated mammalian Target of Rapamycin

(pmTOR) in cells cultured either in CS or MC using Western blot. (A) In Alexander

cells. (B) In HepG?2 cells. (C) Plotted graphs for densitometric quantification for both cell

lines, ** p<0.01 stands for significant differences. Reprinted from open-access article

[37] under the terms of the Creative Commons Attribution License.

Further, beside of total level expression of pmTOR protein, we were also interested

in sub-cellular localization. Therefore, we used confocal microscopy and revealed that

pmTOR in 3D CS has increased cytosolic localization in the cells at the center and

increased nuclear localization in the cells on the fibers (the edge of pore) (Figure 21A-C)

[37]. Similarly, to YAP subcellular localization, pmTOR has followed this pattern (Figure
21A-C) [37].
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Figure 21: pmTOR sub-cellular localization using the immunoflurescence and
confocal microscopy. Cells were cultured either in CS or MC for 7 days and then were
labeled with specific antibody anti-pmTOR (red) and counterstained with Hoechst
33342 to label nucleus (blue). (4) Alexander cells. (B) HepG2 cells. (C) Representative
line scans demonstrating the sub-cellular localization of pmTOR from (A) and (B).
Reprinted from open-access article [37] under the terms of the Creative Commons

Attribution License.
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Previously, it was shown that mechanical stimulus in form of shock wave
treatment leads to pmTOR association with actin stress fibers and ultimately supports
cellular proliferation [182]. In order to characterize the involvement of pmTOR and
cytoskeleton structure remodeling in cellular proliferation in soft 3D CS, we used super-
resolution confocal microscopy to analyze the pmTOR localization within the F-actin
fibers (Figure 22A) [98]. Our super-resolution confocal microscopy analyses uncovered
that pmTOR distribution was punctuated in cytoplasm in cells cultured in 3D CS, while
cells cultured in 2D MC have pmTOR distributed in vesicle-like inclusions within the
actin stress fibers (Figure 22A) [37].

Itis known, that mTOR inhibition leads to autophagy promotion [183]. Autophagy
is a process, where redundant and dysfunctional proteins or cellular structures (commonly
termed as a cargo) are engulfed to the membrane-based system and discarded [184]. At
early stage of autophagy, LC3-phosphatidylethanolamine conjugate (LC3-II) is recruited
to autophagosomal membranes to engulf the cargo [185]. We use antibody staining and
confocal microscopy to label LC3 puncta, that are markers of autophagy [185]. We found
in Alexander and HepG2 cells that were cultured in 3D CS have an increase in abundance

of LC3-positive puncta (Figure 22B) [37].
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Figure 22: pmTOR immunofluorescence and autophagosome detection. (1) Confocal

microscopy images of pmTOR (red) and F-actin (green). (B) Autophagic flux detection
via the immunodetection autophagosome using anti-LC3 antibody. Arrows indicate LC3-

puncta. As a positive control we used 14 hours serum starvation (in Alexander cells) or
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10 mM H>O: treatment for 30 minutes (in HepG2 cells). Reprinted from open-access

article [37] under the terms of the Creative Commons Attribution License.

4.7 YAP and mTOR interplay under physical constraints of CS

YAP and mTOR interplay in mechanotransduction were proposed in a couple of
studies [179], [186]. Moreover, it was found that the stiff ECM together with integrin
receptors might activate mTOR signaling axis [187]. We decide to downregulate the YAP
protein in cells cultured in 2D MC in order to reveal possible impact on cellular shape and
mTOR autophagy-related signaling [37]. Therefore, we used the small interfering RNA
(siRNA) transfection to transiently silent the gene expression of YAP protein [37]. First
of all, we cross-checked the efficiency of performed siRNA transient transfection by
immunoblotting [37]. We found that the siRNA transfection for YAP protein
downregulation was successful and most efficient after 48 hours post-transfection (Figure
23A) [37]. Moreover, conducted immunoblot also display no effect on B-actin protein
expression (Figure 23A) [37]. Further, we were interested, how YAP downregulation
affects the autophagic flux and perform the immunodetection of autophagy marker LC3
[37]. We revealed that YAP downregulation increases the autophagic flux, as is shown on
immunoblot with increased level of LC3 in cells Alexander and HepG2 treated with YAP
siRNA (Figure 23B) [37]. Notably, YAP downregulation affects the cytoskeleton protein

structure organization or cellular morphology (Figure 23C) [37].
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Figure 23: YAP protein downregulation in cells cultured in Monolayer Culture (MC)
using small interfering RNA (siRNA). (A) Efficiency of YAP downregulation after 24 and
48 hours using Western blot. (B) YAP downregulation increases the levels of LC3-II. (C)
YAP downregulation has no effect on morphology of cells or cytoskeleton organization,
immunofluorescence was done with labels anti-f-tubulin antibody (red), ActinGreen™
488 ReadyProbes™ (green) and nucleus was counterstained with Hoechst 33342 (blue).
Reprinted from open-access article [37] under the terms of the Creative Commons

Attribution License.

Strikingly, YAP siRNA downregulation has no effect on pmTOR
compartmentalization (Figure 24AB) or protein expression in Alexander and HepG2 cells
(Figure 24C) [37]. This suggests that Y AP downregulation by siRNA in 2D MC is distinct
from the YAP downregulation by mechanical cues in 3D CS [37].

57



Alexander HepG2
600 600
500 JNUClEUS 500 |NUCIEUS
400 PMTOR pmTOR

=
=]
(=]

n
o
=]
)
=]
=]

Control
-8

Fluorescence (AU)
w
o
o
Fluorescence (AU)
w
o
=

o
(=]

=1

0 10 20 30 40 50
Distance (um)

10 12

& B
Distance (um)

600
500
400
300
200
100

0

siControl
Fluorescence (AU)
Fluorescence (AU)

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14
Distance (um) Distance (um)

600
500
400
300
200
100

0

siYAP

Fluorescence (AU)
Fluorescence (AU)

0 2 4 6 8 10 12 14 16
Distance (um)

5 10 15
Distance (um)

C
kDa  Alexander HepG2
; mTOR

& 24 48(h) & 24 48 (h)
S ———— S ————
S siYAP S siYAP
Figure 24: YAP downregulation has no effect on pmTOR signaling pathway in cells
cultured in MC. (A) Analysis of pmTOR (red) after 48 hours of siRNA YAP transfection
in Alexander cells. (B) Analysis of pmTOR (red) after 48 hours of siRNA YAP transfection
in HepG2 cells. (C) Western blot analysis of pmTOR after 48 hours of siRNA YAP

transfection in both cell lines. Reprinted from open-access article [37] under the terms of

the Creative Commons Attribution License.

58



4.8 Mitochondrial dynamics and metabolic signaling

Mitochondrion, as a cellular organelle, is an important hub for molecular signaling
and metabolism in a living cell [1] providing the energy via electron transport chain in
form of ATP [1]. Mitochondria is a dynamic structure, that undergo through cycles of
fission (one mitochondrion is divided into two mitochondria) and fusion (where two
mitochondria fuse into one mitochondrion) [188]. It is known, that actin filaments are
essential for controlling the fission and fusion dynamics of mitochondria [189]-[191]. In
addition, it becomes evident, that mechanical forces could affects mitochondrial fission
and metabolism [192], [193]. In view of this, we decide to assess the mitochondrial
morphology dynamics of Alexander and HepG2 cells in the 3D CS (Figure 25A-D) [98].
We used the confocal microscopy to reveal the mitochondrial morphology shape during
live cell imaging (Figure 25AB) [98]. We found that cells cultured on stiff 2D MC
displayed network organization of tubular mitochondria (Figure 25AB) [98]. On the other
hand, cells cultured in soft 3D CS showed fragmented and granular mitochondria (Figure
25AB) [98]. To quantify these observations, we counted the mitochondria and divide them
into three categories: tubulated, intermediate and fragmented (Figure 25 CD) [98]. We
found that both cell lines cultured in 3D CS have decreased number of tubulated
mitochondria and increased number of fragmented mitochondria (Figure 25CD) [98]. To

conclude, we found that soft 3D CS induce mitochondrial fission [98].
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Figure 25: Mitochondrial morphology dynamics. (4) Mitochondria in 2D Monolayer
culture and (B) 3D Collagen Scaffold. Ratio of tubulated, intermediate and fragmented
mitochondria in (C) Alexander. and (D) HepG2. Reprinted from open-access article [98]

under the terms of the Creative Commons Attribution License.

Mitochondrial reactive oxygen species (mitoROS) are generated during the
oxidative phosphorylation process, that is occurring at the inner membrane of
mitochondria [194]. Mitochondrial oxidative stress might induce wide variety of cellular
responses, including mitochondrial fission and autophagy [194]. Therefore, using a
fluorescent probe, we monitored mitoROS using confocal microscopy [98]. We found that
there was a significant drop in the mitoROS abundance in cells cultured in 3D CS in
comparison with cells cultured in 2D MC (Figure 26A) [98]. It becomes evident, that
fragmentation of mitochondria leads to decrease in AYm (mitochondrial membrane
potential) [195], [196]. Moreover, it was found that promoted mitochondrial fission leads
to decrease in proliferation and cellular respiration [195]. Accordingly, we analyzed how
physical cues of 3D CS affects the AYm (Figure 26BC) [98]. We have used fluorescent
probe JC-1 and confocal microscopy in order to reveal the AYm (Figure 26 C) [98]. In
order to determine the value for A¥Ym, we calculated ratio between JC-1 aggregate and
monomer using semi-automatized approach in ImageJ (NIH) via multiple macro codes
(see methods) [98]. We found that A¥m was significantly lower in cells cultured in 3D
CS in comparison with cells cultured in 2D MC (Figure 26B) [98].

60



=
ov)

Alexander HepG2

% 300 EI3 *kk —
[ e I —_—
@ 1.0
3,250 :
é 200 © £0.8 1
=89

8 150 MC Fs

@
> w <086
<'100 CS 035
= -
o 50 50.4 1
o =2}
2 <
s 0 — 0.2

L
& & Monolayer culture
> Q Collagen Scaffold
RC e
& NS
?-.
&
Monolayer culture Collagen scaffold
JC-1 green JC-1 red JC-1 green JC-1 red

Alexander

HepG2

Figure 26: Mitochondrial dynamics, reactive oxygen species (ROS) and mitochondrial
membrane potential (A¥m) in Alexander and HepG?2 cells cultured either in CS or MC.
(A) Quantification of mitoROS. (B) Quantification of A¥m in both cell lines cultured in
CS or MC. (C) Representative confocal images of JC-1 labeled cells. Reprinted from

open-access article [98] under the terms of the Creative Commons Attribution License.

To examine the A¥m of cells cultured in 3D CS rigorously, we used different
chemical entities that serve as a AWYm depolarizing agents, including ionomycin (Imy),
carbonyl cyanide m-chlorophenylhydrazone (CCCP) and potassium cyanide (KCN)
(Figure 27A-C) [98]. Imy is an ionophore, which binds calcium (Ca?") preferably, but also
magnesium (Mg?*) and cadmium (Cd?*) [194]. Imy also acts as an antibiotic, but more
importantly as an ionophore it affects opening or inhibition of the mitochondrial
permeability transition pore (mPTP) [197]. Ultimately, Imy via corrupting the calcium

homeostasis induce mitochondrial membrane depolarization [198]. CCCP is also a proton
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ionophore acts as an uncoupling agent of oxidative phosphorylation in mitochondria
[199]. In general, uncoupling agents of oxidative phosphorylation block the coupling
between the electron transport and phosphorylation reactions that leads to ATP synthesis
inhibition, increasing mitoROS concentration and mitochondrial membrane
depolarization [200]. KCN is a cytotoxic agent that inhibits the cytochrome ¢ oxidase
(MTCO) or complex IV [201]. However, recent study suggests, that cyanide might have
biphasic effect on MTCO, where high (micromolar) concentrations of cyanide inhibit
MTCO, while low (nanomolar) concentrations of cyanide stimulate MTCO activity [202].
We used high concentration of KCN, in order to observe inhibitory effect of MTCO [98].
According to our treatment with mentioned depolarizing agents, we found that cells

cultured in 3D CS were more sensitive towards those treatments in comparison with 2D

MC (Figure 27A-C) [98].
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Figure 27: Mitochondrial membrane potential sensitivity treated with different
depolarizing agents using 1 uM JC-1 labeling in Alexander and HepG?2 cells cultured
in CS or MC. (A) 1 uM lonomycin treatment for 10 minutes. (B) 10 uM carbonyl cyanide
m-chlorophenylhydrazone (CCCP) treatment for 30 minutes. (C) 5 mM potassium cyanide
(KCN) for 30 minutes. Quantification was performed out of three independent
experiments; n > 100 cells per experiment. ** p<0.01; *** p<0.001 stand for significant
differences. Reprinted from open-access article [98] under the terms of the Creative

Commons Attribution License.

Hepatocellular carcinoma (HCC) progression of cancer cells is associated with
oxidative phosphorylation enzymes downregulation, that lead to decreased oxygen
consumption and adaptation to hypoxia [203], [204]. Therefore, we decided to analyze the
expression of (MTCO) (Figure 28) [98]. MTCO, also known as complex IV of electron
transport chain (ETC), contains 14 subunits, while 3 subunits are encoded by
mitochondrial genome (mtDNA), other 11 subunits are encoded by nuclear genome (in
mammals) [1]. We analyzed subunit 1 (MTCO1) using the Western blot technique and
revealed the drop of protein expression in Alexander and HepG2 cells cultured in 3D CS,
in comparison with 2D MC (Figure 28 AB) [98]. Moreover, to have also patients’
perspective, we had the opportunity to examine a small cohort of 12 patients with HCC
[98]. Using the reverse transcriptase polymerase chain reaction (RT-PCR), we analyzed
the HCC tumor resections as well as tissue around the tumor [98]. We found that mRNA
expression of MTCO1 was lower in tumor tissue in comparison with tissue surrounding

the tumor (Figure 28C) [98].
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Figure 28: Mitochondrially encoded Cytochrome C oxidase subunit 1 (MTCOI)
expression analysis. (1) Immunoblot analysis in Alexander cells. (B) Immunoblot analysis
in HepG2 cells. (C) RT-PCR analysis of hepatocellular carcinoma (HCC) and tissue
around the tumor from human patient’s livers. Reprinted from open-access article [98]

under the terms of the Creative Commons Attribution License.

4.9 Glycolysis modulation under physical cues of 3D cell culture in collagen

scaffold (CS)

Glucose, the six-carbon saccharide, is of the key biomolecules in the living cell
metabolic pathways [1]. In the catabolic pathway of cellular metabolism, glycolysis is a
pathway to breakdown the glucose [1]. Through a sequence of intermediate metabolites,
the process of glycolysis converts one molecule of glucose into two molecules of pyruvate
[1]. In HCC, glucose uptake is facilitated by GLUTI hexose transporter [205].
Specifically, GLUTI is a key rate-limiting factor in the transport of glucose metabolism
[1]. Suppression of GLUT1 expression negatively affect growth and migration in HCC
[205]. GLUTTI inhibition results in decreased glucose uptake as well as lactate secretion

[205].

We challenged Alexander and HepG2 cells that were cultured in 3D cell culture
of CS with analysis of metabolic markers pyruvate and lactate. We revealed, that both
markers, pyruvate and lactate were significantly increased in cells cultured in 3D in
comparison with cells cultured in 2D monolayer culture (Figure 29AB) [98]. The
cumulation of pyruvate and lactate propose increase in glycolytic flux in cells cultured in

3D CS [98].
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Figure 29: Absorbance analysis of metabolic markers involved in glycolysis of
Alexander and HepG?2 cells cultured either in CS or MC. (4) Pyruvate (B) Lactate. **
p< 0.01, *** p<0.001 stands for significant differences. Reprinted from open-access

article [98] under the terms of the Creative Commons Attribution License.

Generation of F-actin stress fibers might be induced by physical or mechanical
cues of cellular environment [206]. F-actin stress fibers protects from the proteasomal
degradation of the rate-limiting glycolysis enzyme phosphofructokinase (PFK) [206].
This protection from degradation results in a higher rate of glycolysis [206]. We used
fluorescent probe to label F-actin fibers and used the look-up table (LUT) Physics in
ImageJ (NIH) in order to generate pseudo-color scale (Figure 30AB) [98]. We found that,
in both Alexander and HepG2 cell lines, there was increased density in F-actin stress fibers

in 3D CS in comparison with 2D MC (Figure 30AB) [98].
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Figure 30: Confocal analysis of the cytoskeleton structure in cells under physical cues
of CS in comparison with MC. F-actin was labeled with ActinGreen™ 488
ReadyProbes™. Fluorescence intensity and distribution of F-actin fibers is expressed
as pseudo-color on scale 0-255. The tension of F-actin fibers was visualized using the
look-up table (LUT) Physics using the ImageJ (NIH) software tool. (4) Alexander cells
(B) HepG?2 cells. Reprinted from open-access article [98] under the terms of the Creative

Commons Attribution License.

4.10 High-Fluence Low-Power (HFLP) Laser treatment

We conducted the cell survival analysis using red 649 nm laser light treatment, in
a so-called high-fluence low-power (HFLP) Ilaser treatment also known as
photobiomodulation [98]. It was shown previously, that HFLP treatment with laser light
in wavelength range 620-760 nm consequences to cell death changes in AYm [129], [148],
[207]. We found, that 649 nm HFLP treatment of Alexander and HepG2 cells in 3D CS
decreased the viability in comparison with 2D MC (Figure 31AC) [98]. Decrease in green
fluorescence of calcein-AM indicate decrease in esterase activity, that is unique

characteristic of live cells. Increase in red fluorescence of ethidium homodimer indicate
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loss of plasma membrane integrity (Figure 31A-D). We also performed the time-resolved

dynamics of fluorescence accumulation and release in Alexander and HepG2 cells during

the HFLP treatment (Figure 31BD) [98].
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Figure 31: Time-resolved dynamics of high-fluence low-power (HFLP) treatment of
Alexander and HepG?2 cells in 3D collagen scaffold (CS) cell culture with 649 nm red
laser light for 90 minutes. Cells were cultured for 7 days, then were labelled with
calcein-AM (green) and ethidium homodimer (red), while Hoechst 3334 was used as a
nuclear counterstain. (4A) Confocal microscopy images of Alexander cells of control
group (untreated cells) and laser treatment group at timepoints 0 and 90 minutes. (B)
Time-resolved dynamics plotted graphs of Alexander cells in control group as well as
laser treatment group. (C) Confocal microscopy images of HepG?2 cells of control group
(untreated cells) and laser treatment group at timepoints 0 and 90 minutes. (D) Time-
resolved dynamics plotted graphs of HepG2 cells in control group as well as laser
treatment group. * p<0.01, ** p<0.01 and ***p<0.001 stand for significant differences.
Reprinted from open-access article [98] under the terms of the Creative Commons

Attribution License.

Previously, it was found that HepG2 cells cultured in 2D MC were not sensitive

to 649 nm HFLP and the treatment did not result in cell death [129]. It is known, that
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HepG2 cells display high levels of anti-apoptotic Bcl-2 protein expression, in comparison
with other hepatic cancer cell lines [129]. Therefore, we also performed the 649 nm HFLP
treatment against the Alexander and HepG2 cells cultured either in MC or CS (Figure 32
AB) [98]. Both cell lines cultured in 3D CS were more sensitive toward the cell death in
comparison with cells cultured in 2D MC (Figure 32 AB) [98]. We have hypothesized,
that 3D cell culture of CS might affect the Bcl-2 protein expression in HepG2 cells [98].
Therefore, we used the Western blot technique and determine the Bcl-2 protein expression
and revealed, that HepG2 cells cultured in 3D CS have lower level of pro-survival protein

Bel-2 (Figure 32C) [98].
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Figure 32: High-fluence low-power (HFLP) treatment of Alexander and HepG?2 cells
cultured in CS and MC. Cells were cultured for 7 days, then were labelled with calcein-
AM (green) and ethidium homodimer (red), while Hoechst 3334 was used for nucleus
counterstaining. Finally, photobiomodulation with 649 nm red laser light was
performed. (4) Alexander MC and CS (B) HepG2 MC and CS (C) Bcl-2 anti-body
immunodetection and quantification. ##p<0.01, ###p<0.001, **p<0.01, ***p<0.001
stands for significant differences. Reprinted from open-access article [98] under the terms

of the Creative Commons Attribution License.
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5 DISCUSSION

3D cell culture represents an innovative and advanced platform for testing the cellular
metabolism and signaling pathways in vitro [78], [208], [209]. It is known that 3D cell
culture directly affects the cellular behavior of hepatocytes [209], [210]. However, 2D
MC is still prevalent in drug testing, that might result in misleading conclusions. In this
dissertation thesis, we aimed to reveal the molecular bases of cellular plasticity in soft 3D
cell culture. Specifically, we conducted the comparative analysis, where HepG2 and
Alexander liver cancer cells were cultivated either in soft (~94 Pa) 3D CS or stiff (~GPa)
2D monolayer culture (MC) [37], [98]. We intended to investigate the fate of cells cultured
in a substrate imitating the pathological in vivo conditions and compare it to the widely
used 2D cell culture on a stiff plastic dish. In particular, we focused on how pores and
fibers of soft 3D CS affect cellular size and morphology, proliferation dynamics,
metabolic activities and signaling pathways. We provided also insights not only into
dimensionality of cell culture, but also about the stiffness. Stiffness of the ECM is key
feature of pathologies, including tumors [4], [52], [54], [211].

We used immunodetection and immunofluorescence to evaluate the changes in
signaling pathways as well as cellular plasticity. Using the ultra-fast high-resolution
spinning disk confocal microscopy, we found that under the physical cues of soft 3D CS
hepatic cancer cells undergoing morphological changes, such as decrease in cellular size
and nuclear size. In addition, cells changed their morphology depending on their
localization within the 3D CS. We observed that cells in the collagen pores display round
shape, while cells attached to collagen fiber were stretched and flat. This suggests, that
soft ECM environment together with 3D dimensionality affect cellular size and shape
dramatically. In fact, cells are sensitive to the mechanical stiffness of the environment,
which affects the morphology and functions of hepatic cancer cells. Moreover, further
evidence underlines these morphological changes and reveals the key signaling pathways,
that are affected by 3D CS, such as YAP and mTOR.

We proved, that the distinct physical cues in the pores and fibers in CS modulate the
activity of YAP pathway, which is known for controlling the cellular density and shape
[23], [34]. We detected the nuclear compartmentalization of Y AP protein in cells located

near the collagen fibers, while cells localized within the collagen pore displayed cytosolic
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compartmentalization of YAP. Therefore, we suggest that neighboring pressure modulate
YAP protein nuclear localization and reorganization of the cytoskeleton. [37] In
comparison with 2D MC, YAP expression in 3D CS was profoundly lower [37]. We
therefore proved, that YAP is an important mediator of physical cues, that might be
generated by ECM [23], [34].

Similarly, master metabolism regulator mTOR followed the compartmentalization
pattern of YAP. Not only we detected decrease of phosphorylated mTOR expression in
cells cultured under 3D CS, but also distinct expression profiles within the 3D structure.
Similarly, as for YAP, we observed nuclear localization of pmTOR protein in cells located
near the collagen fibers, while cells localized within the collagen pore displayed cytosolic
localization of pmTOR [37]. Previously, it was noted that mechanical stress might
modulate mTOR signaling pathway [178], [212]. Here we propose that both, YAP and
mTOR signaling pathways, are linked in 3D CS and their interplay is in positive relation
to proliferation of HepG2 and Alexander cell lines [37]. Moreover, we found a
convergence of mMTOR and YAP signaling axis in 3D CS, because of similar patterns in
immunodetection [37]. It is known, that Y AP might regulate mTOR and vice versa [179],
[186].

We used the genetic manipulation, specifically siRNA transient transfection to reveal
the cross-talk between mechanotransduction marker Y AP and metabolic master regulator
mTOR. We found that interplay of YAP and mTOR is profound only in 3D CS, because
siRNA YAP downregulation in 2D MC did not affect phosphorylated mTOR protein
expression level or subcellular localization in both cell lines Alexander and HepG2 [37].
However, we found that siRNA YAP downregulation in cells cultured on 2D MC induce
the promotion of autophagy [37]. Similarly, in colorectal cancer cell lines, YAP inhibits
autophagy and promotes cancer progression via Bcl-2 upregulation [213]. Our findings
support a paradigm that propose participation of YAP pathway in autophagy regulation
[214], which was more pronounced in soft CS scaffold than in 2D MC [37].

We also found that soft 3D CS induce mitochondrial fission and decrease the
mitochondrial membrane potential (A¥m) [98]. It is known that mechanical forces

generated from physical cues might affect mitochondrial dynamics and metabolism [192],
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[193]. Using chemical inhibition of oxidative phosphorylation, we described the trends in
mitochondrial membrane potential changes in cells cultured in 3D CS. We found that cells
cultured in 3D CS display A¥m to be more sensitive towards the depolarizing agents in
comparison with 2D MC. Moreover, HCC progression is associated with oxidative
phosphorylation enzymes downregulation, such as cytochrome c oxidase [215]. Our soft
3D CS model provide a condition where MTCO is downregulated and therefore mimic a
pathological condition of the tumor. Indeed, we found that cells cultured in 3D CS have
protein expression level of MTCO1 significantly lower in comparison with 2D MC [98].
Moreover, we also demonstrated that gene expression of MTCO1 was lower in tumor

tissue than in non-tumorous parenchyma tissue of patients with HCC [98].

It is worth noting here, that metabolic activity could be regulated by mechanical cues
[206]. Therefore, we hypothesized, how physical cues of soft 3D CS will affect the
glycolysis pathway. We used spectral analysis to reveal metabolic changes of glycolytic
pathway and found increase of pyruvate and lactate intermediate metabolites in cells
cultured in 3D CS [98], which suggests that cells experience low oxygen conditions, so-
called hypoxia. Accumulation of lactate means, that cells rely more on anaerobic
glycolysis. In terms of 3D cell culture, this is logical, because physical constraints of 3D
CS, such as collagen fibers might create an oxygen gradient with low values of oxygen
inside the 3D CS. In comparison, in 2D cell culture, cells are exposed to oxygen uniformly,
without any gradient. Moreover, stiffness of cellular environment influence cell behaviour
and metabolic activities as well. In 3D CS cells experience the interaction with the
collagen environment as well as other cells from every direction. These interactions might

affect signaling pathways that regulate metabolic activities.

Finally, we used biophysical approach in order to treat cells with red laser light and
found an increased sensitivity to cell death in 3D CS culture. Previously it was shown that
red laser light in high-fluence low-power (HFLP) treatment leads to AYm depolarization
and cellular death [216]. Here we found that cells cultured under the 3D CS environment
were sensitive towards the red laser light HFLP treatment. However, previously it was
found that HepG2 cultured in 2D MC were insensitive towards the red laser light HFLP

treatment, because of elevated level of Bcl-2 protein [129]. We characterized the
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molecular foundations why are HepG2 cultured in 3D CS more susceptible towards the
red laser light then HepG2 cultured in 2D stiff MC culture. Using immunodetection, we
revealed, that HepG2 cells cultured in 3D CS possess lower expression level for anti-
apoptotic and pro-survival protein Bcl-2, that leads to cell death upon treatment with 649
nm laser light. This data suggests that lower level of Bcl-2 protein in HepG2 cells cultured
in soft 3D CS leads to destabilization of mitochondrial membrane and Bcl-2 protein low
expression favor the pro-apoptotic proteins, such as BAX and BID, that’s lead to

mitochondrial perturbation and cellular death [98].

Moreover, using the Ki-67 and PCNA markers we found that proliferation kinetics is
decreased in soft 3D CS, that suggest the switch to the cellular dormancy or stemness [37].
This is in line with previous research that has shown that cell proliferation increases on a
rigid substrate while it decreases on a soft substrate [51], [58]. The found differences may
indicate a tendency of tumor cells towards a stiffer substrate in vivo on which they can
better adhere, i.c., migrate and proliferate, while in the soft tumor core the tumor cells
remain in dormant or stemness state. In general, cancer tissue can have heterogenous
stiftness. It was found that cancer tissue is composed of different regions in terms of
stiffness: a dominant soft part with the stiffness 0,31-0,75 kPa, a part with the stiffness
1,54-1,99 kPa and ultimately a stiff part with the stiffness approx. 20 kPa [60].
Specifically, in HCC, the tumor part with lowest stiffness might function as a mechanical
marker for HCC malignancy assessment [217]. In summary, tumors usually have a soft
core along with a rigid ECM structure that can serve as a navigation and adhesion pathway

during migration [61].

In conclusion, we proposed a model of the HCC resembling a tumor core with a low
cell proliferation, down regulation YAP and mTOR, mitochondrial depolarization and
fission, downregulation of MTCOI1, and upregulated lactated and pyruvate. We proved,
that 3D cell culture might be a useful platform to study basic molecular mechanisms of
mechanotransduction of the various cells, while recapitulating the in vivo

pathophysiological conditions of the liver cancer cells.

Additional discussion can be found in the published original research papers [37], [98]

or in Appendices I and II respectively.
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6 CONCLUSIONS

In this doctoral thesis, we investigated how physical cues of soft (~94 Pa) 3D collagen
scaffold affects the cancer liver cells Alexander and HepG2. We have used the
biochemical analysis, biophysical approach and genetic manipulation in order to explore
the molecular mechanisms behind the mechanotransduction of hepatic cancer cells in 3D

cell culture.

Specifically, we have characterized the microarchitecture of in-house made 3D
collagen scaffold (CS) cell culture and distinguish between collagen pores and fibers and

found the average values for collagen fibers thickness as well as collagen pores diameter.

We have established the cell culture of genetically validated Alexander and HepG2
hepatic cell lines in 3D CS using genetic analysis of short tandem repeats (STR).

We have captured the morphological differences and found that cellular and nuclear
sizes in cells cultured in 2D monolayer culture (MC) were higher than in cells cultured in
3D CS. Using proliferation markers PCNA and Ki-67, we found that both cell lines

cultured in 3D CS have decreased proliferation dynamics in comparison with 2D MC.

We characterized the cytoskeletal structure remodeling as well as decrease of cellular
adhesion in 3D CS. Using immunodetection and immunofluorescence we found that YAP
was downregulated in cells cultured in 3D CS. Moreover, we found that there is a cross-
talk between YAP and mTOR in 3D CS. Decrease in mTOR in 3D CS was accompanied

with the promotion of autophagy, as we found using LC-3 autophagy marker.

In 3D CS, mitochondrial dynamics was shifted towards the mitochondrial fission and
cells were more sensitive towards the chemical treatment with ionomycin, CCCP and
KCN. Using colorimetric assays, we found the decrease for metabolic markers of

glycolysis in 3D CS, namely pyruvate and lactate.

Ultimately, we used the photobiomodulation treatment with red laser light in order to
monitor viability of cells in 3D CS. We found, that both cell lines were sensitive towards
the photobiomodulation treatment in 3D CS and found a decrease in viability. On the other
hand, cells cultured on 2D MC were not sensitive towards photobiomodulation treatment

as shown by sustained levels of viability marker Calcein. Therefore, in case of HepG2
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cells, we hypothesized that this result might be mediated via Bcl-2 axis, that is protecting
cells against the apoptosis. Using immunodetection, we found a decrease level of Bcl-2 in

HepG2 cells cultured in 3D CS, that supports our hypothesis.

To conclude, proposed doctoral thesis provides insights into the fundamentals of
molecular signaling pathways in cells as well as metabolic changes upon the culturing the
cells in soft 3D cell culture. We believe that soft 3D cell culture of collagen scaffold might
serve as a versatile model for further research in area of mechanical regulation in living

cells.
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