ity

**fyﬁ' JAGIELLONIAN UNIVERSITY
e IN KRAKOW

%

PHD THESIS

The effects of cell — microspheres
Interaction on the cytoskeletal

architecture in fibroblasts

OLGA SYLWIA ADAMCZYK

SUPERVISED BY: DR HAB. ZENON RAJFUR, PROF. U]

MARIAN SMOLUCHOWSKI INSTITUTE OF PHYSICS
DEPARTMENT OF MOLECULAR AND INTERFACIAL BIOPHYSICS

KRAKOW 2024







Chciatabym serdecznie podzigkowaé mojemu Promotorowi
Doktorowi habilitowanemu Zenonowi Rajfurowi, profesorowi UJ,

za opieke naukowq, wieloletniq wspotprace oraz cierpliwosé.

Dziekuje mojej rodzinie,

Rodzicom Janinie i Lechostawowi Adamczyk,

za umozliwienie mi nauki, mobilizacje do niej i ogromne wsparcie.
Siostrze Marcie,

za dobre rady i zachowanie rozsqdku, kiedy mi go brakowato.
Oraz Babciom i Dziadkowi,

za wiare we mnie i wsparcie.

Dziekuje Przyjaciotom,

w szczegolnosci Marcie, ktora od lat wspiera mnie rozmowq i radg,
oraz moim kolezankom i kolegom

Z Zaktadu Biofizyki Molekularnej i Miedzyfazowej Instytutu Fizyki UJ

za wszelkq pomoc i nieoceniong wspotprace.

Bez Was nie bytabym w miejscu, w ktorym teraz jestem.




Wydziat Fizyki, Astronomii i Informatyki Stosowane;j

Uniwersytet Jagiellonski

OSWIADCZENIE

Ja nizej podpisana Olga Adamczyk (nr albumu: 1079546), doktorantka Wydziatu Fizyki,
Astronomii i Informatyki Stosowanej Uniwersytetu Jagiellonskiego, o§wiadczam, ze

przedtozona przeze mnie rozprawa doktorska pt. ,,The effects of cell — microspheres interaction
on the cytoskeletal architecture in fibroblasts*

jest oryginalna i przedstawia wyniki badan wykonanych przeze
mnie osobiscie, pod kierunkiem dr hab. Zenona Rajfura, prof. UJ. Prace napisatam
samodzielnie.
Oswiadczam, ze moja rozprawa doktorska zostata opracowana zgodnie z Ustawa
0 prawie autorskim i prawach pokrewnych z dnia 4 lutego 1994 r. (Dziennik Ustaw 1994
nr 24 poz. 83 wraz z pdzniejszymi zmianami).
Jestem $wiadoma, Ze niezgodno$¢ niniejszego o§wiadczenia z prawdg ujawniona
w dowolnym czasie, niezaleznie od skutkow prawnych wynikajacych z ww. ustawy,

moze spowodowaé uniewaznienie stopnia nabytego na podstawie tej rozprawy.

KrakOw, dnia ......c.oooviviiiiis

podpis doktorantki




TABLE OF CONTENTS

ACRONYMS AND ABBREVIATIONS LIST ...cciiiiiiiiiiiiiiiiiiin it -7-
ABSTRACT ettt e e e e e e rae et e e e s s nranee -9-
STRESZCZENIE.....oeiiiiiiiiiittie ettt e s s raa et e e e s s s s snrenes -11-
1. INTRODUCGTION ..oiiiiiiiiiiiitiiiiiitt ettt sttt s ra e e s sarae s -13-
11 CELL STRUCTURE ...ttt ittt srae e -13-
1.2 CYTOSKELETON ..etiiiiiiiiiiiititee ettt rrr e e e s s -16-
121 MICROFILAMENTS — ACTIN FILAMENTS......iiiiiiiieeeeec e -18 -
1.2.2 INTERMEDIATE FILAMENTS ..ottt -22-
1.2.3 MICROTUBULES.....cooitiiiiiiie ettt -27 -
1.24 MAPs — MICROTUBULE ASSOCIATED PROTEINS .....cocviiiiiiiieireieceeeeceeeee -39-
1.2.41 CAP- Gly DOMAIN CONTAINING LINKER PROTEIN 1 = CLIPT ....ccceervieiierierenee -41 -
1.2.4.2 Ras GTPase ACTIVATING- LIKE PROTEIN IQGAPL........ccoocviiiiniiiiiiniiiiciiiiccans -43 -
1.2.43 MICROTUBULE AFFINITY- REGULATING KINASE — MARK2 .......ccovvviiiiiiiiieeinne -44 -
1.2.5 CYTOSKELETAL SYSTEMS IN PROKARYOTES.....ccoooitiiiiieeiieeeereee e, -46 -
13 ENDOCYTOSIS PROCESSES ...ttt -47 -
13.1 PHAGOCYTOSIS ..ottt -48 -
1.3.2 PINOCYTOSIS ...ttt - 49 -
1.3.2.1  MACROPINOCYTOSIS .ttt e e e s e e s -50-
1.3.2.2 CLATHRIN- MEDIATED ENDOCYTOSIS ..ottt -51-
1.3.2.3 CAVEOLAE- MEDIATED ENDOCYTOSIS ......oooiiniiiiiiiiiiiiniiiiiiicc e -52-
13.3 PARTICIPATION OF THE CYTOSKELETON IN THE PROCESS OF ENDOCYTOSIS ....- 54 -
1.4 CYTOSKELETON RESEARCH TECHNIQUES ......ccviiiiiiiiiiiiinciecinc e -56-
141 OPTICAL MICROSCORPY ...oiiiiiiieiiiieieeeiete ettt -57-
2. SCOPE OF THE STUDY ..eiiiiitieiiiitee ettt sttt e s s e s -63-
3. MATERIALS AND METHODS ..ottt - 64 -
3.1 CELL CULTURE ittt - 64 -
3.2 MICROSPHERES AND MICROSPHERES COATING .....coveiiiiiieeeieee e -64 -
33 PREPARATION OF POLYACRYLAMIDE SUBSTRATES ....ccoiiiiiieieeeeieee e -65-
34 ELASTICITY OF PA SUBSTRATES ... ettt ettt - 66 -
3.5 CELL LABELLING AND IMMUNOFLUORESCENCE..........ccccceiniiiiiiniiiiiiiniccniniecnne - 66 -
3.6 CYTOSKELETAL DRUGS ....coiiiiiiiiiiiiiiiiiiciiiicc ittt -68 -
3.7 CONFOCAL MICROSCOPY ....cviiiiireeee ittt e seieeee et e e st ee s eeseneeeessneneessanee -68 -
3.8 DATA ANALYSIS TOOLS.....eeeieeeeee ettt e s -69-




3.9 EXPERIMENTAL PROCEDURE.......cciiiiitiiiiiitiiiiitccrec ettt -69-
. RESULTS .ottt sr e s sra e e s sra e e e s eanee -70-
4.1 CELL - LATEX BEAD INTERACTION ....cutiiiiiiiiiiiiiiiiiecceieieeee e -70-
41.1 THE EFFECTS OF LATEX BEADS - FIBROBLAST INTERACTION ON CYTOSKELETON
ARCHITECTURE ...ttt re e s -71-
4.1.2 INFLUENCE OF CYTOCHALASIN D ON CELL - BEAD INTERACTION. ............... -79-
4.2 THE ROLE OF ELASTIC SUBSTRATE IN LATEX BEAD MEDIATED CYTOSKELETON
REMODELLING: FORMATION OF NOVEL MICROTUBULE STRUCTURE ........cooviiiiiniiiininnns -81-
4.3 MICROTUBULE ASSOCIATED PROTEINS AND REMODELLING OF MICROTUBULE
CYTOSKELETON ..ottt et sba e s ba e srae e -88-
43.1 CAP-GLY DOMAIN CONTAINING LINKER PROTEIN 1 (CLIP1)....coceeeeiineeeieienneen -89 -
4.2.2 RAS GTPase — ACTIVATING — LIKE PROTEIN (IQGAPL) ....cccerieriirieienienienieeeere e -96 -
423 MICROTUBULE AFFINITY — REGULATING KINASE 2 (MARK2) ....cccoveinieniennen. -101-
5. FINAL CONCLUSIONS....ccoiittiiiiiitte ittt ettt s sre e e s snae e e s snee -103 -
6. DISCUSSION ....coiiiiiiiiieee et e e s e e e e e e s s nnnaeeeee s -104 -
6.1 CYTOSKELETAL REARRANGEMENT AS A RESULT OF CELL — BEAD INTERACTION. - 104 -
6.2 CYTOCHALASIN D INFLUENCES THE BEAD ENVELOPMENT PROCESS................... -105 -
6.3 INFLUENCE OF ELASTIC POLYACRYLAMIDE SUBSTRATES ON MICROTUBULE
ARRANGMENT ...ttt e e e e e e e s s ae e e e e s - 106 -
6.4 ASSESSMENT OF THE MAPs BEHAVIOR DURING THE CELL - BEAD INTERACTION ON
ELASTIC SUBSTRATES ...ttt st e e e -107 -
6.4.1 CLIP L.ttt -107 -
6.4.2 IQGAPTL ..ottt -109 -
6.4.3 MARKZ ..ottt -110 -
7.  FINAL SUMMARY AND FUTURE RESEARCH.........otiiiiiiiiiiiiiiee e -111-
LIST OF PICTURES ...ttt ettt s e s s sre e e s e -112 -
BIBLIOGRAPHY ..ttt sttt e s s e e s s e e s s mneeas -118 -
SCIENTIFIC ACHIEVEMENTS OF AUTHOR ......ooiiiiiiiiiiiiiiiiiiciiicncinc i -135-




ACRONYMS AND ABBREVIATIONS LIST

ABP — Actin Binding Proteins

ADP — Adenosine Diphosphate

AF555 — Alexa Fluor 555 Fluorophore

AF633 — Alexa Fluor 633 Fluorophore

ATP — Adenosine Triphosphate

CLASP - Cytoplasmic Linker Associated Protein
CLIP — Cytoplasmic Linker Proteins

CLIP1 - CAP-GLY domain containing linker protein 1
EB1 - Microtubules End-binding proteins 1

FC — Fibronectin- coated beads

FtsZ - Filamenting Temperature Sensitive Mutant Z
GDP — Guanosine Diphosphate

GTP — Guanosine Triphosphate

IF — Intermediate filaments

IFAP — Intermediate Filaments Associated Proteins
IQGAP1 - Ras GTPase-activating-like protein
MAP — Microtubule Associated Protein

MARK?2 - Microtubule Affinity-Regulating Kinase 2
MEF 3T3 — Mouse Embryonic Fibroblast Cells

MF — Microfilaments/ Actin filaments

MT — Microtubule filaments

MTOC — Microtubule Organizing Center



https://docs.google.com/document/d/1qNr0SecGjJIrHIUVcyoAWKjDakEDES3V/edit#heading=h.1v1yuxt

NFTs - Neurofibrillary Tangles

OT — Optical Tweezers

PA Gel Substrates — Polyacrylamide Gel Substrates
SKAP - Src Kinase-associated Phosphoproteins
UC — Uncoated beads

YG fluorophore — Yellow Green Fluorophore




ABSTRACT

Living cells interact mechanically with their microenvironment, as it is widely
known. External factors, acting on the cell, have an impact on many fundamental cell
processes, including migration, proliferation, gene expression, and differentiation.
Therefore, it is crucial to study how the mechanical properties of the culture substrate
(for example its different stiffness) affect the cellular and molecular regulatory

pathways.

Optical microscopy is one of the most popular experimental techniques to observe and
study biological activities. Confocal microscopy gives us the ability to observe how the
three-dimensional organisation of the cell components like the cytoskeleton changes in

response to a specific mechanical stimulation.

A concentrated laser beam and polystyrene or latex beads are used in the optical
tweezers-based approach (OT), a microrheological technique, employed to examine the
mechanical characteristics of biological systems. Latex beads, functionalized with a
particular protein, can interact with proteins found on the surface of cellular
membranes. The behavior of the cell may be dramatically impacted by such

interactions.

Here, we show that the architecture of actin, microtubules, and intermediate filaments
significantly changed by the simple placement of latex beads of 2 um diameter on the
cell surface. It is also demonstrated that the duration of the cell-bead interaction affects
the reaction of the cytoskeleton to the stimulation. Application of the cytoskeletal drug

like cytochalasin D eliminates the actin cytoskeleton's remodelling effects.

More importantly, when cells are plated on elastic substrates that mimic the mechanical
characteristics of the physiological cellular environment, we see that the microtubule
cytoskeleton interacts with latex beads to form novel, "cup-like" structures around those
beads. These findings offer new perspectives on the role of microtubule cytoskeleton in
the process of endocytosis. It leads us to the conclusion that the stiffness of the substrate
can have an impact on cellular activities involving every cytoskeleton component,

especially on their architecture.




To explain this effect, the behavior of three proteins from the MAP (Microtubule
Associated Proteins) family, which interact directly or indirectly with the microtubule
cytoskeleton - CLIP1, IQGAP1, and MARK2, was examined. It showed that the
presence of external stimuli like microspheres or elastic substrates had an impact on the
behavior of these proteins. These experiments brought us closer to answering the
question of which of the MAP proteins may also take part in the forminga new,

specific structure.
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STRESZCZENIE

Powszechnie wiadomo, ze zywe komorki oddzialuja mechanicznie ze swoim
mikro§rodowiskiem. Czynniki zewnetrzne dzialajace na komorke majg wptyw na wiele
podstawowych procesow komorkowych, w tym migracje, proliferacjg, ekspresje genow
1 ré6znicowanie. Z tego powodu kluczowe znaczenie ma badanie wptywu wlasciwosci
mechanicznych podloza hodowlanego na komodrkowe szlaki regulacyjne. Jedng z
najpopularniejszych eksperymentalnych technik obserwacji 1 badania aktywnosci
biologicznej jest mikroskopia optyczna. Mikroskopia konfokalna umozliwia
monitorowanie zmian w trojwymiarowej organizacji cytoszkieletu w odpowiedzi na
precyzyjny bodziec mechaniczny, taki jak mikrometrowa kulka uwieziona we wigzce

lasera.

Skoncentrowana wigzka lasera i kulki polistyrenowe lub lateksowe sg wykorzystywane
w metodzie zwanej szczypcami optycznymi (ang. Optical Tweezers; OT), technice
mikroreologicznej, ktora stluzy do badania wilasciwosci mechanicznych uktadow
biologicznych. Kulki lateksowe moga by¢ funkcjonalizowane przez konkretne biatko, a
wigc mogg wchodzi¢ w interakcje z biatkami znajdujacymi si¢ na powierzchni bton

komoérkowych.

W tej pracy wykazano, ze architektura aktyny, mikrotubul i wtokien posrednich zostata
znaczaco zmieniona przez umieszczenie lateksowych kulek na powierzchni komorki.
Wykazano rowniez, ze dlugos¢ interakcji komorka-kulka wptywa na oddzialywanie.
Zastosowanie toksyny cytoszkieletowej, takiej jak cytochalazyna D zahamowato efekt

przebudowy cytoszkieletu.

Co wazniejsze, gdy komoérki sa umieszczane na elastycznych podtozach, ktore
odtwarzaja mechaniczne wtasciwosci fizjologicznego s$rodowiska komorkowego,
widzimy, jak cytoszkielet mikrotubul wchodzi w interakcje z kulkami lateksowymi,
tworzac niezwykle struktury przypominajace miseczki. Odkrycia te oferuja nowe
spojrzenie na dziatanie cytoszkieletu mikrotubul oraz prowadza do wniosku, ze

sztywnos¢ podtoza ma duzy wptyw na aktywnos¢ komorkows.

Aby wyjasni¢ ten efekt, zbadano zachowanie si¢ trzech bialek z rodziny MAP (ang.

Microtubule Associated Proteins), ktore oddzialuja bezposrednio lub posrednio z
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cytoszkieletem mikrotubul — CLIP1, IQGAP1 i MARK2. Okazalo si¢, ze kazde z tych
biatek zachowuje si¢ inaczej, gdy komorki sg na elastycznych podtozach i obecne sg
mikrosfery. Eksperymenty te przyblizyly nas nieco do odpowiedzi na pytanie, ktore z
bialek MAP moze rowniez pomo6c mikrotubulom w tworzeniu nowo zaobserwowanej,

specyficznej struktury.
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1. INTRODUCTION

1.1 CELL STRUCTURE

It is not easy to say what a cell is since it is a very complex creation. We are
talking here not only about the structure, which is extremely complex but also about the
multitude of its functions. Any scientist who has worked with live cells realises how
deep and uncharted this topic is. One of the most classic definitions given by the

Encyclopedia Britannica is:

A cell is a mass of cytoplasm that is bound externally by a cell membrane.
Usually microscopic in size, cells are the smallest structural units of living
matter and compose all living things. Most cells have one or more nuclei and
other organelles that carry out a variety of tasks. Some single cells are complete
organisms, such as a bacterium or yeast. Others are specialised building blocks

of multicellular organisms, such as plants and animals. [1]

This describes the structure of the cell, but it is important to note that it is also a
perfectly integrated physicochemical entity and an elementary unit of life.

Cells differ in morphological properties which may be dependent on their origin or
location. It is worth starting with the basic classification of the cells into prokaryotic
cells (i.e., unicellular, without a cell nucleus) and eukaryotic ones [2]. Going deeper,
eukaryotes can be classified into plants, fungi, or animals. Focusing on the latter group,
here you can also find various types of cells that are radically different from each other.
Cancer cells are a creature that behaves in a way completely incomparable to normal
cells [3].

Structural variations can be seen between different types of cells. It is difficult to say
which organelle is the most crucial for cell living, because each is necessary for the
proper functioning of the cell and its life, and there are many of them. Below is a brief

presentation of a few chosen organelles based on widely accessible rankings.

To mention the most significant of them, it is worth starting with the cell nucleus. They
can be found in almost every eukaryotic cell (the exception is red blood cells [4]), and

sometimes even some have more than one (e.g., osteoclasts [5]). The nucleus contains
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genetic material that is separated from the cytoplasm by the nuclear membrane, which

maintains its integrity and facilitates transcription and replication [6].

The second one is the mitochondrion, which is present in most eukaryotes. Like the
nucleus, mitochondrion can also contain genetic material [7], but most importantly, it is
a source of chemical energy by generating adenosine triphosphate (ATP) using aerobic

respiration [8].

Ribosomes are found in all cells that carry out protein synthesis. They use mRNA as a
template that enables them to create a protein [9]. Another important organelle can also
be associated with ribosomes, the endoplasmic reticulum (the rough endoplasmic
reticulum in the case of ribosomes), which divides the cell into compartments and is

responsible for protein folding [10], [11].

Penultimate on the list is the Golgi apparatus, which looks like a stack of flattened disks
[12]. It is responsible for the synthesis and packaging of molecules intended for
secretion outside the cell and directs the newly synthesised proteins to the appropriate

cell compartments [13].
And finally - the cytoskeleton, which will be the main topic of this dissertation.

All organelles described above are shown in the schematic drawing [Figure 1].
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reticulum with

N ribosomes

Figure 1. Schematic drawing showing the organelles described above as the most important in
the cell (the cytoskeleton has not been signed here).
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1.2 CYTOSKELETON

The subject of the cytoplasmic matrix began to be discussed for the first time in
the world of science, in the nineteenth century. In the meantime, there were many
theories to explain how the cytoplasm is structured. However, at the end of the 1960s,
the first electron microscopy images began to appear, which revolutionised the
approach of researchers to the structure of the inside of a cell. Previously, there were
voices that there is a structure resembling a three-dimensional mesh in the cytoplasm,

but this was widely regarded as an artefact resulting from the fixation of cells [14].

In 1983, an international conference on the cytoplasmic matrix was held in the USA. It
is worth quoting the words of Prof. Walter Birmeier: It is reasonable to assume that in
1976 around 95% of experimental biologists were not aware of the facts that living cells
have cytoskeletons (...). In 1984, however, 95% seem to know, and many of them now
even consider the cytoskeleton to play a fundamental role in quite a wide variety of

biological phenomena.. [15]

As the name suggests, the cytoskeleton plays the role of the cellular skeleton. It is
recognized that the cytoskeleton consists of three types of filaments: microfilaments
(also called actin; MF), intermediate filaments (IF), and microtubules (MT). The order
of their listing is not accidental here, they have been ranked from those with the
smallest single filament diameter to the largest one. They differ in the type of proteins
that create them and, to a large extent, in the functions they perform. Similarities can be
found between microfilaments and microtubules, which are made of globular protein
subunits and which facilitate rapid polymerization and depolymerization of the fibers.
This may suggest that these filaments are built to perform a specific short-term function

and then depolymerize [16].

Below [Figure 2] a distribution of individual filaments in the cell body is shown.
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Microtubules

Intermediate (Vimentin)

Figure 2. Confocal picture of the distribution of filaments in the cell body, respectively actin,

microtubule and intermediate filaments in fibroblast cells.

In 1970 a group of small membrane GTP-binding proteins, septins, was discovered [17].
For a little over 10 years, these proteins have been recognized by some scientists as the
4th component of the cytoskeleton [18]. These proteins are still not fully understood,

but in the future, they may be considered one of the components of cytoskeleton.
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1.2.1 MICROFILAMENTS — ACTIN FILAMENTS

In 1942, one of the two major muscle proteins, besides myosin, was identified and
this protein was named actin [19]. Exactly 10 years later, the hypothesis that a substance
similar to actomyosin was found in Physarium polycephalium [20] appears. This was
the beginning of the interest in non-muscle actin because 4 years later actin was isolated
from the same organism [21], and research on it began. The fact that the primary
structure is extremely conserved in eukaryotes is unusual. The amino acid structure of
actin is typically at least 90% identical. It is also a very important part of the cell, which
is indicated by the fact that it constitutes 15-20% of all proteins in an eukaryotic cell
[22]. In response to these findings, questions about the consistency and morphology of
the cell were clarified. Some gaps in knowledge had been filled in, allowing the

definition of hypotheses and conclusions about the cell structure.

In the cell, actin is present in two basic forms. The first is called G-actin, which comes
from the word "globular”. It is a single molecule made of a chain of 375 amino acids
with the associated molecule ATP. However, they are not perfectly spherical particles,
as their size is 5.5 nm by 3.5 nm.

The second one, F-actin, from the word "filamentous", is polymerized fibrous form and
looks like two strings of "beads" helically wrapped around each other. One twist is
repeating every 37 nm. Ends of filaments are structurally different from each other.
There is a more stable minus end and a dynamic plus end. The thickness of a single
filament is about 7 nm and it is the thinnest of the cytoskeletal filaments [20] [23]
[Figure 3]. There is also the third type of structure in living cells — a bundle of the actin
filament, which is more stable and rigid than an individual filament [22].

The secondary structure is very similar in the G-actin monomer (26% alpha-helix and
26% beta-sheet) and in the F-actin filament (29% alpha-helix and 23% beta-sheet) [23]
[Figure 4].
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Minus 37 nm Plus

5.5 nm

Figure 3. The structure of an F- actin filament in the form of a helix.

Figure 4. (A) Cryogenic electron microscopy 3D map of F-actin. Structure PDB code:
7UXF. (B) Crystal structure of a Cross-linked Actin Dimer. Structure PDB code: 2A5X.

Visualizations made with the toolkit for visualization and analysis of a large-scale.
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Before discussing the variety of actin functions, it is important to make a connection
with this protein isoform diversity. In total, six actin isoforms can be found in cells.
Four of them: oskeletal-actin, Ocardiac-actin, osmooth-actin, and ysmooth-actin are expressed in
muscles (skeletal, cardiac, and smooth muscles, as the names indicate) [24]. The other
two isoforms, Bcyto-actin, and ycyto-actin, are common in non-muscle cells [25] [26].
The sequence of amino acids in all forms is remarkably similar [27] [28], but the
diversity of actin filament isoforms may be related to the variable rates of
polymerization and depolymerization of the filaments. Actin is thus able to adapt to the

specific type of cell in which it is situated [29].

Microfilament architecture can be divided into several types. In cells cultured in vitro
and in the intestinal epithelium, they form bundles of parallel filaments that also show
structural polarity. Looser bundles can be seen in the cells lamellipodia, and they can
also form stress fibers in adherent cells. Actin fibers are also localised near the
periphery of the cell, and this is related to nuclear mechanotransduction. However, most
often there is simply a mesh of microfilaments, where short fibers intersect at different
angles. In addition to monomers and polymers, it is also possible that other small
filament pieces, such as oligomers, are also present in the cytoplasm, but this is

challenging to observe with the tools available today [30].

Actin is perhaps the best-known cytoskeletal protein. It plays an extremely important
role in muscle cells, where it occurs in the form of aligned bundles. Together with
myosin 1, they form a structure called the sarcomere, which is responsible for muscle
contractility [31]. This process is powered by the energy released during ATP
hydrolysis, and it is supported by two proteins known as ABPs (Actin Binding
Proteins)- tropomyosin and troponin. ABPs bind to the actin filament at rest and prevent

myosin binding [32].

In non-muscle cells, actin filaments also play many key functions for cell life. For
example, they could provide structural support for the cell [33] and connect its interior
with the environment by receiving signals from the outside [34]. Actin filaments also
enable cellular movement through the formation of lamellipodia and filopodia [35] and
are involved in the process of mitosis [31]. Participation of microfilaments in
endocytosis is also important [32], and this topic will be described in more detail later in

this paper.
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It is important to mention ABPs and cytoskeletal drugs that alter filament dynamics,
their stability or decomposition. The functions mentioned above would not be possible
without a set of proteins that also participate in them. Some examples of proteins
belonging to the ABP family are: profilin, which promotes loading of the actin molecule
with ATP and supports polymerization [33]. In opposition to this are cofilin and
gelsolin, which support depolymerization of actin filaments [34]. Spectrins help actin to
form a network beneath the cell membrane [35]. There are many more proteins in the
ABP family than are listed here, and they constitute a powerful research branch.
However, behavior of actin fibers can also be controlled by other factors. Actin
concentration, pH [36], salt concentration, and ATP [37] all influence polymerization.
Chemical substances are another option, and Table 1 lists them [38]-[41] They are

commonly used in laboratory work for cytoskeletal research.

Table 1. Chemical inhibitors of Actin

DRUG NAME EFFECT
Cytochalasin Prevents polymerization
Latrunculin Prevents polymerization, enhance depolymerisation
Jasplakinolide Enhance polymerization
Phalloidin Stabilises filaments
Swinholide Sequesters actin dimers
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1.2.2 INTERMEDIATE FILAMENTS

Intermediate filaments were discovered relatively early in the history of cell
research. An article describing novel cytoplasmic filaments with a diameter of 8-13 nm
was already published in the 1960s. The term for them was cytofilaments. In subsequent
studies, they were named "intermediate” or "10 nm filaments™ because of their average
size. It was noteworthy that they were located around the nucleus in a characteristic
way, the structure formed by the filaments is similar to a cage and encircles the nucleus
[42], [43].

One of the features that distinguishes them is their very high mechanical resistance.
They are very hard to break and can stretch up to three times their length [44].
Therefore, there was a hypothesis that intermediate filaments are present in cells
exposed to mechanical stress and cannot be found in the cells of organisms with a rigid
exoskeleton, such as arthropods. However, a novel cytoplasmic intermediate filament

protein, isomin, was discovered there as well [45].

IF also offer structural support to numerous non-cellular tissues, including hair, hooves,
and nails, which is another amazing aspect of IF [46]. This was probably the beginning
of the interest and work that influenced the discovery of the IF structure. Since the
1930s, scientists have been fascinated by the structure of sheep's wool or hedgehog
spines [47] . Less than 40 years later, the amino acid structure of hard keratin from

sheep's wool was determined [48], [49].

The question is how one kind of protein can have such wide applications. So here it
must be clarified that, unlike the other elements of the cytoskeleton, IFs do not consist
of one basic protein. The proteins that make up IFs are biochemically and
immunologically distinct, encoded by over 70 different genes with distinct, cell-type-
specific functions [50], [51].

The IFs proteins were categorised into five or six groups (depending on whether type |
and type 1l keratin are divided into two different categories) based on their structure and
amino acid sequence, which are shown in Table 2 [52], [53], [54], [55], [56], [57], [58],
[59], [60], [61], [62], [63].
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Table 2. Major types of intermediate filaments proteins

Type of IF Component polypeptides Location
Type | keratins (acidic) Epithelial cells and their
Epithelial _ _ derivatives (e.g., hair and

Type Il keratins (neutral/basic) ]
nails)
) _ Many cells of
Vimentin o
mesenchymal origin
Desmin Muscles

Vimentin- like

Glial fibrillary acidic protein

Glial cells (astrocytes and

some Schwann cells)

Syncoilin

Skeletal and cardiac

muscle

Peripherin

Some neurons

Neurofilaments (NF-L, NF-M
and NF-H)

Neurons

Alpha-internexin

Brain and central nervous

system
Axonal _
Non-junctional membrane
) locations in astrocytoma
Synemin )
cells and cardiac
myocytes
Nuclear lamina (inner
Nuclear Lamins A, Band C lining of nuclear
envelope)
Beaded
) ) ) o Lenses
filaments: Filensin, Phakinin
Newly .
_ Nestin Central nervous system
discovered and
- Component of the
unclassified
Isomin Isotomurus midgut

terminal web
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Amino- and carboxy-terminal domains are present in individual intermediate filaments.
All filaments have an elongated alpha-helical structure that contains about 40 repeat
motifs. Single monomers combine to generate an extended coiled-coil structure with
another monomer. With an antiparallel dimer, having a parallel structure becomes a
tetramer. These tetramers group together to form an eight-parallel protofilament
filament, or 32 distinct alpha-helical coils, that is made up of these tetramers. This
filament is incredibly robust thanks to its amazing design [64]. This process is
visualised on Figure 5.

NH: COOH

_.

monomer

NH- l COOH

: ~ 50 nm :
NH: coiled- coil dimer

COOH

COOH tetramer of coiled- coil dimers NH.

association of 8 tetramers

association of 8 tetramers growing filaments

Figure 5. A model of intermediate filament construction (inspired by: Molecular biology of the
cell/ Bruce Alberts [et al.]. 6th edition).
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Intermediate filaments are still the least understood filaments of the cytoskeleton.
Therefore, it is difficult at this point to have a broader view of IF associated proteins.
However, more and more data indicate that they exist and, similarly to other structures
of the cytoskeleton, they support the functions of intermediate filaments. The family of

these proteins is called IFAP (Intermediate Filaments Associated Proteins).

This family includes proteins that show direct or indirect interactions with IFs [65].
Four criteria have been established that can qualify a protein as IFAP in terms of
morphology or biochemistry, such as direct co-localization with IF or participation in

their assembly and disassembly [66].

In the context of this work, the most important IF building protein is vimentin. Its name
comes from the Latin word vimen, which means an array of flexible twigs. It can be

found not only in non-muscle cells derived from mesoderm but also in bacterial cells.

It is a monomeric protein with an alpha-helical structure and amino and carboxyl
domains [Figure 6] [67], [68]. The formation of a filament from a single monomer is

shown previously in Figure 5.

Figure 6. Crystal structure of vimentin coil packed as a filamentous form. Structure PDB code:
5WHF. Visualizations made with the toolkit for visualization and analysis of large-scale

molecular data — Molstar.

Vimentin filaments help anchor the organelles in the cytoplasm. Thanks to their strong
mechanical properties, they support the cell's resistance to external factors [69]. It has
been proven that a cell with damaged vimentin cytoskeleton is extremely delicate and
vulnerable to micropunctures [70]. A study was carried out on mice whose vimentin-
expressing gene was silenced. Superficially, the mice appeared healthy, but when
injured, their wounds healed more slowly than in the control mice [71].
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Intermediate filaments extend from the nuclear envelope to the cell membrane. At the
same time, they join together in bundles, which may later separate. Microscopy images
show a significant density of filaments around the nucleus, probably holding it in a

specific position in the cell [72].

It is interesting to note that the first identified biochemical function for IF was to
regulate LDL lipoproteins transport to the site of esterification. In other words, they

have an impact on how much lipoprotein is kept in reserve by the cell [73].

It is still a protein that has not been fully studied and is therefore the subject of research

for many scientists.
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1.2.3 MICROTUBULES

The 1950s can be considered the beginning of research on microtubules. At that
time, the first electron microscopy images suggesting the existence of such a structure
appeared [74]. However, 1963 was a breakthrough year because glutaraldehyde was
introduced as a fixing agent in cell sample preparations, which prevented the
disintegration of protein polymers [75]. This made it possible to observe and describe
the filaments with hollow cylindrical structure in hydra cells [76] and in the cytoplasm
of plant cells. It was then that the name "microtubule” was first used [77]. Exactly 34
years later, William Brinkley mentions in his work about three decades of work on the
morphology and molecular structure of microtubules, which allowed us to enter "an

exciting new biophysical era” [78]

Microtubules are very thin, unbranched tubes. They are the largest component of the
cytoskeleton. Their outer diameter is about 25 nm, the inner diameter is 15 nm, and the
wall thickness is 5 nm [79] [Figure 7]. However, these parameters can change, and
depending on the location of the microtubules, their outer diameter can range from 18 to
even 34 nm [76]. Along with this, the inner diameter changes accordingly. The length of
the filament is usually from 1 pm to several microns, but in some neurons it can be
from 25 um to several millimetres [80]. In the lumen of microtubules is a transparent

substance with small particles [81].

Figure 7. Cross-section through the microtubule structure.
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A single filament is made of 13 adjacent parallel protofilaments arranged along the MT
parallel axis [82]. They are made of a protein called tubulin. The heterodimer of the
linear assembly of two single monomers of alpha and beta tubulin is the fundamental
building element of the chain [83]. Monomers differ slightly in molecular weight; alpha

tubulin has a slightly larger one [84].

Each filament consists of 13 protofilaments, but there are exceptions. Microtubules
found in cilia, flagella, basal bodies, and centrioles have 10 or 11 protofilaments. Some
nematode filaments have 9-11 protofilaments [85]. Additionally, there are filaments
with higher amounts of protofilaments. In the cockroach's epidermal cells there are 15

protofilaments [86].

A schematic drawing showing the structure of a single microtubule filament is shown

below - Figure 8.

Filament

8 nm

Heterodimer of tubulin Single protofilament

Figure 8. The structure of microtubules and its subunits.
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Alpha- and beta-tubulin are 40% amino acid identical, and both have several isoforms.
However, their secondary structure is the same. The monomer consists of two beta-

sheets, which are surrounded by twelve alpha-helices [Figure 9] [87].

The highly compact monomer structure can be categorised into three domains: the
carboxy-terminal domain, which most likely acts as the binding surface for motor
proteins, the middle domain, which contains the Taxol-binding site, and the amino-

terminal domain, which includes the nucleotide-binding region [87].

Figure 9. Crystal structure of alpha-, beta-tubulin heterodimer. Structure PDB code: 1TUB.
Visualizations made with the toolkit for visualization and analysis of large-scale molecular data —

Molstar.

The tubulin dimer has two sites called N-site and E-site. The N-site is situated on the
side of beta-tubulin that interacts with alpha-tubulin. The E-site is situated on the beta-
tubulin's outer surface. E-site exhibits GTP (guanosine-5'-triphosphate) activity,

whereas N-site does not [88].
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Microtubules are closely influenced by the nucleotide hydrolysis, and GTP is necessary
for this. Hydrolysis occurs only in the beta subunit and the process of hydrolysis is very
slow in loose subunits but accelerates significantly when the dimer is attached to the
filament. After hydrolysis, the phosphate group is released, and the GDP remains in the
beta subunit [89] [90]. This is extremely important because the highly dynamic nature
of microtubules is crucial to their function. Heterodimers mainly polymerize and
depolymerize at one end of the microtubule, called the "plus" end, which is more
unstable than the minus end. [Figure 10]. This feature makes microtubules polarised.
Typically the plus end is distal, away from the centre of the cell. In contrast, the

,,minus end is proximal and located closer to the centre of the cell [91].

An interesting and still not understood issue is the formation of "GTP caps", which have
a protective function against MT depolymerization. In other words, when the
heterodimer is added to the filament, the hydrolysis of GTP to GDP automatically
occurs. The "GTP cap" is a structure at the ,plus“ end of the filament consisting
exclusively of GTP tubulin because hydrolysis has been blocked. Such a filament is
more durable and does not depolymerize so quickly, while deprivation of the "GTP cap”
leads to automatic destabilisation of the filament. This phenomenon is still waiting to be
explained in terms of biochemistry [90], [92], [93], [94], [95], [96].

Figure 10. Dynamic difference due to structural variation between plus and minus end of

microtubule.
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Contrary to the previously described IFs, microtubules are structures that are highly
sensitive to pharmacological drugs and physical environmental factors. If there is even a
small change in hydrostatic pressure or temperature, the filament can alter its rate of
depolymerization [97] [98].

Due to its important role in the process of cell division (described in detail below),
tubulin is the target protein for many drugs and spindle fibers poisons (listed in Table 3)
[99], [100], [101], [102].

Table 3. Chemical inhibitors of Tubulin

DRUG NAME EFFECT
Colchicine Prevents polymerization
Demecolcine Depolymerised MTs
Nocodazole Prevents polymerization
Paclitaxel (taxol) Stabilises filaments and therefore prevents mitosis
Vinblastine Prevents polymerization
Rotenone Prevents polymerization

Some of them, such as demecolcine, paclitaxel, and vinblastine, are commonly used in

chemotherapy.

However, microtubules do not respond similarly to the various toxins. There are also
stable microtubules that are less sensitive to toxins and temperature changes. The
microtubules found in cilia and flagella are much more tolerant than the fragile
cytoplasmic and spindle microtubules [103], [104], [105]. Eukaryotic animals and some
plant cells have a structure called the MTOC (Microtubule Organizing Center), also
commonly known as the centrosome. Usually they can be observed in the vicinity of the
cell nucleus. The centrosome is made up of structures called centrioles [106]. A single
centriole usually consists of nine microtubule triplets. Two perpendicular centrioles
form a centrosome [Figure 11] [107], [108].
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MTOC plays an important role in regulating the size, shape, and dynamics of
microtubules. The minus end comes from the centromere, and the section closest to it is
more resistant to factors destabilising the structure. It is not fully known how MTOC is
formed, how it combines with filaments, or how it is produced [109], [110].

Figure 11. The centrosome and zoom on centrioles structures.

Microtubules are not as well understood as actin filaments. Research continues
not only on the issues mentioned above but also on the functions of microtubules.

Below, the most important functions of microtubule filaments will be briefly described.

Microtubules are a key organelle for eukaryotic cilia and flagella. These structures can
be regarded as enveloped cytoplasmic projections with a diameter of about 0.2 um.
Cilia are numerous and short (5-10 um) while flagella are much longer (15-70 pm),
both of them are present in epithelial cells and free-living single-celled eukaryotic
organisms. Epithelial cells in the respiratory tract have a large number of protrusions,
and their role is to support surface transport. In single-celled organisms, protrusions
have a slightly different role because they use cilia or flagella as a means of locomotion.

-32-



The electron micrographs showed that there were nine doublets of microtubules around
the periphery of the cilium, or flagella [111]. Each pair consists of a complete
microtubule consisting of 13 protofilaments and one incomplete microtubule consisting
of 10-11 protofilaments. There are also two central microtubules, consisting of 13
protofilaments each [112], [113], [114].

Microtubules are also widespread in the cytoplasm [115]. It is worth noting that
together with actin and the IF-forming protein, they constitute as much as 85% of all
cytoplasmic proteins [116]. However, cell shaping and stabilisation are not the only
functions performed by microtubules; they are also responsible for intracellular
transport. Microtubules are the pathway along which exo- and endocytic vesicles and
organelles, such as the mitochondrion, are transported [117].

At this point, it is necessary to describe how internal transport takes place on
microtubules. As previously mentioned, the typical arrangement of microtubules in a
cell is that the negative ends are closer to the centre of the cell (in MTOC) and the
unstable positive ends are closer to the edge of the cell. The whole process requires the

presence of two motor proteins - dynein and kinesin.

Dynein is the largest and fastest known motor protein, with a speed of approximately 14
um/sec. It does this by converting the chemical energy contained in ATP into
mechanical energy. It moves towards the negative end of the microtubules (i.e., towards
the MTOC). Dyneins can be divided into two groups: axonemal (also called ciliary) and
cytoplasmic. Axonemal ones are multi-subunit ATPases that are specialised for the
rapid sliding motion of microtubules as in cilia and flagella. Cytoplasmic dynein is
found in almost all eukaryotic cells. Its main functions are the positioning of the
centrosome and the nucleus during cell migration and participation in the formation of
the division spindle [118], [119] Dynein can be associated with microtubules of various

origins, and this also distinguishes it from other ATPases, such as myosin [120].

Dynein is not the only ATPase responsible for intracellular movement. The discovery of
Kinesin was not surprising, because since dynein moves towards the minus end, there
were suspicions that another motor protein would be responsible for the movement in

the other direction [Figure 12]. Kinesin is a protein smaller than dynein and responsible
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for the opposite movement: towards the plus end (periphery of the cell) [121]. Kinesin
differs from other ATPases in that it has a high affinity for the ATP analogue, AMP-
PNP (adenyl-5'-imidodiphosphate) [122]. This causes the affinity of Kkinesin to
microtubules to increase rapidly and dynein to microtubules to decrease [122].

Figure 12. Schematic drawing illustrating the movement and structure of motor proteins -
dynein and kinesin.
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Another very important role of microtubules is their participation in cell
division. In nature, there are two types of cell division: meiosis and mitosis. Meiosis
occurs in germ cells and divides the parent cell into four daughter cells, each having
only half of the chromosomes. In contrast, in the process of mitosis, the daughter cell is

the same as the parent cell [124].

The cell cycle consists of four phases — M, Gi, S, and G2 - which together are called
interphase [Figure 13]. Each phase is briefly described below.

e G1 phase: In this phase, compounds needed for DNA replication are
synthesised. The duration of the G: phase is undefined and cell type
dependent.

e S phase: The amount of genetic material is doubled. The duration is very
similar for cells of the same species.

e G2 phase: Protein synthesis is significantly increased, in particular
tubulin, which will be responsible for the creation of the karyokinetic
spindle. This phase lasts until mitosis begins.

e M phase: karyokinesis (nucleus division) and cytokinesis (cytoplasm

division) occur. This is where cell division occurs.

There is another phase, Go, which is the resting phase. Non-dividing cells go from G to
Go. Often, cells that are damaged in a way that could make daughter cells defective
enter the Go phase. However, it is also possible for the cell to exit the Go phase and take

part in the division again [125].
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Figure 13. The cell cycle scheme.

In order to separate genetic material (sister chromatids) between two cells, a
karyokinetic spindle must be formed. This spindle is made of microtubule fibers.
Two centromeres are necessary for the formation of a spindle; therefore,
immediately before the division, the centrosome is duplicated and, along with
the course of karyokinesis, it gradually moves to the opposite poles of the cell.
They control the rearrangement of cytoplasmic microtubules into spindle
microtubules. In addition to tubulin, the spindle also includes other proteins,
such as motor proteins - dynein and kinesin, and a complex of proteins, called
kinetochore. Kinetochore is extremely important in enabling the connection of

microtubules with chromosomes.
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The M phase can be divided into stages, which will be discussed and visualised below

in the context of what happens to microtubules and the spindle [126], [127].

The four stages of mitosis are described by such a simple separation into stages [Figure
14][128].

Prophase: At this stage, chromatin condenses, and chromosomes are formed.
This is also where the karyokinetic spindle begins to form. Centrioles diverge to
opposite ends of the cell and add a new centriole there, creating two separate
centrosomes. These centrosomes are responsible for disassembling the

microtubules in the cytoplasm and forming a spindle for division.

Metaphase: It begins with the breakdown of the nuclear membrane, allowing
microtubules to attach to the chromosomes. The place where the microtubule
attaches is called the centromere and is located approximately in the centre of
the chromosome. The protein structure, kinetochore, is responsible for the
attachment. A metaphase plate is formed, i.e., the chromosomes line up across

the cell.

Anaphase: By separating sister chromatids, daughter chromosomes are formed
that migrate to the opposite ends of the cell. This is possible due to the very
strong binding of the kinetochore with microtubules and the ability of
microtubule filaments to efficiently depolymerize. The filament depolymerizes
and thus shortens, so the daughter chromosomes can be "pulled” towards the

periphery of the cell.

Telophase: The nuclear membrane begins to form, which separates the two
chromosome slips. After the formation of two nuclei, the chromosomes
decondense into chromatin and then the cell enters the cytokinesis, i.e., the
division of the cytoplasm. This produces two daughter cells, each with a

separate, identical nucleus. The indexing spindle is disassembled.
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Figure 14. The cell cycle stages.




1.2.4 MAPs — MICROTUBULE ASSOCIATED PROTEINS

MAPs are the proteins that interact with the microtubule network. They were
first described in the mid-1970s as non-tubulin proteins of relatively high molecular
weight [129].

From that moment on, articles describing newer and newer microtubule-related proteins
began to appear. The problem, however, is that it is not so easy to clearly describe the
function of each protein. Therefore, the classification of proteins based on their
molecular weight is often used [130]. These proteins can be divided into:

High-molecular-weight MAPs: molecular weight > 250,000 Da; these are proteins that
help to assemble microtubules and stabilise them. Electrophoretic separation showed
that they can be divided into two basic groups: MAP1 (MAP-1A, MAP-1B, and MAP-
1S) and MAP2 (MAP-2A and MAP-2B), which slightly differ in molecular weight
[131].

MAP1 is a group of proteins, mainly expressed in neurons and plays a significant role in
the microtubules structures in axons and dendrites. They stabilise the microtubules and
ensure the proper distance between the filaments. They can also interact with actin
filaments and signalling proteins [132].

MAP2 is involved in the development of neuronal microtubules and their stabilisation.
Tau protein (MAPT) is important in the context of stabilising neurons. This protein is
also responsible for maintaining the appropriate distance between microtubules and,
thus, the appropriate diameter of the axon. It is also involved in processes such as
apoptosis, cell signalling, and mRNA translation. The degree of its activity strongly

depends on the degree of phosphorylation [133], [134].
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Medium-molecular-weight MAPs: molecular weight ~ 200,000 Da; these proteins are
also found in neurons, but most often in non-neuronal cells. They are thermostable
proteins that can be found in normal and cancer cells. Medium-molecular-weight
MAPs, unlike other groups, have no affinity for actin and are distinguished by their
immunological reactivity and amino acid composition [135]. The best-studied subgroup
is MAP4, which is responsible for the organisation of filaments into antiparallel bundles

and prevents the destabilisation of microtubules [136].

Low-molecular-weight MAPs: molecular weight < 150,000 Da; family of STOP
proteins (stable tubule only peptides). Initially, these proteins were found in the rat
brain, but later they were also found in fibroblasts and were named F-STOP. They play
a very important role, namely, they are responsible for the stability of microtubules and
make them resistant to factors that can induce depolymerization, e.g., temperature
[137].

It is almost impossible to list and characterise all known MAP proteins here because,
according to the latest source, there are 889 of them [138]. Usually, these proteins are
poorly described at the moment and not fully understood. The best-known MAP protein
is the aforementioned Tau. The great interest in this protein is due to the fact that it has
a significant effect on Alzheimer's disease by forming insoluble fibers [139].
Other proteins that also belong to MAP are, for example, dynein and kinesin, i.e., motor

proteins, which have been described above.

When it comes to the classification of MAP proteins, it is also difficult to find a clear
classification, and the assignment of proteins to existing divisions is not obvious. This

proves how wide this field of study is and how much remains to be explored.

Three MAP proteins - CLIP1, IQGAPL1 and MARK2 - will be relevant in the
remainder of this work. The function of each of these proteins is still not fully

understood, so they will be described as far as the current state of knowledge allows.

-40-



1.2.4.1 CAP- Gly DOMAIN CONTAINING LINKER PROTEIN 1 - CLIP1

Proteins from the CLIP family (cytoplasmic linker proteins) were first observed
in HeLa cells, they mediate the interactions of organelles with microtubules. Their
accumulation is observed at the plus end of microtubules, suggesting that they may be
responsible for endosome binding and intracellular transport.

The CLIP1 protein (CAP-Gly domain containing linker protein 1), also known in the
literature as CLIP170 (molecular weight: 170,000 Da), is a protein located at the “plus”
ends of microtubules and additionally in the cytosol [Figure 15] [140]. In addition to
attaching endosomes to microtubules [141], it also regulates their dynamics. It is
probably also responsible for the formation of the sperm head and sperm differentiation
[142].

In an experiment to link CLIP1 to endocytic vesicles, the transferrin receptor (TRF) was
used as an immunofluorescent marker for endosomes. This receptor is present in early
stages of endocytosis and early endosomes [143]. However, it turned out that the
correlation of CLIP1 with TRF was weak [144].

CLIP1 has the ability to recognize the plus end, but the mechanism by which this
happens is not fully understood. Here, a protein from the EB1 (Microtubules End-
binding proteins 1) family is also necessary, which binds the plus end of microtubules.
CLIP1 binds strongly to EB1 and thus to alpha-tubulin. This whole process leads to the
formation of a structural basis that allows the attachment of dynein, a motor protein
[140].
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Figure 15. Crystal structure of the CLIP-170 CAP-Gly domain 1 Structure PDB code: 2E3I.
Visualizations made with the toolkit for visualization and analysis of large-scale molecular data

— Molstar.

CLIP1 interacts with the IQGAPL protein (Ras GTPase-activating-like Protein). This
protein is very important in many signalling pathways because it interacts with many
other proteins and has a control function in the cell cycle or actin dynamics. It has been
recognized that it is the interaction (direct and indirect) with the cytoskeleton that is the
most important function of IQGAP1 (Ras GTPase-activating-like protein IQGAP1)
[145].
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1.2.4.2 Ras GTPase ACTIVATING- LIKE PROTEIN IQGAP1

It has been proven that the activation of GTPases from the Rho family of
proteins indirectly affects the rearrangement of the actin cytoskeleton [146]. IQGAP1
acts as an effector of Racl and Cdc42 proteins, which are the regulators of actin
dynamics, e.g., by stabilising Cdc42, which then induces the formation of filopodia and
cell migration [147]. IQGAPL1 can also cross-link actin [148] and participate in
cytokinesis [149].

Much can be said about the role of IQGAPL in actin processes or its other functions.
However, in the context of this work, it is important to link, directly or indirectly, this

protein to microtubules.

IQGAPL1 can be included in the CLASP (cytoplasmic linker-associated protein) family
as a protein that interacts with the CLIP1 protein. CLASP's mission is to support
polarised MT growth. The CLIP1, IQGAPL, and Rho family GTPase proteins form a
complex and act as linkers between the plus end of MT and the cortical actin meshwork
[150].

IQGAP1 can also associate with microtubules through the SKAP (Src Kinase-
associated Phosphoproteins) protein. It is one of the proteins associated with the
kinetochore (occurring at the microtubule and centromere binding sites) during cell
division [151]. It is also postulated that SKAP may play a role in cell migration, and the

formation of a complex with IQGAPL is very important in this process [152].
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1.2.4.3 MICROTUBULE AFFINITY- REGULATING KINASE — MARK?2

Proteins that cannot be fully included in the MAP family but are extremely
important in the context of the interaction of MAP and MT are proteins from the
MARK (microtubule affinity-regulating kinase) family.

These are serine-threonine kinases that have the ability to phosphorylate MAP and thus
regulate the affinity of MAP to MT.

The MARK?2 protein (also known as Parlb) is a protein found in many types of cells
[Figure 16] [153]. It is involved in the regulation of cell polarity and the control of
microtubule stability. By phosphorylating MAP proteins (e.g., MAP2, MAP4, and tau),
it dissociates them from microtubules and thus increases the activity of the filament
[154].

Figure 16. Structure of the catalytic and ubiquitin-associated domains of the protein kinase
MARK/Par-1. Structure PDB code: 1Y8G. Visualizations made with the toolkit for visualization

and analysis of large-scale molecular data — Molstar.
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The tau protein plays a role in the pathogenesis of Alzheimer's disease. Its
function is to stabilise microtubules. When the protein is unphosphorylated, it forms a
complex with the microtubule and prevents it from disintegrating. However, when it is
phosphorylated by a protein from the MARK family, it detaches from the microtubule,
allowing it to depolymerize [Figure 17] [155]. Tau is found almost exclusively in nerve
cells, which is why any anomalies are so dangerous because they lead to
neurodegenerative diseases. It has been observed that excessive Tau phosphorylation
leads to changes called neurofibrillary tangles (NFTs). These are bundles of aggregated
Tau protein located in the brain, the amount of which correlates with the development
of the disease [156].

Hyperphosphorylation of MAP proteins is associated with MARK overexpression. In
addition to the formation of aggregated protein deposits, this often results in disruption

of the microtubule system and leads to cell death [154].

A Tau protein

e 041 0090907820980 45
erarzogedegeacasaegegesres

.....

Tau
phosphorylated

Tau
non-phosphorylated

Figure 17. (A) Microtubule filament stabilised by non-phosphorylated tau proteins. (B) A

schematic difference between tau phosphorylated and non-phosphorylated.

According to the knowledge at the time, the MARK?2 protein has no direct effect on
microtubule dynamics but only affects other proteins directly related to MT. However,
research on it is still ongoing, so it is possible that there may be more functions for this
protein.
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1.2.5 CYTOSKELETAL SYSTEMS IN PROKARYOTES

Cytoskeletal system is very interesting in prokaryotic cells. They also have some
kind of cytoskeleton. They are much smaller and less morphologically developed than
eukaryotic cells, but contain homologues of all three filaments described above.
Paradoxically, bacterial actin and tubulin are more diverse than in eukaryotic cells
[157].

The tubulin homolog is a protein with the symbol FtsZ (filamenting temperature
sensitive mutant Z). It is a universal cytoskeletal protein in prokaryotes that can
polymerize and form protofilaments, which then organise into a ring (Z-ring). This ring
is formed at the site of the future division and supports cell division by contracting
[158]. It serves as a scaffold for other proteins involved in division and generates a
force that constricts the cell [159].

Many bacteria also contain an actin equivalent. Two of these proteins - MreB and Mbl -
are (like FtsZ) very dynamic and a disorder in their expression can cause problems with

chromosome segregation or an undesirable change in the shape of the cell [160].

Another homolog of actin is the ParM protein, which is involved in chromosome
segregation in many bacteria [161]. Chromosome segregation in eukaryotes is
accomplished via tubulin rather than actin. From an evolutionary point of view, this is

very logical, because actin and tubulin filaments are similar in basic features [162].

The equivalent of intermediate filaments is the crescentin, a protein discovered in 2009,
which is found in Caulobacter bacteria. It is involved in cell shape determination (when
the crescentin gene is silenced, the cell has a different shape [163]). Similar to IF, this

protein is very flexible, but it does not stiffen the cell structure [164].
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1.3 ENDOCYTOSIS PROCESSES

Endocytosis is a very broad term that describes ways of transporting molecules
into the cell. Many proteins are involved in the whole process, which consists of the
absorption of molecules by surrounding them with a cell membrane, which then
unbundles inside the cell. The basic classification distinguishes two basic types of

endocytosis: pinocytosis and phagocytosis [165].

These types of endocytosis are in some way intertwined with each other and are not
unequivocal, which is why in more recent studies there has been talk of fluid-phase

endocytosis and adsorptive endocytosis [166].

Fluid-phase (non-specific) endocytosis occurs when random particles, present in the
fluid surrounding the cell, enter the endocytic vesicle. It is performed by folding random
areas of the cell membrane and enclosing molecules and fluid in a vesicle surrounded
by a single membrane. In the next step, these vesicles fuse with lysosomes (forming a
complex called an endolysosome), which contain as many as 40 types of hydrolytic
enzymes. Digested content is a source of elementary components necessary for the cell

to carry out syntheses [167].

Adsorbent (specific) endocytosis proceeds with the participation of receptors, mainly
affects macromolecules, and proceeds in two stages. First, molecules are captured from
the environment in a selective manner, i.e., adsorption takes place on specific, immobile
receptors located on the surface of the cell. Next, such a complex is encapsulated in a
vesicle called an endosome and then either combines with the lysosome or delivers its
contents to the Golgi apparatus, which transports the material directly to the cellular

organelles [168].
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1.3.1 PHAGOCYTOSIS

First type of endocytosis is phagocytosis, which means "eating by the cell" and
involves the absorption of large particles, such as microorganisms or cellular debris.
Unlike different kinds of endocytosis- pinocytosis (Chapter 1.3.2), phagocytosis is
carried out only by large, specialised cells called phagocytic cells. The taken organic
material is encapsulated in a vesicle with a diameter greater than 250 nm called a
phagosome, which then combines with lysosomes and is finally digested. Complex of

phagosome and lysosome is named phagolysosome (Figure 18, B).

Phagocytosis is common in single-celled protozoa because it is through it that they take
in food. However, in multicellular organisms, only a few cell types are capable of
phagocytosis, e.g., macrophages or some leukocytes, which absorb pathogenic
microorganisms through phagocytosis. Particles are first opsonized with proteins (such
as immunoglobulins) so that phagocytes are able to identify them, which is crucial for
the mechanism of particle capture [169]. For example, the pathogen is absorbed into the
macrophage after activation of one of the surface receptors, which will be recognized by
antibodies [170]. All of this induces membrane extensions in the phagocytic cells that
form the phagosome. In addition, phagocytic cells are responsible for getting rid of dead

cells or parts of them [171].
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1.3.2 PINOCYTOSIS

Pinocytosis, which means “cell drinking”, was first observed in 1929
(Pinocytosis. Bull. Johns Hopkins Hosp., 49:17-26) and all eukaryotic cells are capable

of pinocytosis.

It is a process in which fluid and small particles are absorbed by vesicles measuring
approximately 150 nm in diameter. These vesicles fuse with the lysosome to allow the
contents of the vesicles to be digested [Figure 18, A]. This is a process that requires a
lot of energy, which is derived from ATP [172]. Usually, a part of the membrane is also
"swallowed", which is quickly rebuilt in the process of exocytosis (a process opposite to

endocytosis, the release of metabolites formed inside the cell).
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Figure 18. (A) Schematic representation of pinocytosis (B) Schematic representation of

phagocytosis. Size ratio is not maintained.

Pinocytosis itself can be divided according to the size of the vesicles formed into
macropinocytosis and micropinocytosis [173],[174]. Additionally, micropinocytosis,
due to its mechanism, can be classified into two basic types: clathrin-mediated
endocytosis and caveolae-mediated endocytosis [175].
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1.3.2.1 MACROPINOCYTOSIS

Macropinocytosis is characterised by a lack of selectivity in the absorption of
extracellular substances. They are closed in the so-called macropinosomes that have a
diameter greater than 1 um [176]. These vesicles are very sensitive to changes in
cytoplasmic pH, and this may affect the macropinosome endocytic pathway. They can,
for example, return to the cell surface and release their content there or combine with
the lysosome [177]. Due to the above-mentioned lack of selectivity when capturing
absorbed particles, macropinocytosis is a pathway through which fragments of apoptotic
cells [178], as well as viruses [179] and bacteria [180], enter the cell.

Actin takes part in the formation of macropinosomes. Absorbed substances initially
interact with proteoglycans associated with the cell membrane, and this affects the
activation of Rho family proteins, which are involved in the control of the activity of the

actin cytoskeleton [181]

During the process of macropinocytosis, the formation of specific actin structures has
been observed and the word "cup™ is commonly used to describe this structure in the
literature. The molecular mechanism of the formation of cups from actin is known, but
it is not fully known how these structures evolve over time and how the closure of the
cup and the formation of a vesicle occur. Recent research presents two possible ways of
closing the cups and thus encasing the absorbed molecule. The first one takes place at
the cell edge through inward polymerization of actin. The second one takes place at the
base of the cup by stretching and delaminating the membrane. According to this
concept, the closure of the molecule in the cup occurs as a result of a combination of
actin polymerization, membrane tension, and stalled cup expansion. These models can

provide a basis for describing the evolution of cups over time [182].

Macropinocytosis is currently being investigated as a tool for intracellular drug
delivery. This is an ideal route for bioactive therapeutic molecules to enter the

cytoplasm [181].
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1.3.2.2 CLATHRIN- MEDIATED ENDOCYTOSIS

Another type of endocytosis (micropinocytosis) is clathrin-mediated
endocytosis. It occurs in all known eukaryotic cells and involves the formation of
vesicles that are surrounded by a clathrin coat. A specific receptor must take part in this
process, which will attach the absorbed material, e.g., viruses, proteins, metabolites, and

hormones, to the outer side of the cell membrane.

Due to its coating function, clathrin is a protein with a characteristic triskelion shape. Its
structure consists of three heavy and three light chains [Figure 19] [183].

HeaQy chain 7
Figure 19. Triskelion shape of clathrin molecule.

The characteristic structure is due to the whole range of adapter proteins, which are
additionally responsible for the incorporation of clathrin into the cell membrane and the

unbudding of the vesicles.

The entire process of clathrin-mediated endocytosis is divided into five steps. The first
step is nucleation, where a pit is formed and the clathrin is organised on the appropriate
side of the membrane and in the appropriate location. It is starting to create a cargo-
loaded vesicle. Then there is the mantle formation; the clathrin triskelions are organised
into pentagons and hexagons and surround the vesicle. In the next step, the vesicle must
be disconnected. The dynamin protein accumulates and tightens around the neck of the
vesicle, causing the neck to rupture and detach from the membrane. In the last step, the
clathrin is removed from the vesicle (and reused in the next process), and the vesicle

attaches to the endosome [184].
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1.3.2.3 CAVEOLAE- MEDIATED ENDOCYTOSIS

Caveolae are 50-100 nm-sized cavities in the membrane. Their function is, for
example, signal transduction, but their participation in endocytosis has also been
confirmed. This endocytosis process is highly regulated and involves complex

signalling pathways [185].

A crucial component in the development of caveolae is the protein caveolin. The C- and
N-termini of this protein are located in the cytoplasm, and it is inserted into the cell

membrane from the cytoplasmic side in hairpin loop formation [Figure 20] [186].

Figure 20. Hairpin shape of caveolin dimer.

The budding vesicle's neck contains the protein dynamin Il (GTPase), which is

responsible for detaching the vesicle (caveosome) from the membrane [187].

Caveolae-dependent endocytosis occurs, for example, during albumin endocytosis in the
endothelium or during internalisation of the insulin receptor and it usually occurs in
adherent cells [188].

The diagram below shows the schematic pathways of endocytosis that have been

introduced in this chapter [Figure 21].
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Figure 21. Illustration of endocytosis pathways (phagocytosis, micropinocytosis, clathrin-

mediated and caveolae- mediated endocytosis). Inspired by [175].
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1.3.3 PARTICIPATION OF THE CYTOSKELETON IN THE
PROCESS OF ENDOCYTOSIS

It has been proven that the cytoskeleton also plays a significant role in endocytic
processes. Actin filaments are involved in liquid-phase pinocytosis. Actin takes part in
membrane folding [189], and membrane folding causes pinocytotic activity to increase
[190]. To check the influence of the cytoskeleton on endocytic processes, the
effectiveness of the process after the use of cytoskeletal drugs was investigated.
Application of Cytochalasin D, which inhibits actin polymerization, had an effect on
liquid-phase endocytosis - depending on the type of cell, endocytosis was stimulated or
inhibited. It was also checked whether colchicine, which inhibits microtubule
polymerization, somehow affects liquid-phase endocytosis. No changes were observed,

and thus the involvement of microtubules was excluded [191].

Actin is also involved in phagocytosis, which is not spontaneous but requires ligand-
receptor interaction. After activation of the receptor, there is a local increase in actin
polymerization, which, together with associated proteins, is evenly distributed under the
membrane around the phagosome. Interestingly, at some point, the contact between the
cell surface and the cytoskeleton is broken, and actin condenses at the end of the
retractable pseudopodia. Actin cytoskeleton proteins rearrangement occurs immediately
after phagosome closure, which allows the vesicle to enter further stages of

phagocytosis [192].

It is important to emphasise that the process of phagocytosis itself may differ depending

on, for example, the type of cell or receptor interacting with the ligand.

A complement receptor (CR) is a membrane-bound receptor that is a component
of the immune system. Effector protein fragments that are generated in reaction to
damage-associated molecules or antigen-antibody complexes are bound by complement
receptors. Complement receptor activation plays a role in the adaptive immune response
and in the control of inflammation, leukocyte extravasation, and phagocytosis [193],
[194]. CR-mediated phagocytosis is microtubule-dependent as well. After using
colchicine, phagocytosis is blocked. However, in the case of the Fc-gamma receptor,

microtubule degradation did not affect the course of the process [195].
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Instead, microtubules are known to play a role in targeting and facilitating the transport

of endocytic vesicles [196].

In the last type of endocytosis discussed above, clathrin-mediated, the actin
cytoskeleton also plays a significant role. As with pinocytosis or phagocytosis, actin
accumulates at the site of vesicle formation, and its polymerization is a source of force
at multiple stages of the process. It is believed that the main role of actin is to assist in
the neck constriction and subsequent budding of the clathrin-encased vesicle [197],
[198].

The endocytic processes described in this section are, in fact, a topic that is studied by
many scientists. A whole range of proteins is involved in these processes, which it
would be impossible to list and describe here. Activities of actin filaments are also
controlled by many proteins. However, the molecular mechanisms of microfilament

participation in endocytosis are not yet fully understood.

According to current knowledge, it is postulated that intermediate filaments or
microtubules do not play an active and necessary role in any type of endocytosis.
However, as previously mentioned, microtubules are important in intracellular

trafficking but play no significant role in endosome formation.

In the case of intermediate filaments, there is no mention of their potential involvement
in endocytosis. It has been shown that they can interact with proteins involved in
endocytosis, It has been shown that they can interact with proteins involved in
endocytosis, but it cannot be said that IFs are directly involved [199]. This could just be
the result of current insufficient knowledge of intermediate filaments functions as of

today.

To sum up, at the moment there is talk of a significant participation of the cytoskeleton

in endocytosis, but only in the context of actin filaments.
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1.4 CYTOSKELETON RESEARCH TECHNIQUES

The invention of electron microscopy contributed significantly to the
development of knowledge about the cytoskeleton. It is still one of the most important
methods for studying the in vitro cytoskeleton and isolated filaments, mainly due to its

resolution, as scanning electron microscopy can even reach a resolution of 1 nm.

Unfortunately, certain conditions must also be met, e.g., the sample must be in a
vacuum, which is somewhat problematic when imaging biological samples. Another
condition is the electrical conductivity of the sample, which is why metal is sputtered

onto its surface. It is undoubtedly a major interference in the biological system [200].

In addition to electron microscopy, light microscopy also plays an important role.
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1.4.1 OPTICAL MICROSCOPY

The first optical microscope was a scientific milestone in the studies of biological
objects. It was invented around the turn of the 16th and 17th century and had a 10x
magnification (the maximum magnification of a modern, basic optical microscope is
1500x). Back then, nobody considered it a scientific revolution. However, Antoni Van
Leeuwenhoek, a Dutchman, improved the original microscope and obtained
approximately 270x magnification. This determined the beginning of several
breakthrough biological discoveries, including the identification and naming of the cell
[201].

The microscopy technique was constantly being improved, e.g., by carefully polishing
the lenses, eliminating the phenomenon of chromatic aberration, and adding an artificial
light source. Modern microscopes are able to overcome the diffraction barrier and

obtain nanometre resolution [202], [203].

Fluorescence is the phenomenon of light being emitted by a substance
previously excited by light absorption. Light emission usually occurs very quickly, i.e.,
after time less than 10 seconds after absorption [204], [205].

In short, the whole phenomenon can be described as follows: the incident photon
excites the electron, forcing the electron to transition to the singlet excited state. The
emission of energy occurs when that electron returns from an excited state to a singlet
ground state. The emitted photons usually have lower energy than the absorbed photons;
therefore, the emitted light has a longer wavelength than the absorbed light. The loss of
energy is due to the fact that the emission transition can only occur after transferring
some energy to the environment in non-radiative processes. The difference in the
spectral position of the excitation and emission bands is called the Stokes shift. This

phenomenon is illustrated in the Jablonski diagram [Figure 22] [206].
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Figure 22. Perrin Jablonski diagram of fluorescence and phosphorescence. Picture taken from
[191].

The phenomenon of fluorescence is also used in light microscopes. Most commonly it is
used in the wide-field microscope, which evenly illuminates the entire sample, so one

can see the fluorescence signal throughout the entire field of view.

Confocal microscopy is one of the most widely used types of light microscopy. Its great
advantage is that you can get a three dimensional image of the sample.

One can distinguish, for example, spinning-disk confocal microscopy. The image is
generated by the simultaneous illumination of many points on the object plane. For this
purpose, a special, rapidly spinning disk (Nipkow disk) is used, which contains
numerous pinholes to scan spots of light. Thanks to this, the area is scanned in parallel,
and the energy needed for excitation is low. This provides fast imaging, but at the cost

of image quality [207].
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Scanning laser confocal microscopes (SLCM), the second and more common form of
confocal microscopy, employ a precisely focused laser spot to scan the specimen. The
three-dimensional representation is created by using a pinhole to specifically capture
light coming from the selected plane and eliminate the out-of-focus signal. This
removes light that is outside of the focal plane, providing images that are higher in
contrast than those that come from a wide-field fluorescent microscope. Therefore,
behind the pinhole, there is usually a photomultiplier that converts the light signal into
an electrical signal [208].

The two primary modes of sample image acquisition are scanning and wide- field.
Wide-field mode simultaneously collects the signal from the entirety of the image.
However, scanning is the acquisition mode applied by SLCM. Due to the fact that one
point of the sample is illuminated at a time, in order to obtain the image of the sample,
linear scanning is necessary. The image is generated through the sequential, pixel-by-
pixel manner. In this way, a single slice is created, which is then added to the remaining
patches, and together they form the so-called Z stack. From a set of slices, you can
create a 3D or 2D image that gives an overview of what is in the entire volume of the
sample [209], [210].

However, scanning laser confocal microscopy is not without limitations. In order to
prevent the loss of the valuable signal due to out-of-focus light rejection, it is necessary
to employ a higher excitation beam intensity. However, this increases the risk of
photodamage to biological samples and photobleaching. Additionally, damage and

bleaching are caused by multiple scans of a single location during 3D imaging [211].

The source of light is lasers usually, which can provide different wavelengths in the
range from UV to infrared. Laser beams pass through collimating optics to a dichroic
mirror and through a lens that focuses the beam on the sample.
The lenses used in confocal microscopy can be immersive but also dry [Figure 23]
[212].
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Figure 23. Scheme of confocal microscope light path.

In order to observe the samples under a confocal microscope, certain preparations must
be performed. Some of the structures may show autofluorescence, but usually most
samples do not and they need to be prepared by adding specific fluorophores. As an
example, commonly used phalloidin, which attaches to actin filaments and,

appropriately labelled with a fluorophore, makes these filaments visible to the

researcher [213].
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However, another staining method, called immunofluorescence, is very often used in
the preparation. Briefly, it is a technique that permits specific visualization of many
components in any given tissue or cell type using antibodies. The antibodies can be
monoclonal (one antibody with a fluorophore) or polyclonal (the primary antibody is

structure-specific, and the secondary antibody interacts with the primary and is

fluorescently labelled) [Figure 24] [214].
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Figure 24. (A) Difference between monoclonal and polyclonal antibodies labelling. (B)

Interaction of polyclonal antibodies labels with labelled structures.

Another frequently used labelling method is the transfection of eukaryotic cells (in
prokaryotes, this is called transformation). It involves the introduction of a fragment of
foreign DNA or RNA into the test cells. DNA can be transported to the host cell using a
viral or non-viral vector (plasmid) [215]. It is important that the introduced fragment of
genetic material encodes the so-called fluorescence protein fusion (FPF), which allows

for fluorescent labelling of the examined organelle [216].
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Transfection allows the cell to be “forced” to express fluorescent proteins [Figure 25].
The result of this procedure may be the permanent transfection when the introduced
DNA integrates into the genome of the cell or transient transfection, where during cell
division the expression of the inserted genome decreases. Transient transfection is
useful in short-term studies, most often to investigate the effects of knock-in/-down of a
particular gene [217]. Stable transfection is used in long-term genetic and
pharmacological research [218]. This method allows for live imaging, i.e., cells are still
alive during the measurement and changes can be observed in real time and precise

cellular localization [219].
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Figure 25. Cell transfection with the introduction of the GFP fluorophore.
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2. SCOPE OF THE STUDY

The aim of the work was:

1) To describe the results of cell — latex beads interaction on the cytoskeletal

architecture of fibroblasts grown on substrates with different elasticity.

2) To investigate the role of selected proteins from the MAPs family - CLIP1,
IQGAP1, MARK?2 - in the process of endocytosis of latex microspheres.
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3. MATERIALS AND METHODS

3.1 CELL CULTURE

MEF3T3 Swiss mouse embryonic fibroblast cell line (CRL-2752, ATCC,
Manassas, Virginia, USA) cells were used in this study. Cells were cultured in DMEM
Low Glucose medium (L0066, Biowest, Nuaillé¢, France) supplemented with 10%
Gibco FBS (10270106, Thermo Fisher Scientific, Waltham, MA, USA), and 100
L.U./mL Penicillin and 100 pg/mL Streptomycin Solution (L0022, Biowest, Nuaillé,
France) at 37 °C, 5% CO2, and 100% humidity. Before experiment, cells were cultured
overnight in a fresh medium and plated in a 35 mm glass bottom Petri dishes with
thickness #1 (0.13-0.16 mm) or #1.5 (0.16-0.19 mm) designed for high resolution
imaging (Cellvis, Mountain View, CA, USA).

3.2 MICROSPHERES AND MICROSPHERES COATING

Fluoresbrite YG Carboxylate Microspheres with diameter 2 pm were obtained
from Polysciences (09847, Polysciences Inc., Warrington, PA, USA), are made of latex
and can be visualised by fluorescent microscopy (441 nm absorption and 486 nm
emission, Figure 26). Beads were coated with fibronectin from bovine plasma (341631,
Merck, Darmstadt, Germany) in concentration of 0.7 mg/mL using PolyLink Protein
Coupling Kit (24350-1, Polysciences Inc., Warrington, PA, USA). In short, a pellet of
microparticles was suspended in PolyLink Coupling Buffer twice and the whole
suspension was mixed with PolyLink EDAC solution. After these steps, fibronectin was
added, the bead suspension was incubated in room temperature with gentle mixing for 1
h, centrifuged twice, and resuspended in PolyLink Wash/Storage Buffer. The mixture
was stored in 4 °C. In the next step, the binding of the protein to the beads has been

verified spectrophotometrically by measuring absorbance of suspension at 280 nm.
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Figure 26. The excitation and emission spectra of fluorophore Yellow Green (YG) latex
microspheres used in experiments; plot taken from the website of manufacturer

(https://www.polysciences.com/india/fluoresbrite-yg-carboxylate-microspheres-200m)

3.3 PREPARATION OF POLYACRYLAMIDE SUBSTRATES

To manufacture substrates with varying stiffnesses, polyacrylamide (PA) gel
substrates were fabricated based on established procedures [220]. In short, glass-bottom
dishes were treated with a solution of 3-(Trimethoxy silyl) propyl methacrylate
(440159, Sigma-Aldrich, St. Louis, MO, USA), 99.5% acetic acid, and 96% ethanol
(1:1:14 ratio) for 30 min, washed twice with 96% ethanol, and dried.

Polymerization mixtures for selected elasticities were prepared by mixing acrylamide
and bis-acrylamide (Bio-Rad, Herkules, CA, USA) in various proportions in the 10 mM
HEPES buffer solution. The proportions for preparation of the substrates with elasticity
of 40 kPa, 16.7 kPa, 8 kPa and 2 kPa were taken from protocol [221]. Each type of
polymerase mixture was mixed with polymerizing agents: 0.05% ammonium persulfate
and 0.05% tetramethylethylenediamine (Bio-Rad, Herkules, CA, USA). The resulting
mixture was applied to silanized slides in an amount of approximately 23 ul. The
mixture was covered with an 18 mm thick coverslip and incubated for 1 h in room

temperature to polymerize. Then the slide was removed and the prepared substrates
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were stored in a PBS solution at 4° C overnight. After it, polyacrylamide substrates
were incubated with 2 pg/mL Sulfo-SANPAH (22589, Thermo Fisher Scientific,
Waltham, MA, USA) under ultraviolet light for 5 min. PA gels were rinsed with a
sterile PBS solution and incubated with 10 pg/mL fibronectin at 4 C overnight.

3.4 ELASTICITY OF PA SUBSTRATES

The elasticity of the selected prepared PA substrates was checked using atomic
force microscopy. The device used for this purpose was a JPK Nanowizard 3

microscope, and the measurements were carried out in force mapping mode.

A minimum of four preparations were produced for each of the substrates with the
specified, according to the protocol, elasticity values of 40 kPa, 16.7 kPa, and 8 kPa.
Measurements were done in at least two independent series. The elasticity of every
substrate has been measured in at least five independent locations. In general, substrates
that were specified with elasticity values of 40 kPa and 8 kPa, their elasticity remained
within the error bars of 1 kPa. However, in all cases, the elasticity of a substrate of
nominal value of 16.7 kPa according to the protocol, was closer to 22 kPa and

subsequently this value was used in this work.

3.5 CELL LABELLING AND IMMUNOFLUORESCENCE

Cells were fixed with 4% formaldehyde solutions (47608, Sigma-Aldrich, St.
Louis, MO, USA) for 10 min and permeabilized for 7 min in 0.1% Triton X-100
(T8787, Sigma-Aldrich, St. Louis, MO, USA) to allow antibodies or toxins to enter the
cell. In the cases of antibody staining, the non-specific sites were blocked with 3% BSA
PBS buffer (A7906, Sigma-Aldrich, St. Louis, MO, USA) for 30 min, then stained for
a-tubulin (1:500 in 3% BSA PBS buffer; T9026, Sigma-Aldrich, St. Louis, MO, USA)
or vimentin (1:100 in 3% BSA PBS buffer; EPR3776, Abcam, Cambridge, UK)
overnight.

When additional proteins (MAPs family) related to organisation of microtubules were

investigated, the antibodies against three proteins were used and incubated overnight
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also: MARK?2 (1:100 in 3% BSA PBS buffer; SAB4500761, Sigma-Aldrich, St. Louis,
MO, USA), IQGAP1 (1:100 in 3% BSA PBS buffer; SAB4200079, Sigma-Aldrich, St.
Louis, MO, USA) and CLIP1 (1:100 in 3% BSA PBS buffer; HPA026678, Sigma-
Aldrich, St. Louis, MO, USA).

Alexa Fluor 555-labelled goat anti-mouse 1gG (H+L) antibody (1:100 in 3% BSA PBS
buffer; A21422, Thermo Fisher Scientific, Waltham, MA, USA) or Alexa Fluor 633-
labelled goat anti-rabbit 1gG (H+L) antibody (1:50 in 3% BSA PBS buffer; A21070,
Thermo Fisher Scientific, Waltham, MA, USA) were used as fluorophore conjugated

secondary antibodies; [Figure 27].

For actin staining, cells were fixed, permeabilized and incubated with phalloidin
conjugated with DyLight 633 (1:100 in PBS buffer; 21840, Thermo Fisher Scientific,
Waltham, MA, USA) for 45 min. A scheme showing indirect immunofluorescence

labelling shown below [Figure 28].
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Figure 27. The excitation and emission curves of fluorophore Yellow Green (YG) for latex
microspheres (blue); Alexa Fluor 555 (green) and Alexa Fluor 633 (red); the dotted line shows the
excitation spectrum of the fluorophore, while the solid line shows the emission spectrum (spectrum

generated on https://www.biolegend.com/en-us/spectra-analyzer)
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Figure 28. Schematic drawing showing indirect immunofluorescence labelling with primary and

secondary antibodies conjugated with a fluorophore.

3.6 CYTOSKELETAL DRUGS

Cytoskeletal drug used in the experiments was Cytochalasin D solution (C8273,
Sigma-Aldrich, St. Louis, MO, USA), which prevents polymerization of actin, 20 uM

cytochalasin D solution was applied for 1 hour.

3.7 CONFOCAL MICROSCOPY

Confocal images were acquired using Zeiss LSM 710 confocal module set on
Zeiss Axio Observer.Z1 inverted microscope (Carl Zeiss Microscopy GmbH, Jena,

Germany) with an oil immersion 40x 1.4 NA Plan - Apochromat objective.
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3.8 DATA ANALYSIS TOOLS

The images were subjected to individual evaluation and some of them were
deconvoluted using Batch Deconvolution Fiji v0.49 plugin [222]. All calculations were

made using the Fiji ImageJ environment [223].

3D rendering was made using FluoRender 2.24 software

(https://www.sci.utah.edu/software/fluorender.html) [224].

A custom written macro was applied to analyse and prepare graphs showing the
proportion of microspheres that were entirely enveloped and those that were not
enveloped by cytoskeletal filaments. The program had two tasks. First, it cropped- out
the cellular part containing the nucleus, leaving cytoplasmic region needed for analysis.
Second, it present images in a sideview format. Then, it was manually determined
whether the signal coming from the cytoskeleton filaments was located above the bead

or not.

3.9 EXPERIMENTAL PROCEDURE

Prior to each experiment, cells were cultured overnight in glass bottom dishes
with a thickness of #1.5 (0.16-0.19 mm) if the experiment was conducted on a glass
substrate, or with a thickness of #1 (0.13-0.16 mm) if the bottom dishes were coated
with polyacrylamide gel and fibronectin (described in Chapter 3.3). On the next day,
uncoated or fibronectin-coated latex beads were introduced into the cell culture under
sterile conditions and incubated at 37> C for 15, 1, or 3 hours, depending on the
requirements of the experiment. This time was used alternately as a time of cell-bead
interaction in subsequent paragraphs of this thesis. Immediately after this, the cells were
fixed and stained in accordance with the immunofluorescence procedures described
above (Chapter 3.5). The Z-stack projection was used to measure the prepared samples,

with parameters being set for each sample individually.
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4. RESULTS

4.1 CELL - LATEX BEAD INTERACTION

This chapter presents the results and their description for the cytoskeleton

staining. All images were taken with a confocal microscope (more in Chapter 3,
Materials and Methods).

The results contained in subsections 4.1-4.3 have been published in [225] (Adamczyk,
O.; Baster, Z.; Szczypior, M.; Rajfur, Z. Substrate Stiffness Mediates Formation of
Novel Cytoskeletal Structures in Fibroblasts during Cell-Microspheres Interaction. Int.
J. Mol Sci. 2021, 22, 960. https://doi.org/10.3390/ijms22020960).
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411 THE EFFECTS OF LATEX BEADS - FIBROBLAST
INTERACTION ON CYTOSKELETON ARCHITECTURE

Nano- or micrometre-diameter spheres are commonly used in biological
research. They are used, for example, to study endocytosis processes and are a crucial

element in one of the more advanced microscopic methods, optical tweezers (OT).

In addition to the size, they may also differ in the material from which they are made,
e.g., polystyrene, latex, or glass. They can also be fluorescent or non-fluorescent and

their surface can be often covered with various proteins or antibodies.

OT is a microrheological technique which employs a focused laser beam and
polystyrene or latex beads to study mechanical properties of biological systems. Latex
beads, functionalized with a specific protein, can interact with proteins located on the
surface of the cellular membrane. The beads are also used to study cell elasticity with
OT technique. In this case, it is obvious that they should be completely neutral for the
cell and biocompatible. However, the interaction has the potential to significantly
impact cellular behavior, and changes in cellular morphology or behavior are frequently

undesirable.

The effect of cell-bead interaction on cytoskeleton and its time dependence are shown in

the results below.

The experimental findings are presented in four pictures below [Figures 29- 32]. Two
figures represent the results achieved with uncoated latex beads: one represents the
results after 15 minutes of bead-cell interaction and the other represents the results after
3 hours. The remaining two are for beads coated with fibronectin, as well as after an

exposure time of 15 minutes and 3 hours.

An image of each of the three cytoskeletal components— actin filaments, microtubules,

and vimentin (intermediate filaments)—is shown in each figure.

Summaries and conclusions are provided subsequent to the figures.
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Figure 29. Images of actin, microtubules and vimentin structures in experiments with uncoated
latex beads and time of interaction of 15 minutes. Images are presented as sums of stacks with
zoom on the immediate surroundings of the latex bead. Image posted with permission from

International Journal of Molecular Sciences MDPI.
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Figure 30. Images of actin, microtubules and vimentin structures in experiments with
fibronectin- coated latex beads and time of interaction of 15 minutes. Images are presented as
sums of stacks with zoom on the immediate surroundings of the latex bead arrows point at spots
where beads were enveloped by the cytoskeleton and visible changes could be observed.. Image

posted with permission from International Journal of Molecular Sciences MDPI.
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Figure 31. Images of actin, microtubules and vimentin structures in experiments with
uncoated latex beads and time of interaction of 3 hours. Images are presented as sums of
stacks with zoom on the immediate surroundings of the latex bead arrows point at spots where
beads were enveloped by the cytoskeleton and visible changes could be observed.. Image

posted with permission from International Journal of Molecular Sciences MDPI.
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actin + beads
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Figure 32. Images of actin, microtubules and vimentin structures in experiments with

fibronectin- coated latex beads and time of interaction of 3 hours. Images are presented as
sums of stacks with zoom on the immediate surroundings of the latex bead and arrows point at
spots where beads were enveloped by the cytoskeleton and visible changes could be observed.

Image posted with permission from International Journal of Molecular Sciences MDPI.




Figures 29-32 show images of stained for cytoskeletal filaments MEF 3T3 cells taken
with a confocal microscope. Cytoskeleton filaments are marked in red, and fluorescent
latex beads are marked in green. In each of the images, there is one area where, on the
one hand, we have both channels visible, and on the other image, only the channel with
the signal from the cytoskeleton is visible. In this experiment, all three components of
cytoskeleton were stained and imaged. Cells were grown on glass- bottomed plates as

described in Materials and Methods.

The experiments differed in regard of two external conditions:

1) Incubation time: the architecture of the cytoskeleton was checked after short (15
minutes) and long (3 hours) exposure to beads suspension.

2) Bead functionalization: two types of beads were used, one uncoated and the other
coated with fibronectin protein. Fibronectin is an extracellular matrix protein that
interacts with integrin proteins that are found in the cell membrane. The aim was to

check the influence of those factors on the microsphere - cell interaction.

The pictures presented above prove that each type of cytoskeletal filament is rearranged
under the influence of beads. Changes can be observed after both 15 minutes and 3

hours of cell-bead interaction.

One important research question was whether the bead was enveloped by filaments, that

is whether elements of the cytoskeleton could be observed above the bead.

Therefore, in the next step, it was checked what fraction of the beads was enveloped by

filaments for each parameter [Figure 33].

Numbers of analyzed beads for Figure 33: actin, 15 min, uncoated, n = 16; actin, 3 h,
uncoated, n= 71; actin, 15 min, coated, n= 129; actin, 3 h, coated, n= 523;
microtubules, 15 min, uncoated, n= 19; microtubules, 3 h, uncoated, n= 135;
microtubules, 15 min, coated, n = 285; microtubules, 3 h, coated, n = 905; vimentin, 15
min, uncoated, n = 39; vimentin, 3 h, uncoated, n = 100; vimentin, 15 min, coated, n =
192; vimentin, 3 h, coated, n = 581.

-76 -



o

(o)}
|
w
- o

15 min

0.2 -

Fraction of beads enveloped by filament
o o
o I
PR T r a3 1 .
_I
costed |

_i
coated |
T

H
coated

| = [ == 555

o = 2 = s =

— O R (&) - (]

) ) @® ) @ Q

(@) C O c (@) c

(&) O (&) O O O

- =] C aes | o= —

= L = L = £

Actin Microtubules Vimentin
15minvs3h uncoated vs coated

Actin uncoated bk Actin 15 min ok

Actin coated s Actin3 h e
Microtubules uncoated Microtubules 15 min
Microtubules coated W Microtubules 3 h i
Vimentin uncoated o Vimentin 15 min »
Vimentin coated bt Vimentin 3 h_

Avs M AvsV

MvsV

15 min uncoated b
3huncoated] _ *** [NENEEENNN  *** |

15 min coated s

3 h coated i

Figure 33. Histogram displaying the percentage of beads enveloped by an exact cytoskeleton

component. Two proportion Z-test was used to determine statistical significances between

specific samples: (upper left) bead incubation duration: 15 min versus 3 h; (upper right uncoated

versus coated beads; (lower left) comparison between cytoskeletal components: (A)ctin,
(M)icrotubules, and (V)imentin. *p<0.05, **p<0.005, ***p<0.001. Plot posted with permission

from International Journal of Molecular Sciences MDPI.

-77 -



The fraction of beads that were fully enveloped by cytoskeletal components is
represented as a fraction of all beads interacting with cells [Figure 33]. The results of

the calculation are presented as a percentage fraction + SEM.

The statistical significance of obtained results was checked using the Z-test. A p-value
was calculated where p < 0.05 and p < 0.005 are statistically significant, and p < 0.001
Is statistically very significant (less than one chance in a thousand to be wrong). Results
with a p-value greater than 0.05 are not considered statistically significant.

The data are representative of at least two independent experiments.

In the case of actin, it can be seen [Figure 33] that there are more fibronectin-coated
spheres enveloped by actin filaments. For both coated and uncoated beads, we see an
increase in the actin-enveloped bead fraction after 3 hours of bead-cell interaction. The
number of enveloped beads after 15-minutes with uncoated beads was extremely low

and that is not visible on the chart.

For intermediate filaments (vimentin), the disproportion between the number of
enveloped beads after 15 minutes and 3 hours is very clear - more beads are enveloped
after 3 hours. However, there is no significant difference in the number of enveloped

beads when it comes to uncoated and fibronectin beads after 3 hours of interaction.

Microtubules behave differently. There are a greater number of enveloped uncoated
beads after 15 minutes than after 3 hours. In contrast, fibronectin-coated beads have a

higher amount of fully enveloped beads after a period of 3 hours.
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4.1.2 INFLUENCE OF CYTOCHALASIN D ON CELL -
BEAD INTERACTION

The next experiments investigated the influence of the cytoskeletal toxin on the
previously observed effect. It was intended to show whether the bead-cytoskeleton

interaction was based on the dynamic structure of the filaments.

Cytochalasin D, an actin polymerization inhibitor, was used to treat MEF 3T3 cells to
investigate the effect of cytoskeleton-targeting drugs on the cytoskeleton-bead
interaction. Cells were incubated for 1 hour with carboxylated fluorescent latex beads

(fibronectin-coated or uncoated) and 0.1% cytochalasin D.

One can see the effect of cytochalasin D on the bead-cell interaction in Figure 34
(number of analyzed beads: uncoated, n = 34; coated, n = 145). This toxin blocks actin
polymerization, and as it could be observed in the picture, the number of polymerized
filaments is lower than that in untreated cells. In some cases, the rearrangement and
organization around the bead in the actin cytoskeleton was visible, but in most cases it
was not. The histogram shows the fraction of cells enveloped by actin filaments. The

data are representative of at least two independent experiments.

Fibronectin-coated beads display a larger amount of enveloped beads. However, it is
important to highlight that the number of fully enveloped beads is definitely lower in

cells that were treated with cytochalasin D.
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Figure 34. Absence of actin filament envelope of
beads after cytochalasin D treatment. Actin-
enveloped beads were quantified and reported as
percentages of the total number of beads that
interacted with cells. Image posted with permission
from International Journal of Molecular Sciences
MDPI.
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4.2 THE ROLE OF ELASTIC SUBSTRATE IN LATEX BEAD
MEDIATED CYTOSKELETON REMODELLING:
FORMATION OF NOVEL MICROTUBULE STRUCTURE

The goal of this part of the research was to examine the influence of elastic
substrates on the architecture of microtubules during the cell — bead interaction.

It is obvious that glass does not have a similar stiffness to tissues. Its Young's modulus
is defined in tens of GPa (10° Pa), while for tissues, these values are defined in kPa (103
Pa). To give an example, adipose tissue has the lowest stiffness (0.5 - 1 kPa), bone
marrow (0.5 — 1.5 kPa) and brain tissue (1 — 4 kPa), while bone tissue has the highest
stiffness (15,000-20,000 kPa) [226].

Therefore, elastic substrates are increasingly used in research (more on preparation in
Chapter 3, Materials and Methods), because they can mimic the mechanical properties

of the natural environment of cells as much as possible.

In order to explain how elastic substrates affect the bead- cell (mainly microtubule
cytoskeleton) interaction, polyacrylamide substrates with the elasticities of 2 kPa, 22

kPa, and 40 kPa were prepared and top coated with fibronectin.

MEF 3T3 cells were plated and cultured overnight on those substrates as described in
the Materials and Methods section. Cells were then incubated with carboxylated YG
fluorescent latex beads, uncoated or coated with fibronectin, for 1 hour, then fixed,
stained against tubulin, imaged, and analyzed as described above. The obtained data
were compared with the respective data for cells plated on glass substrates.

During these experiments, emphasis was placed on the study of the microtubule
cytoskeleton organization [Figure 35].
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Figure 35. Microtubule cytoskeleton organization influenced by substrate elasticity and latex
beads. Arrows point at spots where beads were enveloped by the cytoskeleton and visible
changes could be observed. Images are presented as sums of stacks. In order to illustrate
potential variations in flexibility, two sets of images were gathered. Image posted with

permission from International Journal of Molecular Sciences MDPI.
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In Figure 35 one can see two sets of images for each substrate's elasticity. It can be
observed that on flexible substrates, the result of bead-microtubule interaction looks
different than on glass substrates. We can observe cases where microtubules organize
themselves around beads, creating a rather unusual structure for them, similar to actin
structures, called “phagocytic cups”, formed during endocytic processes. Until now,
endocytic processes had been linked to the cytoskeleton only in the context of actin
involvement [227]. An example of such structure formed by actin in cells grown on

glass is shown on Figure 36.

actin + beads

Figure 36. A cup-like structure formed with actin filaments in cell grown on glass. Images

presented as sum of stack. Image posted with permission from International Journal of Molecular

As with the previous data, we checked the percentage of beads enveloped by

microtubule filaments. These results are shown in Figure 37.

Numbers of analyzed beads for Figure 37: 2 kPa, uncoated, n = 36; 2 kPa, coated, n =
88; 17 kPa, uncoated, n = 20; 17 kPa, coated, n = 369; 40 kPa, uncoated, n = 11; 40 kPa,

coated, n = 394; glass, uncoated, n = 100; glass, coated, n = 434.
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Figure 37. Histogram showing the fraction of beads enveloped by microtubules in cells grown on
elastic substrates. Two proportion Z-test was used to determine statistical significance between
specific samples: (left) uncoated versus coated beads; comparison between different substrate
elasticities using uncoated (upper right) and coated beads (lower right). *p<0.05, ***p<0.001.

Plot posted with permission from International Journal of Molecular Sciences MDPI.

-84-



On stiffer substrates (glass and 40 kPa), there are more coated beads enveloped than
uncoated ones [Figure 37]. When observing cells plated on elastic substrates at 2 and
22 kPa, one can see that the fraction of enveloped beads is not changed by bead coating.
It is worth mentioning that the presence of “cup-like” microtubule structures can be
observed in regions where the beads were positioned on the cells grown on elastic
substrates with Young moduli of 22 kPa and 40 kPa [Figures 38, 39].

This research into this phenomenon revealed that microtubule cup-like structures
formed mostly on elastic substrates. A partial and very indistinctly cup shape was

occasionally visible on the glass, but this occurrence is rather rare.
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Figure 38. Plated MEF cells on a substrate with an elasticity of 22 kPa were scanned as three-

dimensional images and displayed as a stack sum. Green indicates beads, while red indicates
microtubules. An axial projection and an enlarged Z- section of the three-dimensional image are
displayed on the right (white and cyan frames). Image posted with permission from
International Journal of Molecular Sciences MDPI.
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Figure 39. A 3D rendering of the microtubule cup-like structure. Upper panels: Beads

(green) are surrounded by a microtubule surface (red). Lower panels: Latex beads are white and
the color-height labelling for microtubule filaments (blue — green — yellow — red: low —

high). Image posted with permission from International Journal of Molecular Sciences MDPI.

The observations showed the development of structures similar to the actin phagocytic
cup, formed by microtubules, which, as it has been postulated thus far, do not take an
active role in the process of endocytosis. This could indicate that the microtubule

cytoskeleton actively participates in the phagocytosis process.

An exemplary visual representation of a cup is presented in Figures 38 and 39. The
place where microtubules form the cup structure is depicted and zoomed in Figure 38.
Additionally, the sideview image shows that the spheroidis fully enveloped with
filaments. Figure 39 depicts the identical cell fragment as in Figure 38, which is a
three-dimensional projection that exposes the cup and cavity structure. The image was
generated in Fluorender using color-height labelling to represent the microtubule

filaments signal.
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4.3 MICROTUBULE ASSOCIATED PROTEINS AND
REMODELLING OF MICROTUBULE CYTOSKELETON

The second part of study aims to point out which MAP family or related proteins
may be involved in the formation of microtubule cup-like structures. Three proteins
were tested: CLIP1 (CAP-Gly domain-containing linker protein 1), IQGAP1 (Ras
GTPase-activating-like protein) and MARK?2 (microtubule affinity regulating kinase 2).

There were no noticeable differences in the behavior of MAP proteins when comparing

substrates with an elasticity of 8 kPa and 40 kPa.
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4.3.1 CAP-GLY DOMAIN CONTAINING LINKER PROTEIN 1
(CLIPY1)

The first stage of this research was to visualise the cellular localization of
investigated protein during the bead - cell interaction process. 3D image reconstruction
technique, using the Z-stack of confocal images, was employed to pinpoint the position
of the protein throughout the cell body. By applying maximum intensity projection to
determine the intracellular location of the protein concentration, it has been possible to
identify which external factors, such as the elasticity of the substrate or the presence of

beads, exert the most significant influence on the protein localization [Figure 40].

MEF 3T3 cells were grown as described before, one sample was cultured overnight on
substrate 40 kPa and the other one on the glass. Next day cells were fixed, stained

against tubulin and CLIP1 protein, imaged, and analyzed.

Although it is typically challenging to determine the protein content in the cytoplasm
based on fluorescence intensity, its distribution inside the cell can be assessed with high
precision. The distribution of the CLIP1 protein is different in cells grown on a substrate
with an elasticity of 40 kPa when compared to cells grown on glass. In the case of glass,
CLIP1 is evenly distributed throughout the cell cytoplasm. However, in the case of an
elastic substrate, higher concentrations could be observed in the nuclear areas, as shown
in the example image [Figure 40, A]. Additionally, CLIP1 was also present in areas

where the density of microtubules was lower [Figure 40, B].
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Figure 40. (A) Comparison of CLIP1 localization in a cell grown on glass and on an elastic
substrate (40 kPa). (B) Images of microtubules (red) and CLIP1 (blue), arrow points a spot in
cell where we observe the lower fluorescent signal from microtubules and despite this we
observe a higher signal from CLIP1 in the same time; cells were growing on the glass and beads

were no added.
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Next, the distribution of CLIP1 in the presence of latex beads was examined (for

uncoated and fibronectin - coated beads).

In these experiments, MEF 3T3 cells were plated and cultured overnight on 40 kPa
substrates. Cells were then incubated for 1 hour with uncoated or fibronectin - coated
carboxylated YG fluorescent latex beads, then fixed, stained against tubulin and CLIP1,

imaged, and analyzed as described above.
The exemplary results are shown on Figure 41 and 43.

CLIP1 accumulation around the beads can be observed for both uncoated and
fibronectin-coated beads [Figures 41, 43]. Some accumulation of microtubules can be
seen around beads in the images, but it is not as pronounced. Important information is
that the cells were fixed after 1 hour of bead- cell interaction, so it is possible that the
tubulin ring has not yet had time to form and would have formed over time. This is
intriguing because it reveals which protein, apart from tubulin, may be involved in the

formation of the ring surrounding the bead.

For each of the image color channels, plots that show the dependence of pixel
brightness intensity were generated, as shown on exemplary Figures 42 and 44. These
plots are constructed using relative values (grey values) for specific image pixels along
the white lines posted on the images. Because of this, it is possible to assess in both
cases the approximate distribution of CLIP1 and microtubules around the bead.
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40 kPa (uncoated beads) MERGED

Microtubules

Figure 41. Images of microtubules structures (red), CLIP1 (blue) and fluorescent uncoated latex
beads (green). Cells were grown on 40 kPa substrate. Fragment of picture marked with white

square has been zoomed in separately for each channel.
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Figure 42. Color plot profile of grey value parameter (pixel brightness) for microtubules (red)

and CLIP1 (blue) for Figure 41 (fluorescence intensity profile measured along a white line).
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40 kPa (fibronectin beads) MERGED

Microtubules

Figure 43. Images of microtubules structures (red), CLIP1 (blue) and fluorescent fibronectin
coated latex beads (green). Cells were grown on 40 kPa substrate. Fragment of picture marked

with white square has been zoomed in separately for each channel.
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Figure 44. Color plot profile of grey value parameter (pixel brightness) for microtubules (red)

and CLIP1 (blue) for Figure 43 (fluorescence intensity profile measured along a white line).
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4.2.2 RAS GTPase — ACTIVATING — LIKE PROTEIN (IQGAP1)

IQGAP1 was the next protein that was investigated. This protein mainly
interacts with the actin cytoskeleton [145], but it has also been proven to be related to
microtubules [150], [152]. Moreover, it interacts with the CLIP1.

First the spatial distribution of the protein in the cell was assessed. In the case of cells
grown on glass, we observe that IQGAP1 localizes within the nucleus but when the
cells are plated on an elastic substrate, IQGAP1 localizes in the cytoplasm. This effect
is very pronounced, and the results are shown in Figure 45. This is not seen with CLIP1

protein.
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MERGED IQGAP1

MERGED IQGAP1

Figure 45. Comparison of the spatial distribution of the IQGAP1 protein (blue) and tubulin (red)

in the cell plated on a glass (upper panel) and on substrate with an elasticity 8 kPa (lower panel).
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The next step was to check how the IQGAPL protein behaves in the presence of latex
beads that are non-functionalized or coated with fibronectin.
As shown in Figures 46 and 47, no organisation or formation of cup - like structures
around the beads can be observed.

In the first image [for uncoated beads- Figure 46], there is a large accumulation of
microtubules around the bead. However, IQGAP1 does not form rings or any visible
structures in the place of cell contact with the bead, even when microtubules do.

The result is a bit surprising despite the fact that IQGAP1 interacts with CLIP1 and that
an accumulation of the CLIP1 protein around the beads has been described in the
previous section. IQGAPL is also closely related to the actin that forms the phagocytic
cups, which could also suggest that this protein should exhibit similar organisation

when cells interact with beads.
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8 kPa (uncoated beads) MERGED

Microtubules IQGAP1

Figure 46. Images of microtubules structures (red), IQGAPL (blue) and fluorescent uncoated
latex beads (green). Cells were grown on 8 kPa substrate. Fragment of picture marked with white

square has been zoomed in separately for each channel.
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8 kPa (fibronectin beads) MERGED

Microtubules IQGAP1

Figure 47. Images of microtubules structures (red), IQGAP1 (blue) and fluorescent fibronectin-
coated latex beads (green). Cells were grown on 8 kPa substrate. Fragment of picture marked

with white square has been zoomed in separately for each channel.
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4.2.3 MICROTUBULE AFFINITY — REGULATING KINASE 2
(MARK?2)

The third protein that was tested was MARK?2, a protein that phosphorylates

microtubule-stabilising proteins from the MAP family.

As one can see, in Figure 48 MARK?2 shows a strong accumulation in the nuclear area
with weaker cytoplasmic component, in both glass and elastic substrates.

As previously pointed out (Chapter 4.1.1), the microspheres change the architecture of
each cytoskeletal filaments architecture component. The goal of this research was to
determine how MARK2 responds to cell-bead contact. In most cases, beads induce
microtubule rearrangement and MARK2 voids in the place where beads are located
[Figure 48, A]. The rest of cases show no changes in either the organisation of

microtubules or MARK2 presence [Figure 48, B].
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Microtubules
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Figure 48. Images of microtubules structures (red), MARK2 (blue) and fluorescent fibronectin-
coated latex beads (green). (A) Images of microtubules structures and localization of MARK2,
arrows point a spots where beads cause rearrangement of microtubules and lack of MARK2 in
the same time (B) The same stained proteins, arrows point spots where beads do not cause

rearrangement of microtubules and do not cause the lack of MARK?2.
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. FINAL CONCLUSIONS

e The beads force the cytoskeleton of the fibroblast to rearrange in just as little
as 15 minutes of interaction, and many of the beads are completely

enveloped by the cytoskeleton.

e After 3 hours of incubation, the respective cytoskeleton engulfs more
fibronectin-coated beads, though the percentage of engulfed beads varies
depending on the cytoskeleton component, varying from 28% for

microtubules to 45% for actin.

e For uncoated beads, the results are different for every type of filament;
vimentin envelops the majority of absorbed beads (50%), followed by actin
(30%), and microtubules (10%).

e In the case of microtubules, uncoated beads are more effectively engulfed
after 15 minutes than after 3 hours of incubation. This result might indicate
that actin, vimentin and microtubules have separate strategies to engulf

beads.

e After application of the cytochalasin D, the fraction of fully enveloped beads

by actin filaments decreases 10 times in comparison with untreated cells.

e The elastic substrates affect the bead envelopment by microtubules.

e In some cases microtubules surround the beads forming ,.cup-like“

structures.

e Accumulation of CLIP1 around the latex beads is observed. In the some

cases there is no similar accumulation of microtubules.

e IQGAP1 and MARK2 do not exhibit any specific organisation around the

microspheres.
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6. DISCUSSION

6.1 CYTOSKELETAL REARRANGEMENT AS A RESULT OF
CELL — BEAD INTERACTION

The cytoskeleton architecture was investigated before and after interactions of
cells with latex beads with a diameter of 2 um, either functionalized with fibronectin or
nonfunctionalized. These kinds of beads are frequently used in endocytosis studies and
optical tweezers-based measurements. Our study shows that interaction of cells with
beads deposited on their surface significantly changes the cytoskeleton structure in as
little as 15 minutes. Images of actin, microtubules, and vimentin in cells grown on a
glass substrate clearly demonstrate what appears to be a void area of the
respective filaments where the beads were present [Figures 29 - 32]. The beads push
apart the cytoskeletal filaments, which creates an empty space. The differences in the
filaments architecture surrounding beads may be observed 15 minutes and 3 hours after

introduction of beads to the cellular culture.

Actin periodically (~20% of all cases) created what seemed to be like a cup-like

structure around the bead [Figure 36].
As expected, this effect is weaker with uncoated beads [Figures 29 and 31].

An in-depth analysis of the orthogonal cross- sections of 3D pictures of cells with
stained components of the cytoskeleton reveals that beads are frequently engulfed by
the respective filaments [Figure 38, cyan panel]. After 15 minutes, the actin and
vimentin cytoskeleton exhibit signs of an effort to engulf the bead, as evidenced by
raised edges of the respective filaments surrounding the bead [Figure 29 and 30]. Due
to the very weak fluorescence coming from the top layer, these places appear as voids in
the filaments. After 15 minutes and 3 hours of bead - cell interaction, fractions were
compared to determine the effectiveness of latex beads being enveloped by each

filament type.

Results show that 20% of the fibronectin-coated (FC) beads, that were set down on the

substrate, are engulfed after 15 minutes, compared to small fraction of the uncoated
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(UC) beads, in the case of actin. After 3 hours, it is noticeable that over 30% of the UC
beads and around 45% of the FC beads have been completely enveloped. Vimentin,
however, exhibits a different dynamic in the process of bead envelopment: at first,
vimentin envelops 5% of UC and 15% of FC beads, but after 3 hours, more UC beads
(50%) than FC beads (45%) are enveloped by vimentin. The situation changes in the
case of microtubules: after 15 minutes, nearly 30% of UC beads and only 8% of FC
beads are enveloped by microtubules. The percentage of UC beads that are microtubule
enveloped then decreases to 8% after 3 hours of incubation, while the percentage of FC
beads increases to 27%. This demonstrates that the interactions between the
cytoskeleton components and the UC and FC beads have different dynamics.
These results also demonstrate that the cytoskeleton plays a more complex role in
endocytosis than previously believed, particularly when taking into consideration the

time frame of such a process.

6.2 CYTOCHALASIN D INFLUENCES THE BEAD
ENVELOPMENT PROCESS

In this part, it was observed how cytoskeletal drugs affect observable changes in
the architecture of filaments after latex bead settlement. The impact of cytochalasin D,
which inhibits actin polymerization was studied [228]. In this case, the changes in the
structure of actin filaments after cytochalasin application were observed - visible stress
fibers were difficult to observe, and a small percentage of the beads were
enveloped (5% fibronectin-coated beads, 3% uncoated, compared to previously
recorded 30-40%). This suggests that cytoskeleton homeostasis regulation dysfunction
reduces the ability of cells to respond to mechanical stimuli. It also shows how the
architecture of the normal cytoskeleton is significantly impacted by the deformations

forced by the beads used in optical tweezers-based methods.
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6.3 INFLUENCE OF ELASTIC POLYACRYLAMIDE SUBSTRATES
ON MICROTUBULE ARRANGMENT

Cells behave differently when grown on substrates with different stiffness, as
shown in a number of previous studies [202], [203]. The changes of the architecture of
the microtubule cytoskeleton caused by the cell — bead interaction of fibroblast plated
on polyacrylamide elastic substrates with different elasticities — 40 kPa, 22 kPa, and 2

kPa — were analysed against those plated on glass.

Both uncoated and fibronectin-coated beads were used as in previous experiments
(Chapters 7.1 and 7.2). After analysing 3D images quantitatively, an interesting
relationship was discovered. First, the percentage difference between the envelopment
of unfunctionalized and fibronectin-coated beads was higher in the case of glass and a
40 kPa substrates than in the case of softer substrates—17 kPa and 2 kPa [Figure 37].
This suggests that on softer substrates, both coated and uncoated beads are almost

identically efficiently enveloped.

The formation of unique, cup-like microtubule structures, which were not observed
before, was initially seen in cells grown on elastic substrates of 22 kPa and 40 kPa
[Figures 35, 38 and 39]. This result was unexpected because, to our knowledge, the

microtubule cytoskeleton has not been known to directly take part in phagocytosis.

Importantly, according to current knowledge in the literature, the ability of microtubules

to develop cup-like structures during phagocytosis has not yet been verified [231].

In conclusion, these results demonstrate that the architecture of actin, microtubules, and
the intermediate cytoskeleton of fibroblast cells is modified by latex beads interacting
with cells. When beads were functionalized with fibronectin, the effect was even

stronger. The cytoskeleton's remodelling was practically invisible when cytoskeletal

drug, Cytochalasin D, was used to interfere with its function.

These results may be important for research on the function and behavior of
microtubules. Currently, it is believed that microtubules do not contribute to the
endocytosis process, but our results suggest that this may not be the case.
Microtubules ability to form cup-like structures on elastic substrates suggests these

cytoskeletal components might participate in the endocytosis process in physiological
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conditions. This means that the results of these studies need to be considered in future
investigations where polystyrene or latex beads are used, such as in phagocytosis
studies or Optical tweezers method. Sometimes it is crucial to preserve intact structures
in living cells, hence it is important to take into consideration every factor that could

affect those structures.

To further explore these phenomena, it was important to examine how proteins that are
directly or indirectly involved in the dynamics of microtubules behave. The behavior of
the microtubule-related proteins MARK2, CLIP1, and IQGAP1 was examined. It
was observed what happens to them when the cellular substrate has different elasticity
and when microspheres are added. It is intriguing how differently each of these proteins
reacted.

6.4 ASSESSMENT OF THE MAPs BEHAVIOR DURING THE
CELL - BEAD INTERACTION ON ELASTIC SUBSTRATES

6.4.1 CLIP1

The protein that showed the accumulation around the beads turned out to be
CLIP1. In the context of ring structure formation, this is the most intriguing discovery
because in some cases it forms a ring structure around beads even when microtubules
do not do that. In our experiments, the time of cell-microsphere interaction was 1 hour;
after that, the cells were fixed and stained for CLIP1. One hypothesis may be that the
CLIP1-containing ring formation could precede the microtubule ring structure
formation. However, at this stage it is still a hypothesis. The structures formed by
CLIP1 are occuring for both uncoated and fibronectin-coated beads [Figures 41 and
43]. The signal coming from the CLIP1 rings has a higher grey value on pictures than

that from the microtubules at that time [Figures 42 and 44].

The role of CLIP1 protein in cells is still poorly understood, and not much is known
about how it interacts with other proteins. Every discovery that advances our

understanding of it is important, especially considering how closely related malfunction
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or overexpression of CLIP1 is to pathologies like Hodgkin's lymphoma [232] or
autosomal  recessive intellectual impairment [233]. The most recent
research demonstrates that it is also responsible for breast cancer metastasis. According
to the authors, increased CLIP1 (CLIP170) tension facilitated invasion and metastasis
by cortactin-associated filopodia and lamellipodia formation [234]. It is crucial to get a
greater understanding of CLIP1 characteristics because both of these tumours are
malignant and lethal. If overexpression of CLIP1 is closely related to the process of
metastasis, it is worth knowing what external factors may affect the overexpression and
functions of this protein. The question is whether the elasticity of the environment of the
cells (i.e., one that occurs naturally in the tissue) affects overexpression. As shown in
this work, we see subtle changes in protein distribution in cells on elastic substrates
when compared to those grown on glass. However, we did not investigate whether they

are connected with overexpression of the protein.

Concerning the initial interaction between endocytic carrier vesicles, potentially
different structures and microtubules, CLIP1 is hypothesised to act as a general linker.
The authors [144] claim that the capture of endocytic carrier vesicles by microtubules
via CLIP-170 may be followed by phosphorylation of CLIP1 to weaken the microtubule
interaction and allow their movement along microtubules with motor proteins [144]
[235]. It could mean that CLIP1 is involved in macropinocytosis. This could be useful

to explain the fact how quickly it organised around the 2 pm diameter bead.

CLIP1 may also be the key element that connects the formation of microtubule rings
(similar to endocytic rings) with the process of broadly understood endocytosis. It was
also observed that the shape and behavior of a cell are affected by the type of substrate
it is growing on [236], [237]. Until now, glass substrate has been the primary material
for in vitro cell research. This differs from their natural microenvironment, and that is
why elastic substrates with tissue-like elasticity are being used more frequently in recent
studies [238]. On an elastic substrate, the CLIP1 protein is distributed differently than
on the glass; however, the most common observation is the accumulation of CLIP1

around the bead on elastic substrates.
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6.42 IQGAP1

IQGAP1 was the next examined protein. This protein is connected with the activity
of the actin cytoskeleton, where it is essential in control of the dynamics of
microfilament assembly [212]. It has also been shown that IQGAP1 regulates cell
migration by connecting the dynamic plus ends of microtubules with the cell cortex
[155]. Despite the fact that this specific protein mostly interacts with actin, we chose it,
because it has also been proven to be associated with microtubules. In addition,
IQGAP1 binds CLIP1 and microtubules [213], which could give a broader view of the
results obtained with CLIP1 protein (Chapter 7.4). Importantly, expression of the
protein IQGAP is upregulated by gene amplification in two gastric cancer cell lines. It
could indicate that IQGAPL is responsible for the features that make this tumor

malignant [214].

In this work, it was shown that IQGAP1 is present in the cytoplasm for cells grown on
elastic substrates, but not on glass [Figure 45]. In the context of protein overexpression
and its consequences, this result is important. Overexpression of IQGAP1 is associated
with enhanced tumor proliferation, invasion, and angiogenesis which means that the

protein plays a role in the mobilization of cancer cells, which is undesirable [215].

When observing the behavior of the IQGAP protein around the bead during cell-bead
interactions, it could be clearly seen that there was a lack of accumulation and creation
of ring- like structure [Figures 46 and 47]. Even when we see enhanced concentration
of microtubules, mobilization of IQGAP1 is not visible and it is not contributing to the
ring creation. As a result, we can postulate the lack of its involvement in microtubules
formation of cup- like structures. This supports our hypothesis that not all microtubule-

associated proteins contribute to the ring formation.
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6.4.3 MARK2

Among the proteins we chose, MARK?2 is probably the most well - known and
well described. It has a broad spectrum of functions in cells [239], [240]. It may be
directly or indirectly, but in a very significant way, responsible for the health problems
that plague humanity today. It phosphorylates microtubule-associated proteins, resulting
in their disassembly [241]. It is strongly related to the control of microtubule dynamics.
One of the proteins that is phosphorylated by MARK2 is the Tau protein, which

aggregates with microtubules, causing Alzheimer's disease [242].

As shown in Figure 48, the bead is capable of causing a cytoplasmic rearrangement of
the MARK?2 protein. This phenomenon is commonly correlated with the parallel
reorganization of microtubules. The absence of microtubule rearrangement results in the

absence of rearrangement of the MARK?2 protein.

In summary, each of these proteins responded to external factors in a different
manner. Some conclusions are still difficult to fully grasp, such as how the MARK2
protein interacts with microtubules during the cytoskeletal reorganisation. It is possible
that this protein has an entirely novel function that has not been identified yet.

All of this raises the fundamental question of whether microtubules play any role in the
endocytosis process? This seems to be supported by the literature data of the CLIP1
protein research, because this is a protein whose participation in macropinocytosis has
already been confirmed. Moreover it has a strong correlation with microtubule
dynamics. Furthermore, it was important to us that each of these proteins is related to an
extreme pathogenic state in the human organism like Alzhaimer’s disease or cancers.
Although it is a disease of civilization, Alzhaimer's disease is still incurable. There are
various types of malignant and deadly cancers for which effective treatment is still
impossible for humanity. Our study brings us closer to understanding the nature and
behavioral models of these proteins. Therefore, these results could be helpful in the

study of cancer cells.
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7. FINAL SUMMARY AND FUTURE RESEARCH

This work, which deals with the cytoskeleton and the influence of external

factors on its architecture, may have a significant impact on future research.

First, it may influence the reliability of planned experiments by taking into
consideration the influence of microspheres on the architecture of each of the three
types of cytoskeleton. This includes, for example, cell elasticity studies using

microspheres. The intact cytoskeletal framework is important in these investigations.

The second issue is to expand knowledge about the properties and activities of three
proteins (MARK?2, CLIP1, and IQGAP1) from the large MAPs family. Each of these
three proteins is, to some extent, related to a serious pathological condition in the body.
The results of this research may help with research on methods of preventing or treating

these diseases, for example, certain types of malignant tumours.

The most significant aspect of this work is observation of the development of novel
microtubule cup-like cytoskeletal structures during endocytosis.

Endocytosis is generally a very complex process, so at this point, it is difficult to clearly
answer the question of whether microtubules can participate in it. Previous studies have
mainly pointed to the involvement of the actin cytoskeleton, but our research shows that
a hypothesis can be put forward that microtubules are involved in the formation of
endocytic vesicles. This would be an important finding in the context of endocytosis

research.

-111-



LIST OF PICTURES

All illustrations were created with BioRender.com.

Figure 1. Schematic drawing showing the organelles described above as the most important in

the cell (the cytoskeleton has not been signed here) ... - 15—

Figure 2. Confocal picture of the distribution of filaments in the cell body, respectively actin,

microtubule and intermediate filaments in fibroblast cells. ..., - 17—
Figure 3. The structure of an F- actin filament in the form of a heliX.. .........cccccooeivviien. -19-
Figure 4. (A) Cryogenic electron microscopy 3D map of F-actin. Structure PDB code: 7UXF.
(B) Crystal structure of a Cross-linked Actin Dimer. Structure PDB code: 2A5X. Visualizations

made with the toolkit for visualization and analysis of a large-...........ccccooviveiniiiieieiens -19-

Figure 5. A model of intermediate filament construction (inspired by: Molecular biology of the
cell/ Bruce Alberts [et al.]. 6th €dition) ........cccooeieiiiiiicc e — 24—

Figure 6. Crystal structure of vimentin coil 1B packed in a high-order filamentous form.

Structure PDB code: 5SWHF. Visualizations made with the toolkit for visualization and analysis

of large-scale molecular data — MOISEAr. ...........cooiiiiiiiiiec s - 25—
Figure 7. Cross-section through the microtubule Structure. ..........ccccocvveviiiiicic e - 27—
Figure 8. The structure of microtubules and its SUDUNILS. ........c.ccccccveieieiiiiiieeccece e, - 28—

Figure 9. Crystal structure of alpha-, beta-tubulin heterodimer. Structure PDB code: 1TUB.
Visualizations made with the toolkit for visualization and analysis of large-scale molecular data
— IMIOISEAT. e - 29-

Figure 10. Dynamic difference due to structural variation between plus and minus end of

L0 Te (01 (0] 01U ] [T OO RER R TUPRRRRR — 30-

-112 -



Figure 11. The centrosome and zoom 0N CeNtrioles StrUCLUIES. ...........ccovrerereiesiniennennen. -32-

Figure 12. Schematic drawing illustrating the movement and structure of motor proteins -

AYNEIN AN KINESIN. ... - 34—
Figure 13. The cell cycle SCheme. .........ccccoiiiiiiiic s — 36—
Figure 14. The Cell CYCIe StAGES. ......cviiiiiieieiece e —38-

Figure 15. Crystal structure of the CLIP-170 CAP-Gly domain 1 Structure PDB code: 2E3I.
Visualizations made with the toolkit for visualization and analysis of large-scale molecular data
— IMIOISEAT. vttt bttt ne e ns — 42—

Figure 16. Structure of the catalytic and ubiquitin-associated domains of the protein kinase
MARK/Par-1. Structure PDB code: 1Y8G. Visualizations made with the toolkit for

visualization and  analysis  of  large-scale  molecular data -  Molstar.

Figure 17. (A) Microtubule filament stabilized by non-phosphorylated tau proteins. (B) A
schematic difference between tau phosphorylated and non-phosphorylated. ....................... —45-

Figure 18. (A) Schematic representation of pinocytosis (B) Schematic representation of

phagocytosis. Size ratio iS NOt MAINTAINED. .........ccoiiiiiiiiree e —49-
Figure 19. Triskelion shape of clathrin molecule. .............ccocoiiiiiiiiii —51-
Figure 20. Hairpin shape of caveolin dimer. ... — 52—

Figure 21. lllustration of endocytosis pathways (phagocytosis, micropinocytosis, clathrin-

mediated and caveolae-mediated endocytosis) Inspired by [175] ...cccoovveerviineniiiieeee —53-

Figure 22. Perrin Jablonski diagram of fluorescence and phosphorescence. Picture taken from
S TSSO PE TSSO PP UUPTTPRTUPRPTPPRPRION — 58—

Figure 23. Scheme of confocal microscope light path. ... — 60—

-113 -



Figure 24. (A) Difference between monoclonal and polyclonal antibodies labelling. (B)
Interaction of polyclonal antibodies labels with labelled structures. ..........cccoeviiiiiiinnns — 61—

Figure 25. Cell transfection with the introduction of the GFP fluorophore. ............ccco...... - 62—

Figure 26. The excitation and emission curves of fluorophore Yellow Green (YG) for latex
microspheres used in experiments; plot taken from the website of manufacturer

(https://www.polysciences.com/india/fluoresbrite-yg-carboxylate-microspheres-200m...... — 65—

Figure 27. The excitation and emission curves of fluorophore Yellow Green (YG) for latex
microspheres (blue); Alexa Fluor 555 (green) and Alexa Fluor 633 (red); the dotted line shows
the excitation spectrum of the fluorophore, while the solid line shows the emission spectrum

(spectrum generated on https://www.biolegend.com/en-us/spectra-analyzer) ..............c....... - 67—

Figure 28. Schematic drawing showing indirect immunofluorescence labelling with primary

and secondary antibodies conjugated with a fluorophore ..........cccccoevevveiiiiicicccccee, — 68—

Figure 29. Images of actin, microtubules and vimentin structures in experiments with uncoated
latex beads and time of interaction of 15 minutes. Images are presented as sums of stacks with
zoom on the immediate surroundings of the latex bead. Image posted with permission from

International Journal of Molecular Sciences MDPL. ...t i — 72—

Figure 30. Images of actin, microtubules and vimentin structures in experiments with
fibronectin- coated latex beads and time of interaction of 15 minutes. Images are presented as
sums of stacks with zoom on the immediate surroundings of the latex bead. Image posted with

permission from International Journal of Molecular Sciences

Figure 31. Images of actin, microtubules and vimentin structures in experiments with uncoated
latex beads and time of interaction of 3 hours. Images are presented as sums of stacks with
zoom on the immediate surroundings of the latex bead. Image posted with permission from

International Journal of Molecular Sciences MDPI. ...ttt - 74—

Figure 32. Images of actin, microtubules and vimentin structures in experiments with
fibronectin- coated latex beads and time of interaction of 3 hours. Images are presented as sums

of stacks with zoom on the immediate surroundings of the latex bead. Image posted with

-114 -



permission from International Journal of Molecular Sciences

Figure 33. Histogram displaying the percentage of beads enveloped by an exact cytoskeleton
component. Two proportion Z-test was used to determine statistical significances between
specific samples: (upper left) bead incubation duration: 15 min versus 3 h; (upper right uncoated
versus coated beads; (lower left) comparison between cytoskeletal components: (A)ctin,
(M)icrotubules, and (V)imentin. *p<0.05, **p<0.005, ***p<0.001. Plot posted with permission

from International Journal of Molecular Sciences MDPL........cccooiiiiiiiiiiiiiiiiiiiiinne — (11—

Figure 34. Absence of actin filament envelope of beads after cytochalasin D treatment. Actin-
enveloped beads were quantified and reported as percentages of the total number of beads that
interacted with cells. Image posted with permission from International Journal of Molecular
Sciences M PL.. ... e - 80—

Figure 35. Microtubule cytoskeleton organization influenced by substrate elasticity in latex
beads. Arrows point at spots where beads were enveloped by the cytoskeleton and visible
changes could be observed. Images are presented as sums of stacks. In order to illustrate
potential variations in flexibility, two sets of images were gathered. Image posted with

permission from International Journal of Molecular Sciences

Figure 36. A cup-like structure formed with actin filaments in cel grown on glass. Images
presented as sum of stack. Image posted with permission from International Journal of
Molecular Sciences MDPIL...... ..o e — 83—

Figure 37. Histogram showing the fraction of beads enveloped by microtubules in cells grown
on elastic substrates. Two proportion Z-test was used to determine statistical significance
between specific samples: (left) uncoated versus coated beads; comparison between different
substrate elasticities using uncoated (upper right) and coated beads (lower right). *p<0.05,

***n<0.001. Plot posted with permission from International Journal of Molecular Sciences

-115-



Figure 38. Plated MEF cells on a substrate with an elasticity of 22 kPa were scanned as three-
dimensional images and displayed as a stack sum. Green indicates beads, while red indicates -
microtubules. An axial projection and an enlarged Z- section of the three-dimensional image are
displayed on the right (white and cyan frame). Image posted with permission from International
Journal of Molecular Sciences MDPL............ccoiiiiiiiii e e, — 86—
115 -

Figure 39. A 3D rendering of the microtubule cup-like structure. Upper panels: Beads (green)
are surrounded by a microtubule surface (red). Lower panels: Latex beads are white and the
color-height labelling for microtubule filaments (blue — green — yellow — red: low — high).

Image posted with permission from International Journal of Molecular Sciences

Figure 40. (A) Comparison of CLIP1 localization in a cell grown on glass and on an elastic
substrate (40 kPa). (B) Images of microtubules (red) and CLIP1 (blue), arrow points a spot in
cell where we observe the lack of microtubules and despite this we observe a large
concentration of CLIP1 in the same time; cells were growing on the glass and beads were no

Figure 41. Images of microtubules structures (red), CLIP1 (blue) and fluorescent uncoated latex
beads (green). Cells were grown on 40 kPa substrate. Fragment of picture marked with white

square has been zoomed in separately for each channel......................oooiiiiiinn, - 92—

Figure 42. Color plot profile of grey value parameter (pixel brightness) for microtubules (red)

and CLIP1 (blue) for Figure 41 (fluorescence intensity profile measured along a white

Figure 43. Images of microtubules structures (red), CLIP1 (blue) and fluorescent fibronectin
coated latex beads (green). Cells were grown on 40 kPa substrate. Fragment of picture marked

with white square has been zoomed in separately for each channel.............................. - 94—

Figure 44. Color plot profile of grey value parameter (pixel brightness) for microtubules (red)

and CLIP1 (blue) for Figure 43 (fluorescence intensity profile measured along a white

-116 -



Figure 45. Comparison of the spatial distribution of the IQGAP1 protein (blue) and tubulin
(red) in the cell for cells plated on a glass and on substrate with an elasticity 8

Figure 46. Images of microtubules structures (red), IQGAPL (blue) and fluorescent uncoated
latex beads (green). Cells were grown on 8 kPa substrate. Fragment of picture marked with
white square has been zoomed in separately for each
ChANNEL. . .. -99 -

Figure 47. Images of microtubules structures (red), IQGAPL (blue) and fluorescent uncoated
latex beads (green). Cells were grown on 8 kPa substrate. Fragment of picture marked with

white square has been zoomed in separately for each channel................................. —100-

Figure 48. Images of microtubules structures (red), MARK2 (blue) and fluorescent uncoated
latex beads (green). (A) Images of microtubules structures and localization of MARKZ2, arrows
point a spots where beads cause rearrangement of microtubules and lack of MARK2 in the same
time (B) The same stained proteins, arrows point a spots where beads do not cause

rearrangement of microtubules and do not cause the lack of

-117 -



BIBLIOGRAPHY

[1]
(2]

3]

[4]

(5]

(6]

(7]

(8]
(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

“cell -- Britannica Online Encyclopedia”.

Y. S. Khan and A. Farhana, “Histology, Cell,” Cell-PubMed. [Online]. Available:
https://pubmed.ncbi.nim.nih.gov/32119269/

D. Zink, A. H. Fischer, and J. A. Nickerson, “Nuclear structure in cancer cells,” Nature
Reviews Cancer, vol. 4, no. 9. pp. 677—687, Sep. 2004. doi: 10.1038/nrc1430.

G. K. Snyder and B. A. Sheafor|, “Red Blood Cells: Centerpiece in the Evolution of the
Vertebrate Circulatory System 1,” 1999. [Online]. Available:
https://academic.oup.com/icb/article/39/2/189/2031971

J. Kodama and T. Kaito, “Osteoclast multinucleation: Review of current literature,”
International Journal of Molecular Sciences, vol. 21, no. 16. MDPI AG, pp. 1-35, Aug. 02,
2020. doi: 10.3390/ijms21165685.

A.l. Lamond and W. C. Earnshaw, “Structure and Function in the Nucleus.” [Online].
Available: www.sciencemag.org

F. ). Iborra, H. Kimura, and P. R. Cook, “The functional organization of mitochondrial
genomes in human cells,” 2004. [Online]. Available:
http://www.biomedcentral.com/1741-7007/2/9

P. Siekevitz, “Powerhouse of the Cell,” 1957.

D. N. Wilson and J. H. D. Cate, “The structure and function of the eukaryotic ribosome,”
Cold Spring Harb Perspect Biol, vol. 4, no. 5, p. 5, May 2012, doi:
10.1101/cshperspect.a011536.

D. S. Schwarz and M. D. Blower, “The endoplasmic reticulum: Structure, function and
response to cellular signaling,” Cellular and Molecular Life Sciences, vol. 73, no. 1.
Birkhauser Verlag AG, pp. 79-94, Jan. 01, 2016. doi: 10.1007/s00018-015-2052-6.

D. Das et al., “Role of the ribosome in protein folding,” Biotechnol J, vol. 3, no. 8, pp.
999-1009, Aug. 2008, doi: 10.1002/biot.200800098.

K. Mowbrey and J. B. Dacks, “Evolution and diversity of the Golgi body,” FEBS Letters,
vol. 583, no. 23. pp. 3738-3745, Dec. 03, 2009. doi: 10.1016/j.febslet.2009.10.025.

J. Li, E. Ahat, and Y. Wang, “Golgi structure and function in health, stress, and diseases,”
in Results and Problems in Cell Differentiation, vol. 67, Springer Verlag, 2019, pp. 441-
485. doi: 10.1007/978-3-030-23173-6_19.

F. Zampieri, M. Coen, and G. Gabbiani, “The prehistory of the cytoskeleton concept,”
Cytoskeleton, vol. 71, no. 8, pp. 464—471, Aug. 2014, doi: 10.1002/cm.21177.

C. Veeger et al., “Cytoskeleton structure and function,” Elsevier, 1982.

T. D. Pollard and R. D. Goldman, “Overview of the cytoskeleton from an evolutionary
perspective,” Cold Spring Harb Perspect Biol, vol. 10, no. 7, Jul. 2018, doi:
10.1101/cshperspect.a030288.

-118 -



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

L. H. Hartwell, “GENETIC CONTROL OF THE CELL DIVISION CYCLE IN YEA IV. Genes
Controlling Bud Emergence and Cytokinesis,” 1971.

S. Mostowy and P. Cossart, “Septins: The fourth component of the cytoskeleton,”
Nature Reviews Molecular Cell Biology, vol. 13, no. 3. pp. 183—-194, Mar. 2012. doi:
10.1038/nrm3284.

Straub, “Muscular contraction, blood coagulation,” 1943.

F. Gittes, B. Mickey, J. Nettleton, and J. Howard, “Flexural Rigidity of Microtubules and
Actin Filaments Measured from Thermal Fluctuations in Shape.”

R. Dominguez and K. C. Holmes, “Actin structure and function,” Annu Rev Biophys, vol.
40, no. 1, pp. 169-186, Jun. 2011, doi: 10.1146/annurev-biophys-042910-155359.

J. Squire, “Special issue: The actin-myosin interaction in muscle: Background and
overview,” International Journal of Molecular Sciences, vol. 20, no. 22. MDPI AG, Nov.
02, 2019. doi: 10.3390/ijms20225715.

E. D. Korn, “Actin Polymerization and its Regulation by Proteins From Nonmuscle Cells,”
1982. [Online]. Available: www.physiology.org/journal/physrev

B. J. Perrin and J. M. Ervasti, “The actin gene family: Function follows isoform,”
Cytoskeleton, vol. 67, no. 10, pp. 630-634, Oct. 2010, doi: 10.1002/cm.20475.

S. E. Bergeron, M. Zhu, S. M. Thiem, K. H. Friderici, and P. A. Rubenstein, “lon-
dependent polymerization differences between mammalian B- and y-nonmuscle actin
isoforms,” Journal of Biological Chemistry, vol. 285, no. 21, pp. 16087-16095, May
2010, doi: 10.1074/jbc.M110.110130.

C. T. Skau and C. M. Waterman, “Specification of Architecture and Function of Actin
Structures by Actin Nucleation Factors,” Annu Rev Biophys, vol. 44, pp. 285-310, Jun.
2015, doi: 10.1146/annurev-biophys-060414-034308.

S. C. El-Saleh, K. D. Warber, and J. D. Potter, “The role of tropomyosin-troponin in the
regulation of skeletal muscle contraction The steric blocking mode !,” 1986.

M. Sato, G. Leimbach, W. H. Schwarz, and T. D. Pollard, “Mechanical properties of
actin,” Journal of Biological Chemistry, vol. 260, no. 14, pp. 8585-8592, 1985, doi:
10.1016/s0021-9258(17)39513-3.

L. M. Machesky and R. H. Insall, “Mini-Review Signaling to Actin Dynamics Actin
Polymerization in Cell-free Systems and the Role of Cdc42,” 1999. [Online]. Available:
http://www.jcb.org

T. D. Pollard and J. A. Cooper, “Actin, a central player in cell shape and movement,”
Science, vol. 326, no. 5957. pp. 1208-1212, Nov. 27, 2009. doi:
10.1126/science.1175862.

P. Gibieza and V. Petrikaité, “The regulation of actin dynamics during cell division and
malignancy,” 2021. [Online]. Available: www.ajcr.us/

-119 -



[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

O. L. Mooren, B. J. Galletta, and J. A. Cooper, “Roles for actin assembly in endocytosis,”
Annual Review of Biochemistry, vol. 81. pp. 661-686, Jul. 2012. doi: 10.1146/annurev-
biochem-060910-094416.

K. Krishnan and P. D. J. Moens, “Structure and functions of profilins,” Biophysical
Reviews, vol. 1, no. 2. pp. 71-81, 2009. doi: 10.1007/s12551-009-0010-y.

F. S. Southwick, “Gelsolin and ADFcofilin enhance the actin dynamics of motile cells.”
[Online]. Available: www.pnas.org

R. Zhang, C. Y. Zhang, Q. Zhao, and D. H. Li, “Spectrin: Structure, function and disease,”
Science China Life Sciences, vol. 56, no. 12. pp. 1076—1085, Dec. 2013. doi:
10.1007/s11427-013-4575-0.

C. T. Zimmerlef and C. Frieden, “Effect of pH on the Mechanism of Actin
Polymerization+,” 1988.

T. Ikkai and H. Kondo, “Polymerization of Actin Induced by a Molar Excess of ATP in a
Low Salt Buffer,” [IUBMB Life, vol. 49, no. 1, pp. 77-79, Jan. 2000, doi:
10.1080/713803584.

M. R. Bubb, I. Spector, B. B. Beyer, and K. M. Fosen, “Effects of jasplakinolide on the
kinetics of actin polymerization. An explanation for certain in vivo observations,”
Journal of Biological Chemistry, vol. 275, no. 7, pp. 5163-5170, Feb. 2000, doi:
10.1074/jbc.275.7.5163.

M. R. Bubb, I. Spector, A. D. Bershadsky, and E. D. Korn, “Swinholide A is a
microfilament disrupting marine toxin that stabilizes actin dimers and severs actin
filaments,” Journal of Biological Chemistry, vol. 270, no. 8, pp. 3463-3466, 1995, doi:
10.1074/jbc.270.8.3463.

J. A. Cooper, “Mini-Review Effects of Cytochalasin and Phalloidin on Actin.” [Online].
Available: http://rupress.org/jcb/article-pdf/105/4/1473/1055445/1473.pdf

E. G. Yarmola, T. Somasundaram, T. A. Boring, |. Spector, and M. R. Bubb, “Actin-
latrunculin a structure and function: Differential modulation of actin-binding protein
function by latrunculin A,” Journal of Biological Chemistry, vol. 275, no. 36, pp. 28120—-
28127, Sep. 2000, doi: 10.1074/jbc.M004253200.

H. Ishikawa, R. Bischoff, and H. Holtzer, “MITOSIS AND INTERMEDIATE-SIZED
FILAMENTS IN DEVELOPING SKELETAL MUSCLE.”

P. Biberfeld, J. L. E Ericsson, P. Perlmann, and M. Raftell, “Cytoplasmic filaments in rat
liver epithelialal cells,” 1961.

E. E. Charrier and P. A. Janmey, “Mechanical Properties of Intermediate Filament
Proteins,” in Methods in Enzymology, vol. 568, Academic Press Inc., 2016, pp. 35-57.
doi: 10.1016/bs.mie.2015.09.009.

C. Mencarelli, S. Ciolfi, D. Caroti, P. Lupetti, and R. Dallai, “Isomin: A novel cytoplasmic
intermediate filament protein from an arthropod species,” BMC Biol, vol. 9, Feb. 2011,
doi: 10.1186/1741-7007-9-17.

-120 -



[46]

[47]

[48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

B. A~ta, K. E. Wilk, V. J. James, and Y. Amemiya, “Bi ochi ~i c~a The intermediate
filament structure of human hair,” 1995.

W. T. Astbury and A. Street, “X-ray studies on the structure of hair wool and related
fibres I.General,” 1932.

MacArthur J, “Structure of alpha-keratin,” Nature, vol. 152, pp. 38-41, 1943.

C. R. B. Pauling I., “Compound helical configuration of polypeptide chains: structure
proteins of the alpha-keratin type,” Nature, vol. 171, pp. 59-61, 1953.

A. Zimek, S. Thiering, K. Weber, and T. M. Magin, “Genes encoding cytoplasmic
intermediate filament proteins of vertebrates revisited: Identification of a cytoplasmic
intermediate filament protein in the sea anemone Nematostella,” Eur J Cell Biol, vol. 91,
no. 10, pp. 809-817, Oct. 2012, doi: 10.1016/j.ejcb.2012.08.003.

H. Herrmann, S. V. Strelkov, P. Burkhard, and U. Aebi, “Intermediate filaments: Primary
determinants of cell architecture and plasticity,” Journal of Clinical Investigation, vol.
119, no. 7. pp. 1772—-1783, Jul. 01, 2009. doi: 10.1172/)CI38214.

R. Windoffer, M. Beil, T. M. Magin, and R. E. Leube, “Cytoskeleton in motion: The
dynamics of keratin intermediate filaments in epithelia,” Journal of Cell Biology, vol.
194, no. 5, pp. 669-678, Sep. 2011, doi: 10.1083/jcb.201008095.

D. Paulin and Z. Li, “Desmin: A major intermediate filament protein essential for the
structural integrity and function of muscle,” Experimental Cell Research, vol. 301, no. 1.
Academic Press Inc., pp. 1-7, Nov. 15, 2004. doi: 10.1016/j.yexcr.2004.08.004.

H. Wu et al., “Vimentin intermediate filaments and filamentous actin form unexpected
interpenetrating networks that redefine the cell cortex”, doi:
10.1073/pnas.2115217119/-/DCSupplemental.

Z.Yang and K. K. W. Wang, “Glial fibrillary acidic protein: From intermediate filament
assembly and gliosis to neurobiomarker,” Trends in Neurosciences, vol. 38, no. 6.
Elsevier Ltd, pp. 364—374, 2015. doi: 10.1016/j.tins.2015.04.003.

R. Romano, V. S. Del Fiore, and C. Bucci, “Role of the Intermediate Filament Protein
Peripherin in Health and Disease,” International Journal of Molecular Sciences, vol. 23,
no. 23. MDPI, Dec. 01, 2022. doi: 10.3390/ijms232315416.

T. Dittmer and T. Misteli, “The lamin protein family,” 2011. [Online]. Available:
http://genomebiology.com/2011/12/5/222

C. Moorwood, “Syncoilin, an intermediate filament-like protein linked to the dystrophin
associated protein complex in skeletal muscle,” Cellular and Molecular Life Sciences,
vol. 65, no. 19. pp. 2957-2963, Oct. 2008. doi: 10.1007/s00018-008-8306-9.

A.Yuan et al., “a-internexin is structurally and functionally associated with the
neurofilament triplet proteins in the mature CNS,” Journal of Neuroscience, vol. 26, no.
39, pp. 10006—10019, Sep. 2006, doi: 10.1523/JINEUROSCI.2580-06.2006.

-121-



[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

M. Oka, H. Kudo, N. Sugama, Y. Asami, and M. Takehana, “The function of filensin and
phakinin in lens transparency,” 2008. [Online]. Available:
http://www.molvis.org/molvis/v14/a96

A. Bernal and L. Arranz, “Nestin-expressing progenitor cells: function, identity and
therapeutic implications,” Cellular and Molecular Life Sciences, vol. 75, no. 12.
Birkhauser Verlag AG, pp. 2177-2195, Jun. 01, 2018. doi: 10.1007/s00018-018-2794-z.

G. Goulielmos et al., “Filensin and Phakinin Form a Novel Type of Beaded Intermediate
Filaments and Coassemble De Novo in Cultured Cells.”

M. A. Russell, “Synemin Redefined: Multiple Binding Partners Results in
Multifunctionality,” Frontiers in Cell and Developmental Biology, vol. 8. Frontiers Media
S.A., Mar. 17, 2020. doi: 10.3389/fcell.2020.00159.

H. Herrmann and U. Aebi, “Intermediate filaments: Structure and assembly,” Cold
Spring Harb Perspect Biol, vol. 8, no. 11, Nov. 2016, doi: 10.1101/cshperspect.a018242.

K. J. Green, M. Bo hringer, B. Bo"hringer, T. Gocken, and J. C. R. Jones, “INTERMEDIATE
FILAMENT ASSOCIATED PROTEINS,” 2005, doi: 10.1016/S0065-3233(04)70006-6.

R. Foisner and G. Wiche, “Intermediate filament-associated proteins,” 1991.

E. Fuchs and K. Weber, “INTERMEDIA TE FILAMENTS: Structure, Dynamics, Function,
and Disease,” 1994. [Online]. Available: www.annualreviews.org

A. H. Pang, J. M. Obiero, A. W. Kulczyk, V. M. Sviripa, and O. V. Tsodikov, “A crystal
structure of coil 1B of vimentin in the filamentous form provides a model of a high-
order assembly of a vimentin filament,” FEBS Journal, vol. 285, no. 15, pp. 2888—2899,
Aug. 2018, doi: 10.1111/febs.14585.

D. Pérez-Sala, C. L. Oeste, A. E. Martinez, M. J. Carrasco, B. Garzén, and F. J. Cafada,
“Vimentin filament organization and stress sensing depend on its single cysteine
residue and zinc binding,” Nat Commun, vol. 6, Jun. 2015, doi: 10.1038/ncomms8287.

R. D. Goldman, S. Khuon, Y. H. Chou, P. Opal, and P. M. Steinert, “The Function of
Intermediate Filaments in Cell Shape and Cytoskeletal Integrity.”

E. Colucci-Guyon, M.-M. Portier, I. Dunia, D. Paulin, S. Pournin, and C. Babinet’, “Mice
Lacking Vimentin Develop and Reproduce without an Obvious Phenotype,” 1994.

T. Katsumoto, A. Mitsushima, and T. Kurimura, “The role of the vimentin intermediate
filaments in rat 3Y1 cells elucidated by immunoelectron microscopy and computer-
graphic reconstruction.”

A.J. Sarria, S. R. Panini, and R. M. Evans, “A functional role for vimentin intermediate
filaments in the metabolism of lipoprotein-derived cholesterol in human SW-13 cells,”
Journal of Biological Chemistry, vol. 267, no. 27, pp. 19455-19463, 1992, doi:
10.1016/s0021-9258(18)41797-8.

B. B. J R N Afzelius, “Electron Microscopy of the Sperm Tail Results Obtainedwitha
New Fixative.”

-122 -



[75]

[76]

[77]
[78]

[79]

[80]

[81]

(82]

[83]

(84]

[85]

(86]

[87]

(88]

[89]

[90]

D. D. Sabatini, K. Bensch, and R. J. Barrnett, “CYTOCHEMISTRY AND ELECTRON
MICROSCOPY The Preservation of Cellular Ultrastructure and Enzymatic Activity by
Aldehyde Fixation.”

D. B. Slautterback, “CYTOPLASMIC I. Hydra MICROTUBULES.” [Online]. Available:
http://rupress.org/jcb/article-pdf/18/2/367/1337235/367.pdf

M. C. Ledbetter and K. R. Porter, ““MICROTUBULE’ IN PLANT CELL FINE STRUCTURE.”
W. Brinkley, “Microtubules: A Brief Historical Perspective,” 1997.

S. N. Timasheff and L. M. Grisham, “IN VITRO ASSEMBLY OF CYTOPLASMIC
MICROTUBULES,” 1980. [Online]. Available: www.annualreviews.org

E. W. Dent and P. W. Baas, “Microtubules in neurons as information carriers,” Journal of
Neurochemistry, vol. 129, no. 2. Blackwell Publishing Ltd, pp. 235-239, 2014. doi:
10.1111/jnc.12621.

B. K. Garvalov et al., “Luminal particles within cellular microtubules,” Journal of Cell
Biology, vol. 174, no. 6, pp. 759-765, Sep. 2006, doi: 10.1083/jcb.200606074.

“MICROTUBULES : EVIDENCE FOR 13 PROTOFILAMENTS.” [Online]. Available:
http://rupress.org/jcb/article-pdf/59/2/267/1386529/267.pdf

P. Binarova and J. Tuszynski, “Tubulin: Structure, functions and roles in disease,” Cells,
vol. 8, no. 10. MDPI, Oct. 01, 2019. doi: 10.3390/cells8101294.

F. Montecinos-Franjola, S. K. Chaturvedi, P. Schuck, and D. L. Sackett, “All tubulins are
not alike: Heterodimer dissociation differs among different biological sources,” Journal
of Biological Chemistry, vol. 294, no. 26, pp. 10315-10324, Jun. 2019, doi:
10.1074/jbc.RA119.007973.

E. J. Aamodt and J. G. Culotti, “Microtubules and Microtubule-associated Proteins from
the Nematode Caenorhabditis elegans: Periodic Cross-links Connect Microtubules In
Vitro.”

T. Nagano and F. Suzuki, “MICROTUBULES WITH 15 SUBUNITS IN COCKROACH
EPIDERMAL CELLS.”

E. Nogales, S. G. Wolf, and K. H. Downing, “Structure of the tubulin dimer by electron
crystallography,” 1998.

J. van Haren and T. Wittmann, “Microtubule Plus End Dynamics — Do We Know How
Microtubules Grow?: Cells boost microtubule growth by promoting distinct structural
transitions at growing microtubule ends,” BioEssays, vol. 41, no. 3, Mar. 2019, doi:
10.1002/bies.201800194.

Y. Wang et al., “Mechanism of microtubule stabilization by taccalonolide AJ,” Nat
Commun, vol. 8, Jun. 2017, doi: 10.1038/ncomms15787.

M.-F. Carlier, “Guanosine-5’-triphosphate hydrolysis and tubulin polymerization,” 1982.

-123 -



[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

J. Howard and A. A. Hyman, “Growth, fluctuation and switching at microtubule plus
ends,” Nature Reviews Molecular Cell Biology, vol. 10, no. 8. pp. 569-574, Aug. 2009.
doi: 10.1038/nrm2713.

G. J. Brouhard and L. M. Rice, “Microtubule dynamics: An interplay of biochemistry and
mechanics,” Nature Reviews Molecular Cell Biology, vol. 19, no. 7. Nature Publishing
Group, pp. 451-463, Jul. 01, 2018. doi: 10.1038/s41580-018-0009-y.

H. P. Erickson and E. Timothy O’brien, “MICROTUBULE DYNAMIC INSTABILITY AND GTP
HYDROLYSIS,” 1992. [Online]. Available: www.annualreviews.org

J. Roostalu, C. Thomas, N. I. Cade, S. Kunzelmann, I. A. Taylor, and T. Surrey, “The speed
of GTP hydrolysis determines GTP cap size and controls microtubule stability,” Elife, vol.
9, Feb. 2020, doi: 10.7554/elife.51992.

R. L. Margolis and L. Wilson, “Opposite End Assembly hnd Disassembly of Microtubules
at Steady State in Vitro.”

T. Horio, T. Murata, and T. Murata, “The role of dynamic instability in microtubule
organization,” Frontiers in Plant Science, vol. 5, no. OCT. Frontiers Media S.A., Oct. 07,
2014. doi: 10.3389/fpls.2014.00511.

G. Li and J. K. Moore, “Microtubule dynamics at low temperature: Evidence that tubulin
recycling limits assembly,” Mol Biol Cell, vol. 31, no. 11, pp. 1154-1166, May 2020, doi:
10.1091/MBC.E19-11-0634.

Y., H. K., D. M. ENGELBORGHS, “Effect of temperature and pressure on polymerisation
equilibrium of neuronal microtubules,” Nature, vol. 259, 1976.

S. Heinz, A. Freyberger, B. Lawrenz, L. Schladt, G. Schmuck, and H. Ellinger-Ziegelbauer,
“Mechanistic Investigations of the Mitochondrial Complex i Inhibitor Rotenone in the
Context of Pharmacological and Safety Evaluation,” Sci Rep, vol. 7, Apr. 2017, doi:
10.1038/srep45465.

H.L.T.M.E.W.P.C. A. T. M. M C Wani, “Plant antitumor agents. VI. The isolation and
structure of taxol, a novel antileukemic and antitumor agent from Taxus brevifolia,”
1971. doi: 10.1021/ja00738a045.

R. J. Vasquez, B. Howell, A.-M. C. Yvon, P. Wadsworth, and L. Cassimeris, “Nanornolar
Concentrations of Nocodazole Alter Microtubule Dynamic Instability In Vivo and In
Vitro,” 1997.

S. R. Martin and Y. Engelborghs, “Response of microtubules to the addition of colchicine
and tubulin-colchicine : evaluation of models for the interaction of drugs with
microtubules,” 1997.

M. Owa et al., “Inner lumen proteins stabilize doublet microtubules in cilia and
flagella,” Nat Commun, vol. 10, no. 1, Dec. 2019, doi: 10.1038/s41467-019-09051-x.

T. Fukuyama et al., “Morphological growth dynamics, mechanical stability, and active
microtubule mechanics underlying spindle self-organization,” 2022, doi: 10.1073/pnas.

-124 -



[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

“Solving the Mystery of the Cilia and Flagella Microtubule Structures¢,” Journal of
Biological Chemistry, vol. 289, no. 25, p. 17445, Jun. 2014, doi:
10.1074/jbc.p114.568949.

N. O. Banterle and P. G. " Onczy, “Annual Review of Cell and Developmental Biology
Centriole Biogenesis: From ldentifying the Characters to Understanding the Plot,” Annu.
Rev. Cell Dev. Biol, vol. 33, pp. 20-21, 2017, doi: 10.1146/annurev-cellbio-100616.

B. R. Brinkley, “MICROTUBULE ORGANIZING CENTERS,” 1985. [Online]. Available:
www.annualreviews.org

R. A. Bloodgood, “From central to rudimentary to primary: the history of an
underappreciated organelle whose time has come. The primary cilium.,” Methods in cell
biology, vol. 94. pp. 2-52, 2009. doi: 10.1016/s0091-679x(08)94001-2.

J. Magescas, J. C. Zonka, and J. L. Feldman, “A two-step mechanism for the inactivation
of microtubule organizing center function at the centrosome,” Elife, vol. 8, Jun. 2019,
doi: 10.7554/elife.47867.001.

A. D. Sanchez and J. L. Feldman, “Microtubule-organizing centers: from the centrosome
to non-centrosomal sites,” Current Opinion in Cell Biology, vol. 44. Elsevier Ltd, pp. 93—
101, Feb. 01, 2017. doi: 10.1016/j.ceb.2016.09.003.

M. Rogowski, D. Scholz, and S. Geimer, “Electron microscopy of flagella, primary cilia,
and intraflagellar transport in flat-embedded cells,” in Methods in Enzymology, vol. 524,
Academic Press Inc., 2013, pp. 243-263. doi: 10.1016/B978-0-12-397945-2.00014-7.

R. Linck et al., “Insights into the structure and function of ciliary and flagellar doublet
microtubules: Tektins, Ca2+-binding proteins, and stable protofilaments,” Journal of
Biological Chemistry, vol. 289, no. 25, pp. 17427-17444, Jun. 2014, doi:
10.1074/jbc.M114.568949.

M. Owa et al., “Inner lumen proteins stabilize doublet microtubules in cilia and
flagella,” Nat Commun, vol. 10, no. 1, Dec. 2019, doi: 10.1038/s41467-019-09051-x.

L. T. Haimo and J. L. Rosenbaum, “Cilia, Flagella, and Microtubules.” [Online]. Available:
http://rupress.org/jcb/article-pdf/91/3/125s/1075499/125s.pdf

L. F. Prattl and D. W. Cleveland, “A survey of the ce-tubulin gene family in chicken:
unexpected sequence heterogeneity in the polypeptides encoded by five expressed
genes,” 1988.

A. Letai, P. A. Coulombe, and E. Fuchs, “Do the Ends Justify the Mean? Proline
Mutations at the Ends of the Keratin Coiled-Coil Rod Segment Are More Disruptive than
Internal Mutations,” 1992.

L. S. B. Goldstein and Z. Yang, “MICROTUBULE-BASED TRANSPORT SYSTEMS IN
NEURONS: The Roles of Kinesins and Dyneins,” 2000. [Online]. Available:
www.annualreviews.org

H. Schmidt and A. P. Carter, “Review: Structure and mechanism of the dynein motor
ATPase,” Biopolymers, vol. 105, no. 8. John Wiley and Sons Inc., pp. 557-567, Aug. 01,
2016. doi: 10.1002/bip.22856.

-125-



[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

J. T. Canty, R. Tan, E. Kusakci, J. Fernandes, and A. Yildiz, “Structure and Mechanics of
Dynein Motors,” Annual Review of Biophysics, vol. 50. Annual Reviews Inc., pp. 549—
574, May 06, 2021. doi: 10.1146/annurev-biophys-111020-101511.

B. H. Gibbons and I. R. Gibbons, “Relationship between the latent adenosine
triphosphatase state of dynein 1 and its ability to recombine functionally with KCI-
extracted sea urchin sperm flagella.,” Journal of Biological Chemistry, vol. 254, no. 1,
pp. 197-201, Jan. 1979, doi: 10.1016/s0021-9258(17)30291-0.

I. Aliand W. C. Yang, “The functions of kinesin and kinesin-related proteins in
eukaryotes,” Cell Adhesion and Migration, vol. 14, no. 1. Bellwether Publishing, Ltd., pp.
139-152, Jan. 01, 2020. doi: 10.1080/19336918.2020.1810939.

R. Subramanian and J. Gelles, “Two distinct modes of processive kinesin movement in
mixtures of ATP and AMP-PNP,” Journal of General Physiology, vol. 130, no. 5, pp. 445—
455, Nov. 2007, doi: 10.1085/jgp.200709866.

D. R. Mitchell$ and F. D. Warner, “Binding of Dynein 21 S ATPase to Microtubules
EFFECTS OF IONIC CONDITIONS AND SUBSTRATE ANALOGS*,” 1981.

M. Sato, Y. Kakui, and M. Toya, “Tell the Difference Between Mitosis and Meiosis:
Interplay Between Chromosomes, Cytoskeleton, and Cell Cycle Regulation,” Frontiers in
Cell and Developmental Biology, vol. 9. Frontiers Media S.A., Apr. 08, 2021. doi:
10.3389/fcell.2021.660322.

K. Vermeulen, D. R. Van Bockstaele, and Z. N. Berneman, “The cell cycle: a review of
regulation, deregulation and therapeutic targets in cancer,” 2003.

R. B. Nicklas, D. F. Kubai, and T. S. Hays, “Spindle Microtubules and Their Mechanical
Associations after Micromanipulation in Anaphase,” 1982.

T. Wittmann, A. Hyman, and A. Desai, “The spindle: a dynamic assembly of
microtubules and motors,” 2001. [Online]. Available: http://cellbio.nature.comE28

J. Richard Mcintosh, “Mitosis,” Cold Spring Harb Perspect Biol, vol. 8, no. 9, Sep. 2016,
doi: 10.1101/cshperspect.a023218.

W. L. Dentler, S. Granett, G. B. Witmant, and J. L. Rosenbaum, “Directionality of Brain
Microtubule Assembly In Vitro (autoradiography/electron microscopy/viscometry),”
1974. [Online]. Available: https://www.pnas.org

G. Wiche, “REVIEW ARTICLE High-MA microtubule-associated proteins: properties and
functions,” 1989.

G. Huber and A. Matus, “DIFFERENCES IN THE CELLULAR DISTRIBUTIONS OF TWO
MICROTUBULE-ASSOCIATED PROTEINS, MAP1 AND MAP2, IN RAT BRAIN’.”

S. Halpain and L. Dehmelt, “The MAP1 family of microtubule-associated proteins,”
Genome Biology, vol. 7, no. 6. Jun. 30, 2006. doi: 10.1186/gb-2006-7-6-224.

J. Al-Bassam, R. S. Ozer, D. Safer, S. Halpain, and R. A. Milligan, “MAP2 and tau bind
longitudinally along the outer ridges of microtubule protofilaments,” Journal of Cell
Biology, vol. 157, no. 7, pp. 1187-1196, Jun. 2002, doi: 10.1083/jcb.200201048.

-126 -



[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

L. Dehmelt and S. Halpain, “The MAP2/Tau family of microtubule-associated proteins
Gene organization and evolutionary history,” 2004. [Online]. Available:
http://genomebiology.com/2004/6/1/204

H. Murofushi, S. Kotani, H. Aizawa, S.-I. Hisanaga, N. Hirokawa, and H. Sakai,
“Purification and Characterization of a 190-kD Microtubule-associated Protein from
Bovine Adrenal Cortex.”

B. Mogessie, D. Roth, Z. Rahil, and A. Straube, “A novel isoform of MAP4 organises the
paraxial microtubule array required for muscle cell differentiation”, doi:
10.7554/elife.05697.001.

E. Denarier et al., “Nonneuronal isoforms of STOP protein are responsible for
microtubule cold stability in mammalian fibroblasts,” 1998. [Online]. Available:
WWW.pnas.org.

A. C. Gottschalk and M. M. Hefti, “The evolution of microtubule associated proteins — a
reference proteomic perspective,” BMC Genomics, vol. 23, no. 1, Dec. 2022, doi:
10.1186/s12864-022-08502-y.

R. Medeiros, D. Baglietto-Vargas, and F. M. Laferla, “The Role of Tau in Alzheimer’s
Disease and Related Disorders,” CNS Neuroscience and Therapeutics, vol. 17, no. 5. pp.
514-524, Oct. 2011. doi: 10.1111/j.1755-5949.2010.00177 .x.

Masaki Mishima Ryoko Maesaki Miyuki Kasa Takashi Watanabe Masaki Fukata Kozo
Kaibuchi Toshio Hakoshima, “Structural basis for tubulin recognition by cytoplasmic
linker protein 170 and its autoinhibition,” PNAS, vol. 104, 2007.

N. Galjart, “CLIPs and CLASPs and cellular dynamics,” Nature Reviews Molecular Cell
Biology, vol. 6, no. 6. pp. 487—-498, Jun. 2005. doi: 10.1038/nrm1664.

A. Akhmanova et al., “The microtubule plus-end-tracking protein CLIP-170 associates
with the spermatid manchette and is essential for spermatogenesis,” Genes Dev, vol.
19, no. 20, pp. 2501-2515, Oct. 2005, doi: 10.1101/gad.344505.

M. Bomsel, R. Parton, S. A. Kuznetsov, T. A. Schroer, and J. Gruenberg’, “Microtubule-
and Motor-Dependent Fusion In Vitro between Apical and Basolateral Endocytic
Vesicles from MDCK Cells,” 1990.

P. Pierre, J. Scheel, J. E. Rickard, and T. E. Kreis’, “CLIP-1 70 Links Endocytic Vesicles to
Microtubules,” 1992.

T. Watanabe, S. Wang, and K. Kaibuchi, “IQGAPs as Key Regulators of Actin-
cytoskeleton Dynamics,” 2015. [Online]. Available: www.phosphosite.org/

C. Mezzacappa, Y. Komiya, and R. Habas, “Activation and function of small GTPases
Rho, Rac, and Cdc42 during gastrulation,” Methods in Molecular Biology, vol. 839, pp.
119-131, 2012, doi: 10.1007/978-1-61779-510-7_10.

J. M. Swart-Mataraza, Z. Li, and D. B. Sacks, “IQGAP1 is a component of Cdc42 signaling
to the cytoskeleton,” Journal of Biological Chemistry, vol. 277, no. 27, pp. 2475324763,
Jul. 2002, doi: 10.1074/jbc.M111165200.

-127 -



[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

M. Fukataf et al., “Regulation of cross-linking of actin filament by IQGAP1, a target for
Cdc42,” Journal of Biological Chemistry, vol. 272, no. 47, pp. 29579-29583, Nov. 1997,
doi: 10.1074/jbc.272.47.29579.

L. M. Machesky, “Cytokinesis: IQGAPs find a function,” Current Biology, vol. 8, pp. 202—
205, 1998, [Online]. Available: http://biomednet.com/elecref/09609822008R0202

M. Fukata et al., “Racl and Cdc42 Capture Microtubules through IQGAP1 and CLIP-170
leading edges. These results indicate that Rac1/Cdc42 marks special cortical spots
where the IQGAP1 and CLIP-170 complex is targeted, leading to a polarized microtubule
array and cell polarization,” 2002.

C. Grey et al., “SKAP, an outer kinetochore protein, is required for mouse germ cell
development,” Reproduction, vol. 151, no. 3, pp. 239-251, Mar. 2016, doi:
10.1530/REP-15-0451.

D. Cao et al., “Signaling scaffold protein IQGAP1 interacts with microtubule plus-end
tracking protein SKAP and links dynamic microtubule plus-end to steer cell migration,”
Journal of Biological Chemistry, vol. 290, no. 39, pp. 23766—23780, Sep. 2015, doi:
10.1074/jbc.M115.673517.

S. Panneerselvam, A. Marx, E. M. Mandelkow, and E. Mandelkow, “Structure of the
catalytic and ubiquitin-associated domains of the protein kinase MARK/Par-1,”
Structure, vol. 14, no. 2, pp. 173-183, Feb. 2006, doi: 10.1016/j.str.2005.09.022.

G. Drewes, A. Ebneth, and U. Preuss, “MARK, a Novel Family of Protein Kinases That
Phosphorylate Microtubule-Associated Proteins and Trigger Microtubule Disruption,”
1997.

P. Barbier et al., “Role of tau as a microtubule-associated protein: Structural and
functional aspects,” Frontiers in Aging Neuroscience, vol. 10, no. JUL. Frontiers Media
S.A., 2019. doi: 10.3389/fnagi.2019.00204.

E. M. Mandelkow and E. Mandelkow, “Biochemistry and cell biology of Tau protein in
neurofibrillary degeneration,” Cold Spring Harbor Perspectives in Biology, vol. 3, no. 10.
pp. 1-25, Oct. 2011. doi: 10.1101/cshperspect.a006247.

F. Mayer, “Cytoskeletons in prokaryotes,” Cell Biol Int, vol. 27, no. 5, pp. 429-438, May
2003, doi: 10.1016/51065-6995(03)00035-0.

J. Lutkenhaus, S. Pichoff, and S. Du, “Bacterial cytokinesis: From Z ring to divisome,”
Cytoskeleton, vol. 69, no. 10. pp. 778-790, Oct. 2012. doi: 10.1002/cm.21054.

J. Xiao and E. D. Goley, “Redefining the roles of the FtsZ-ring in bacterial cytokinesis,”
Current Opinion in Microbiology, vol. 34. Elsevier Ltd, pp. 90-96, Dec. 01, 2016. doi:
10.1016/j.mib.2016.08.008.

H. J. Defeu Soufo and P. L. Graumann, “Actin-like Proteins MreB and Mbl from Bacillus
subtilis Are Required for Bipolar Positioning of Replication Origins,” Current Biology, vol.
13, no. 21, pp. 1916-1920, Oct. 2003, doi: 10.1016/j.cub.2003.10.024.

-128 -



[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

J. Salje, P. Gayathri, and J. Lowe, “The ParMRC system: Molecular mechanisms of
plasmid segregation by actin-like filaments,” Nature Reviews Microbiology, vol. 8, no.
10. pp. 683-692, Oct. 2010. doi: 10.1038/nrmicro2425.

H. P. Erickson, “Evolution of the cytoskeleton,” BioEssays, vol. 29, no. 7. pp. 668—677,
Jul. 2007. doi: 10.1002/bies.20601.

W. Margolin, “Bacterial shape: Concave coiled coils curve Caulobacter,” Current
Biology, vol. 14, no. 6. Cell Press, Mar. 23, 2004. doi: 10.1016/j.cub.2004.02.057.

M. T. Cabeen, H. Herrmann, and C. Jacobs-Wagner, “The domain organization of the
bacterial intermediate filament-like protein crescentin is important for assembly and
function,” Cytoskeleton, vol. 68, no. 4, pp. 205-219, Apr. 2011, doi: 10.1002/cm.20505.

N. H. Battey, N. C. James, A. J. Greenland, and C. Brownlee, “Exocytosis and
Endocytosis,” 1999. [Online]. Available: www.plantcell.org

Hinek Aleksander, “ENDOCYTOZA ADSORPCYJNA | RECEPTOSOMY,” 1983. [Online].
Available: https://www.researchgate.net/publication/316252824

E. J. Sayers, |. Palmer, L. Hope, P. Hope, P. Watson, and A. T. Jones, “Fluid-Phase
Endocytosis and Lysosomal Degradation of Bovine Lactoferrin in Lung Cells,”
Pharmaceutics, vol. 14, no. 4, Apr. 2022, doi: 10.3390/pharmaceutics14040855.

T.J. Raub and K. L. Audus, “Adsorptive endocytosis and membrane recycling by cultured
primary bovine brain microvessel endothelial cell monolayers,” 1990.

A. Aderem and D. M. Underhill, “MECHANISMS OF PHAGOCYTOSIS IN MACROPHAGES,”
1999. [Online]. Available: www.annualreviews.org

C. Rosales and E. Uribe-Querol, “Phagocytosis: A Fundamental Process in Immunity,”
BioMed Research International, vol. 2017. Hindawi Limited, 2017. doi:
10.1155/2017/9042851.

V. Hartenstein and P. Martinez, “Phagocytosis in cellular defense and nutrition: a food-
centered approach to the evolution of macrophages,” Cell and Tissue Research, vol.
377, no. 3. Springer Verlag, pp. 527-547, Sep. 01, 2019. doi: 10.1007/s00441-019-
03096-6.

S.C.,S.R. M., &C. Z. A. Silverstein, “Endocytosis,” Ann. Rev. Biochem, vol. 46, pp. 669—
722,1977.

H. S. Kruth et al., “Macropinocytosis is the endocytic pathway that mediates
macrophage foam cell formation with native low density lipoprotein,” Journal of
Biological Chemistry, vol. 280, no. 3, pp. 2352-2360, Jan. 2005, doi:
10.1074/jbc.M407167200.

H. S. Kruth, “Receptor-independent fluid-phase pinocytosis mechanisms for induction
of foam cell formation with native low-density lipoprotein particles,” Current Opinion in
Lipidology, vol. 22, no. 5. pp. 386—393, Oct. 2011. doi:
10.1097/MOL.0b013e32834adadb.

-129 -



[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

B. Yameen, W. Il Choi, C. Vilos, A. Swami, J. Shi, and O. C. Farokhzad, “Insight into
nanoparticle cellular uptake and intracellular targeting,” Journal of Controlled Release,
vol. 190. Elsevier B.V., pp. 485499, Sep. 28, 2014. doi: 10.1016/].jconrel.2014.06.038.

S. Falcone, E. Cocucci, P. Podini, T. Kirchhausen, E. Clementi, and J. Meldolesi,
“Macropinocytosis: Regulated coordination of endocytic and exocytic membrane traffic
events,” J Cell Sci, vol. 119, no. 22, pp. 4758-4769, Nov. 2006, doi: 10.1242/jcs.03238.

M. A. West, M. S. Bretscher, and C. Watts, “Distinct Endocytotic Pathways in Epidermal
Growth Factor-stimulated Human Carcinoma A431 Cells.”

C. Fiorentini et al., “Activation of Rho GTPases by Cytotoxic Necrotizing Factor 1 Induces
Macropinocytosis and Scavenging Activity in Epithelial Cells,” 2001.

J. Mercer and A. Helenius, “R E V | E W Virus entry by macropinocytosis,” 2009.

A. Kolb-Maurer, M. Wilhelm, F. Weissinger, E. B. Brocker, and W. Goebel, “Interaction
of human hematopoietic stem cells with bacterial pathogens,” Blood, vol. 100, no. 10,
pp. 3703-3709, Nov. 2002, doi: 10.1182/blood-2002-03-0898.

M. C. Kerr and R. D. Teasdale, “Defining macropinocytosis,” Traffic, vol. 10, no. 4. pp.
364-371, 2009. doi: 10.1111/j.1600-0854.2009.00878.x.

J. E. Lutton et al., “Formation and closure of macropinocytic cups in Dictyostelium,”
Current Biology, vol. 33, no. 15, pp. 3083-3096.e6, Aug. 2023, doi:
10.1016/j.cub.2023.06.017.

S. J. Royle, “The cellular functions of clathrin,” Cellular and Molecular Life Sciences, vol.
63, no. 16. pp. 1823-1832, Aug. 2006. doi: 10.1007/s00018-005-5587-0.

H. T. McMahon and E. Boucrot, “Molecular mechanism and physiological functions of
clathrin-mediated endocytosis,” Nature Reviews Molecular Cell Biology, vol. 12, no. 8.
pp. 517-533, Aug. 2011. doi: 10.1038/nrm3151.

L. Pelkmans, “Secrets of caveolae- and lipid raft-mediated endocytosis revealed by
mammalian viruses,” Biochimica et Biophysica Acta - Molecular Cell Research, vol. 1746,
no. 3. pp. 295-304, Dec. 30, 2005. doi: 10.1016/j.bbamcr.2005.06.009.

T. M. Williams and M. P. Lisanti, “The caveolin proteins,” 2004. [Online]. Available:
http://genomebiology.com/2004/5/3/214

L. Weng et al., “ Regulation of cargo-selective endocytosis by dynamin 2 GTP
ase-activating protein girdin ,” EMBO J, vol. 33, no. 18, pp. 2098-2112, Sep. 2014, doi:
10.15252/embj.201488289.

P. Lajoie and I. R. Nabi, “Lipid rafts, caveolae, and their endocytosis,” Int Rev Cell Mol
Biol, vol. 282, no. C, pp. 135-163, 2010, doi: 10.1016/51937-6448(10)82003-9.

J. A. Cooper, “THE ROLE OF ACTIN POLYMERIZATION IN CELL MOTILITY,” 1991. [Online].
Available: www.annualreviews.org

A J Ridley, “Membrane ruffling and signal transduction,” Bioessays ., 1994.

-130-



[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

N. V. Keller H, “Effects of cytochalasin D on shape and fluid pinocytosis in human
neutrophils as related to cytoskeletal changes (actin, a-actinin and microtubules),” Eur J
Cell Biol, 1995.

G. T. V. N. Ralph R. Isberg, “The mechanism of phagocytic uptake promoted by invasin-
integrin interaction,” 1995.

A. Verschoor, C. Kemper, and J. Kéhl, “Complement Receptors,” in eLS, Wiley, 2017, pp.
1-17. doi: 10.1002/9780470015902.a0000512.pub3.

V. M. Holers, “Complement and its receptors: New insights into human disease,”
Annual Review of Immunology, vol. 32. Annual Reviews Inc., pp. 433—-459, 2014. doi:
10.1146/annurev-immunol-032713-120154.

L.-A. H. Allen and A. Aderem, “Molecular Definition of Distinct Cytoskeletal Structures
Involved in Complement-and Fc Receptor-mediated Phagocytosis in Macrophages.”

A. Durrbach, D. Louvard, and E. Coudrier, “MATERIALS AND METHODS The distribution
of internalized transferrin and a2-macroglobulin at one pole of the nucleus requires
intact microfilaments and microtubules To study the role for actin filaments and
microtubules along the endocytic pathway, BWTG3 cells, derived from a mouse.”

A. Collins, A. Warrington, K. A. Taylor, and T. Svitkina, “Structural organization of the
actin cytoskeleton at sites of clathrin-mediated endocytosis,” Current Biology, vol. 21,
no. 14, pp. 1167-1175, Jul. 2011, doi: 10.1016/j.cub.2011.05.048.

S. Boulant, C. Kural, J. C. Zeeh, F. Ubelmann, and T. Kirchhausen, “Actin dynamics
counteract membrane tension during clathrin-mediated endocytosis,” Nat Cell Biol, vol.
13, no. 9, pp. 1124-1132, Sep. 2011, doi: 10.1038/ncb2307.

R. Surolia and V. B. Antony, “Pathophysiological Role of Vimentin Intermediate
Filaments in Lung Diseases,” Frontiers in Cell and Developmental Biology, vol. 10.
Frontiers Media S.A., Apr. 28, 2022. doi: 10.3389/fcell.2022.872759.

T. Svitkina, “Imaging cytoskeleton components by electron microscopy.,” Methods Mol
Biol, vol. 586, pp. 187-206, 2009, doi: 10.1007/978-1-60761-376-3_10.

C. S. Ball, “The Early History of the Compound Microscope,” 1966.

M. Somssich, “A Short History of Plant Light Microscopy,” Curr Protoc, vol. 2, no. 10,
Oct. 2022, doi: 10.1002/cpz1.577.

D. Ribatti, “An historical note on the cell theory,” Experimental Cell Research, vol. 364,
no. 1. Elsevier Inc., pp. 1-4, Mar. 01, 2018. doi: 10.1016/j.yexcr.2018.01.038.

M. Y. Berezin and S. Achilefu, “Fluorescence lifetime measurements and biological
imaging,” Chem Rev, vol. 110, no. 5, pp. 2641-2684, May 2010, doi:
10.1021/cr900343z.

B. Valeur and M. N. Berberan-Santos, “A brief history of fluorescence and
phosphorescence before the emergence of quantum theory,” Journal of Chemical
Education, vol. 88, no. 6. pp. 731-738, Jun. 01, 2011. doi: 10.1021/ed100182h.

-131-



[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

T. Schweizer, H. Kubach, and T. Koch, “Investigations to characterize the interactions of
light radiation, engine operating media and fluorescence tracers for the use of
gualitative light-induced fluorescence in engine systems,” Automotive and Engine
Technology, vol. 6, no. 3—4, pp. 275-287, Dec. 2021, doi: 10.1007/s41104-021-00092-3.

J. Oreopoulos, R. Berman, and M. Browne, “Spinning-disk confocal microscopy. present
technology and future trends,” in Methods in Cell Biology, vol. 123, Academic Press Inc.,
2014, pp. 153—175. doi: 10.1016/B978-0-12-420138-5.00009-4.

D. A. Peterson, “Confocal Microscopy,” 2010. doi: doi:10.1016/b978-0-12-374105-
9.00230-6.

J. W. Dobrucki and U. Kubitscheck, “3 Fluorescence Microscopy,” 2017.

N. Naredi-Rainer, J. Prescher, A. Hartschuh, and D. C. Lamb, “Fluorescence Microscopy,”
2017.

C. M. St Croix, S. H. Shand, and S. C. Watkins, “Confocal microscopy: comparisons,
applications, and problems.,” Biotechniques, vol. 39, no. 6 Suppl, 2005, doi:
10.2144/000112089.

A. D. Elliott, “Confocal Microscopy: Principles and Modern Practices,” Curr Protoc
Cytom, vol. 92, no. 1, Mar. 2020, doi: 10.1002/cpcy.68.

J. A. Cooper, “Mini-Review Effects of Cytochalasin and Phalloidin on Actin.”

K. Im, S. Mareninov, M. F. P. Diaz, and W. H. Yong, “An introduction to performing
immunofluorescence staining,” in Methods in Molecular Biology, vol. 1897, Humana
Press Inc., 2019, pp. 299-311. doi: 10.1007/978-1-4939-8935-5_26.

Z. X. Chong, S. K. Yeap, and W. Y. Ho, “Transfection types, methods and strategies: A
technical review,” PeerJ, vol. 9. PeerJ Inc., Apr. 21, 2021. doi: 10.7717/peerj.11165.

D. L. Spector and R. D. Goldman, “Transfection of mammalian cells with fluorescent
protein fusions,” Cold Spring Harb Protoc, vol. 5, no. 11, Nov. 2010, doi:
10.1101/pdb.prot5517.

T. K. Kim and J. H. Eberwine, “Mammalian cell transfection: The present and the
future,” Anal Bioanal Chem, vol. 397, no. 8, pp. 3173-3178, Aug. 2010, doi:
10.1007/s00216-010-3821-6.

Z. Elgundi, V. Sifniotis, M. Reslan, E. Cruz, and V. Kayser, “Laboratory scale production
and purification of a therapeutic antibody,” Journal of Visualized Experiments, vol.
2017, no. 119, Jan. 2017, doi: 10.3791/55153.

Z. X. Chong, S. K. Yeap, and W. Y. Ho, “Transfection types, methods and strategies: A
technical review,” PeerJ, vol. 9. PeerlJ Inc., Apr. 21, 2021. doi: 10.7717/peerj.11165.

L. Valon, A. Marin-Llauradd, T. Wyatt, G. Charras, and X. Trepat, “Optogenetic control of
cellular forces and mechanotransduction,” Nat Commun, vol. 8, no. 1, p. 14396, Apr.
2017, doi: 10.1038/ncomms14396.

-132-



[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

J. R. Tse and A. J. Engler, “Preparation of Hydrogel Substrates with Tunable Mechanical
Properties,” in Current Protocols in Cell Biology, vol. Chapter 10, Hoboken, NJ, USA:
John Wiley & Sons, Inc., 2010, p. Unit 10.16. doi: 10.1002/0471143030.cb1016s47.

Z. Baster and Z. Rajfur, “BatchDeconvolution: a Fiji plugin for increasing deconvolution
workflow,” Bio-Algorithms and Med-Systems, vol. 16, no. 3, Sep. 2020, doi:
10.1515/bams-2020-0027.

J. Schindelin et al., “Fiji: an open-source platform for biological-image analysis.,” Nat
Methods, vol. 9, no. 7, pp. 676—82, Jul. 2012, doi: 10.1038/nmeth.2019.

Y. Wan, H. Otsuna, C.-B. Chien, and C. Hansen, “FluoRender: An Application of 2D Image
Space Methods for 3D and 4D Confocal Microscopy Data Visualization in Neurobiology
Research.”

O. Adamczyk, Z. Baster, M. Szczypior, and Z. Rajfur, “Substrate stiffness mediates
formation of novel cytoskeletal structures in fibroblasts during cell-microspheres
interaction,” Int J Mol Sci, vol. 22, no. 2, pp. 1-13, Jan. 2021, doi:
10.3390/ijms22020960.

A. M. Handorf, Y. Zhou, M. A. Halanski, and W. J. Li, “Tissue stiffness dictates
development, homeostasis, and disease progression,” Organogenesis, vol. 11, no. 1.
Taylor and Francis Inc., pp. 1-15, Jan. 01, 2015. doi: 10.1080/15476278.2015.1019687.

S. Tollis, A. E. Dart, G. Tzircotis, and R. G. Endres, “The zipper mechanism in
phagocytosis: Energetic requirements and variability in phagocytic cup shape,” BMC
Syst Biol, vol. 4, Nov. 2010, doi: 10.1186/1752-0509-4-149.

J. A. Cooper, “Effects of cytochalasin and phalloidin on actin,” J Cell Biol, vol. 105, no. 4,
pp. 1473-1478, Oct. 1987, doi: 10.1083/jcb.105.4.1473.

A.J. Engler, S. Sen, H. L. Sweeney, and D. E. Discher, “Matrix Elasticity Directs Stem Cell
Lineage Specification,” Cell, vol. 126, no. 4, pp. 677-689, Aug. 2006, doi:
10.1016/j.cell.2006.06.044.

C. M. Lo, H. B. Wang, M. Dembo, and Y. L. Wang, “Cell movement is guided by the
rigidity of the substrate.,” Biophys J, vol. 79, no. 1, pp. 144-52, Jul. 2000, doi:
10.1016/50006-3495(00)76279-5.

A. Khandani et al., “Microtubules regulate PI-3K activity and recruitment to the
phagocytic cup during Fcy receptor-mediated phagocytosis in nonelicited
macrophages,” J Leukoc Biol, vol. 82, no. 2, pp. 417-428, Aug. 2007, doi:
10.1189/jlb.0706469.

U. Sahin, F. Neumann, O. Tiireci, R. Schmits, F. Perez, and M. Pfreundschuh, “Hodgkin
and Reed-Sternberg cell-associated autoantigen CLIP-170/restin is a marker for
dendritic cells and is involved in the trafficking of macropinosomes to the cytoskeleton,
supporting a function-based concept of Hodgkin and Reed-Stemberg cells,” Blood, vol.
100, no. 12, pp. 4139-4145, Dec. 2002, doi: 10.1182/blood.V100.12.4139.

-133-



[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

[242]

F. Larti et al., “A defect in the CLIP1 gene (CLIP-170) can cause autosomal recessive
intellectual disability,” European Journal of Human Genetics, vol. 23, no. 3, pp. 331-336,
Mar. 2015, doi: 10.1038/ejhg.2014.13.

Y. Hu et al., “Tension of plus-end tracking protein Clip170 confers directionality and
aggressiveness during breast cancer migration,” Cell Death Dis, vol. 13, no. 10, Oct.
2022, doi: 10.1038/s41419-022-05306-6.

J. E. Rickard and T. E. Kreis, “Binding of pp170 to Microtubules Is Regulated by
Phosphorylation,” 1991.

J. Rheinlaender et al., “Cortical cell stiffness is independent of substrate mechanics,”
Nat Mater, vol. 19, no. 9, pp. 1019-1025, Sep. 2020, doi: 10.1038/s41563-020-0684-x.

R. Link, K. WeiBenbruch, M. Tanaka, M. Bastmeyer, and U. S. Schwarz, “Cell Shape and
Forces in Elastic and Structured Environments: From Single Cells to Organoids,”
Advanced Functional Materials. John Wiley and Sons Inc, 2023. doi:
10.1002/adfm.202302145.

B. Yi, Q. Xu, and W. Liu, “An overview of substrate stiffness guided cellular response and
its applications in tissue regeneration,” Bioactive Materials, vol. 15. KeAi
Communications Co., pp. 82—102, Sep. 01, 2022. doi: 10.1016/j.bioactmat.2021.12.005.

D. Matenia and E. M. Mandelkow, “The tau of MARK: a polarized view of the
cytoskeleton,” Trends in Biochemical Sciences, vol. 34, no. 7. pp. 332—342, Jul. 2009.
doi: 10.1016/j.tibs.2009.03.008.

Y. Yoshimura, T. Terabayashi, and H. Miki, “Par1b/MARK2 Phosphorylates Kinesin-Like
Motor Protein GAKIN/KIF13B To Regulate Axon Formation,” Mol Cell Biol, vol. 30, no. 9,
pp. 2206-2219, May 2010, doi: 10.1128/mcb.01181-09.

Y. Nishimura, K. Applegate, M. W. Davidson, G. Danuser, and C. M. Waterman,
“Automated screening of microtubule growth dynamics identifies MARK2 as a regulator
of leading edge microtubules downstream of RAC1 in migrating cells,” PLoS One, vol. 7,
no. 7, Jul. 2012, doi: 10.1371/journal.pone.0041413.

G. J. Gu et al., “Role of individual MARK isoforms in phosphorylation of tau at Ser 262 in
Alzheimer’s disease,” Neuromolecular Med, vol. 15, no. 3, pp. 458-469, Sep. 2013, doi:
10.1007/s12017-013-8232-3.

134 -



SCIENTIFIC ACHIEVEMENTS OF AUTHOR

PUBLICATIONS

e Adamczyk O, Baster Z, Szczypior M, Rajfur Z. Substrate Stiffness
Mediates Formation of Novel Cytoskeletal Structures in
Fibroblasts during Cell-Microspheres Interaction. International
Journal  of  Molecular  Sciences.  2021;  22(2):960.
https://doi.org/10.3390/ijms22020960

e Kizovsky M, Pilat Z, Mylenko M, Hrouzek P, Kuta J, Skoupy R,
Krzyzanek V, Hrubanova K, Adamczyk O, Jezek J, Bernatova S,
Klementova T, Gjevik A, Siler M, Samek O, Zemanek P. Raman
Microspectroscopic Analysis of Selenium Bioaccumulation by
Green Alga Chlorella vulgaris. Biosensors. 2021; 11(4):115.
https://doi.org/10.3390/bios11040115

e (Czaja M, Skirlinska-Nosek K, Adamczyk O, Sofinska K, Wilkosz
N, Rajfur Z, Szymonski M, Lipiec E. Detection of bleomycin-
induced DNA strand breaks and repair processes in living cells by
Raman  microscopy. Int.  J.  Mol. Sci. 2022, 23(7),
3524; https://doi.org/10.3390/ijms23073524

e Czaja M, Giergiel M, Skirlinska-Nosek K, Sofinska K, Adamczyk
O, Lupa D, Seweryn S, Rajfur Z, Birarda G, Piccirilli F, Vaccari
L, Szymonski M, Lipiec E. Alterations in DNA conformation and
histone phosphorylation resulting from double-strand breaks
induced in HeLa cells — a spectroscopic and immunostaining
approach. Under revision in Scientific Reports;
https://doi.org/10.21203/rs.3.rs-3427641/v1

-135-


https://doi.org/10.3390/ijms23073524

SCIENTIFIC INTERNSHIPS

05-08.2022 Institute of Biotechnology, Czech Academy of Science,
Prague, Czech Republic
Visiting Scholar in Lansky and Braun group

Department of Biophysics and Radiation Biology,
06-09.2019 Semmelweis University, Budapest, Hungary
Visiting Scholar in prof. Miklés Kellermayer group

Institute of Scientific Instruments, The Czech Academy of
04-06.2018 Science, Brno, Czech Republic
Visiting Scholar in prof. Pavel Zemanek group

CONFERENCES, SEMINARS AND WORKSHOPS ATTENDANCE

. 1st C-Trap User Meeting, Amsterdam, Netherlands, 5-6 October 2022;

. 66th Biophysical Society Annual Meeting, San Francisco, USA, 19-23
February 2022;

. 11th International Conference Analytical Cytometry, Ostrava, Czech
Republic, 2-5 October 2021 (oral presentation);

. 6th INTERM- International Congress on Microscopy & Spectroscopy,
Oludeniz, Turkey, 12- 18 May 2019;

. The 21st Czech-Polish-Slovak Optical Conference on Wave and
Quantum Aspects of Contemporary Optics, Lednice, Czech
Republic, 3-7 September 2018;

. VI International Conference of Biophysics Students, Cracow, 19-21 May
2017;

. 9th Workshop on Applications of Scanning Probe Microscopy —
STM/AFM, Zakopane, 30 November- 4 December 2016;

. V Conference of Molecular Biology, £.6dz, 7-9 April 2016

. XL Winter School Faculty of Biochemistry, Biophysics and
Biotechnology Jagiellonian University, Zakopane, 16- 20
February 2016;

. 3rd General Meeting of Polish Physicists, Kielce, 6- 11 September 2015
(oral presentation)

-136-



PROJECTS AND GRANTS

06.2021-02.2022

03.2021- 03.2022

06.2020-01.2021

07.2019-04.2020

MNS 2021 [Study of novel cytoskeletal
structures’ formation and the role of proteins
related to the regulation of the cytoskeleton
dynamics  and structure in cell
mechanotransduction]

DigiWorld minigrant competition for the
young [Creation of microscopy 3D images
database for algorithm classifying specific
cytoskeleton components interrelated to
culture substates elasticity]

MNS 2020 [Study of novel cytoskeletal
structures obtained with optical techniques in
cell biology research]

DSC 2019 [Study of cell mechanotransduction using

advanced optical techniques]

-137 -



