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ABSTRACT

ABSTRACT

Cancer is the second most common cause of death after cardiovascular diseases. Although
benign tumors have very high survival rate, cancer malignancy strongly increases
mortality. The presented thesis concentrates on the interplay between talin and B1 integrin
(adhesion related proteins, also strongly connected with cell migration and cancer
development) in mediation of cancer cells physiology and motility, especially in

regulating cell adhesion, positioning, and invasion.

For the purpose of the study, software capable to deconvolve multiple microscopy images
in a single session was developed (Publication I); BatchDeconvolution is a Fiji plugin
that bridges PSF Generator and DeconvolutionLab2 (BIG, EPFL), programs serving for
calculations of the Point Spread Function and performing image deconvolution,
respectively. BatchDeconvolution expands functionalities of these software, providing an
environment that allows to enhance multi-position, multi-channel time-lapse image files
in a sequential, automated manner. This approach allowed to process a vast amount of

microscopy images collected during in vitro studies presented in the following sections.

There are two isoforms of talin protein: talinl and talin2. While talinl has been
extensively studied, there is still not much known about the biological role of talin2. It
shares some functions with its sister variant, but the literature describes only a limited
redundancy. The presented study concentrates on the molecular mechanism by which
specifically talin2 mediates secretion and trafficking of matrix metallopeptidase 9
(MMP9), an enzyme important for extracellular matrix degradation and invadopodia
maturation in initial stages of cancer invasion. The study was conducted in MDA-MB-
231breast cancer cell line. The absence of talin2 caused inhibition of a process of MMP9
vesicles docking to the ventral membrane, consequently rerouting them towards
lysosomal degradation. Furthermore, S339C mutation of talin2, specific for reducing
talin2-B1 integrin interaction, gave similar results as the ablation of talin2. Due to a higher
recycling rate, talin2-depleted cells started to exhibit enlarged vesicles containing MMP9,

what suggests an overflow of the protein degradation process (Publication I1).

Talin-B1 integrin interaction is also a factor in colon cancer tumorigenesis and colon
cancer cells adhesion. In Publication 111, included in the thesis, a role of cyanidino-3-O-
glucoside (C3G) was examined in the context of mediating talinl- and talin2-B1 integrin

interaction, tumor development, and colon cancer cells adhesion. C3G is a natural dye
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ABSTRACT

found in many red and blue vegetables and fruits. It shows many health beneficial
properties including anti-oxidative, anti-inflammation, and anti-diabetic ones. Moreover,
several reports connect it with an anti-carcinogenic activity. The presented study shows
that the C3G binding pocket is located at the interface between talin and integrin. The
presence of the compound increases affinity between the two proteins, leading to

stimulation of colon cancer cells adhesion. In result, it hinders tumorigenesis.

The new knowledge of the functions of talinl and talin2 proteins allows a better
understanding of the regulation of cancer metastasis. Furthermore, even though talin2
was discovered over 20 years ago, its role in cell biology and adhesion is still
understudied. The presented research sheds some light on that aspect. Finally, the
description of molecular mechanisms driving protein interactions in cancer development

may help in designing new anti-cancer therapies.

8| PAGE



STRESZCZENIE

STRESZCZENIE

Choroby nowotworowe sg drugg, po chorobach uktadu krazenia, najczestsza przyczyng
zgonow na $wiecie. Chociaz tagodne zmiany nowotworowe cechujg si¢ wysoka
przezywalnoscia, ztosliwe guzy czesto powigzane sa z wysoka $miertelno$cia pacjentow.
Przedstawiona rozprawa koncentruje si¢ badaniu jak oddziatywanie taliny z integryng 1
(biatek zwigzanych z adhezja, powigzanych rowniez z migracjg komorek oraz rozwojem
nowotworow) wptywa na ruchliwo$¢ komorek nowotworowych, a w szczegdlnosci na

ich adhezj¢, pozycjonowanie oraz inwazyjnosc.

Na potrzeby zaprezentowanych badan opracowano oprogramowanie umozliwiajace
dekonwolucje wielu obrazow mikroskopowych (Publikacja I); BatchDeconvolution to
wtyczka do programu Fiji, ktora taczy ze sobg moduly PSF Generator oraz
DeconvolutionLab2 (BIG, EPFL), programy stuzace odpowiednio do wyznaczania
Funkcji Rozmycia Punktu (ang. Point Spread Function, PSF) oraz dekonwolucji
obrazoéw. BatchDeconvolution rozszerza w ten sposob funkcjonalno$¢ powyzszego
oprogramowania, zapewniajac srodowisko umozliwiajace sekwencyjne,
zautomatyzowane wyostrzenie wielopozycyjnych, wielokanatowych, poklatkowych
plikow graficznych. Takie podejscie pozwolilo na przetworzenie duzej iloSci obrazow
mikroskopowych zebranych podczas badan in vitro przedstawionych w dalszych

czesciach pracy.

Istniejg dwie izoformy biatka taliny: talinal i talina2. Talinal jest szeroko badana,
natomiast niewiele wiadomo o biologicznej roli taliny2. Mimo tego, ze posiada ona wiele
funkcji wspdlnych z jej siostrzanym biatkiem, jednak literatura wskazuje, ze biatka te
wykazuja swoista aktywno$§¢ w komorkach 1 nie sa wzgledem siebie redundantne.
Zaprezentowane badania skupiaja si¢ na mechanizmie molekularnym, za pomoca ktorego
swoiscie talina2 reguluje sekrecje i transport wewnatrzkomorkowy metalopeptydazy
macierzowej 9 (MMP9), enzymu bioragcego udziat w degradacji macierzy
zewnatrzkomoérkowej 1 dojrzewania inwadopodidow w poczatkowych stadiach inwazji
nowotworowej. Badania prowadzono na linii komorkowej raka piersi. Usunigcie taliny2
z komorek spowodowato zahamowanie dokowania pecherzykow z MMP9 do btony
podstawnej, a w konsekwencji skierowanie ich do degradacji w lizosomach. Co wigcej,
mutacja reszty aminokwasowej w talinie2 odpowiedzialnej za charakter oddzialywania

talina2-integryna 1, data podobne wyniki jak ablacja taliny2. Ze wzgledu na wzmozony
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recykling MMP9, komoérki pozbawione taliny2 zaczgly gromadzi¢ metalopeptydazg w
przeros$nigtych pecherzykach wewnatrzkomérkowych, co sugeruje przekroczenie

maksymalnej wydajnosci procesu degradacji biatek w komorce (Publikacja I1).

Interakcja taliny z integryng f1 odgrywa rol¢ roéwniez w tworzeniu si¢ guzow i adhezji
nowotworow jelita grubego. Publikacja 111, zawarta w tej rozprawie, opisuje rolg
cyjanidyno-3-O-glukozydu (C3G) w kontekscie regulacji oddziatywania taliny1 i taliny?2
z integryng 1, procesu nowotworzenia oraz adhezji komorek raka jelita grubego. C3G
jest naturalnym barwnikiem wystepujacym w wielu czerwonych i niebieskich warzywach
I owocach. Wykazuje on wiele korzystnych dla zdrowia wlasciwosci, m.in.
przeciwutleniajace, przeciwzapalne czy przeciwcukrzycowe. Ponadto, kilka doniesien
taczy C3G z dziataniem przeciwnowotworowym. Z badan przedstawionych w niniejszej
pracy wynika, ze na granicy biatek w kompleksie taliny i integryny tworzy si¢ kieszen
wigzaca dla C3G. Obecno$¢ tego zwigzku zwigksza powinowactwo migdzy tymi
biatkami, prowadzgc do zwigkszenia adhezji w komorkach raka jelita grubego, co

skutkuje w zahamowanie powstawania guzow.

Poszerzenie wiedzy na temat funkcji biatek talinyl i taliny2 umozliwia lepsze
zrozumienie regulacji procesu powstawania i przerzutowania nowotworow. Co wigcej,
mimo ze talina2 zostata odkryta ponad 20 lat temu, jej rola w biologii i adhezji komorek
jest nadal stabo zbadana. Przedstawione badania pozwalaja poszerzy¢ nasza wiedze na
ten temat. Ponadto, poznanie mechanizméw molekularnych odpowiedzialnych za
interakcje biatek bioragcych udziat w rozwoju nowotworéw moze pomoc W

opracowywaniu nowych terapii przeciwnowotworowych.

10| PAGE
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1. INTRODUCTION

1.1. CANCER

Cancer is a common name for a group of related diseases in which cells start to proliferate
in an abnormal and uncontrolled manner, and gain a potential of invading neighboring
tissues and organs [1,2], usually, as a result of an accumulation of mutations over time
[3]. Cancer is usually classified based on two criteria: the primary anatomic site that it
developed in and the histological tissue type that it developed from [4,5]. In the case of

the latter criterium literature distinguishes several main histological types of cancer:

e carcinoma — originating from epithelial tissues such as skin;

sarcoma — originating from connecting tissue such as muscles, bones, or cartilage;

leukemia — originating from bone marrow;

lymphoma — originating from lymphatic tissues;

multiple myeloma, melanoma, brain and spinal cord cancer, and other [1,4,5]

There are also some mix-types cancers like carcinosarcoma [4]. The cancer type, together
with the stage of its advancement are the main factors taken under consideration during

an anti-cancer treatment [6].
1.1.1. Epidemiology

According to the World Health Organization (WHO), in 2018 cancer was the second most
common cause of death in the World after cardiovascular diseases; over 1 in 6 deaths
were caused by cancer [7]. Furthermore, statistically 1 in 8 men and 1 in 10 women will
develop cancer during their lives [8]. The most common types of cancer are lung, breast,
prostate, and colon cancers [8].

There are many factors influencing the risk of developing cancer, both genetic and
environmental [9]. Many of the mutations that underlay carcinogenesis are present in
germ cells, thus they are hereditary. The most common anomalies that are passed through
generations are in tumor suppressor genes such as BRCAL, BRCA2 and TP53 [9,10].

In the case of environmental risk factors, one of the most prominent is tobacco smoking
[7]. Approximately 4 % cancers in women and even 25 % in men are related to smoking
[9]. Furthermore, studies show that smokers have 30-fold higher risk of developing lung
cancer [11]. Another leading risk factor for cancer development is alcohol drinking [7].

It is estimated that around 5.5 % of all cancer cases can be attributed to alcohol [12]. The
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1.1. CANCER

risk of developing some kinds of cancer, such as neck or head, can be even 10 times
higher in the case of heavy drinkers [9]. Moreover, alcohol may act as a solvent for other
environmental carcinogens, like tobacco, leading to a synergistic effect in cancer
morbidity [7,12,13].

Environmental pollution is another factor significantly increasing the risk of
carcinogenesis [9]. Air can be contaminated with many carcinogens including asbestos,
benzene, heavy metals, or ozone. People living near refineries and manufacturing plants
are particularly exposed to higher local pollution [9]. Indoor air contamination is mostly
connected with bad ventilation. Cooking residues, tobacco smoke or accumulation of
radioactive radon significantly increases the risk of lung cancer [9,14,15]. There are many
sources of water pollution including industrial discharges, soil leaching, agricultural
wastes, atmospheric deposition, or water disinfection. They result in water contamination

with carcinogens such as chlorination by-products or arsenic [9,16,17].

There are many other factors influencing the risk of developing cancer [7,9]. For example:
high exposure to UV light or sunlight induces skin DNA damage and mutation, increasing
probability of carcinogenesis [18]. Bad dietary habits can provide organism with
carcinogens (e.g. trans-fats) [19]. On the other hand, a balanced diet and proper vitamin
supplementation can reduce the cancer risk [20,21]. Also, some natural compounds, such
as anthocyanins, found in blue and red fruits and vegetables, potentially have anti-cancer
properties [22,23]. Another example of a cancer-preventive factor is increased physical

activity, that reduces cancer risk through, among others, immune system stimulation [24].
1.1.2. Cellular hallmarks of cancer

The hallmarks are properties that are common to all cancers. Over the years, the number
of hallmarks recognized by the scientific community has been changing, depending on
new developments in the field and the level of specificity in their definition [25-30].

Currently, the most common model distinguishes ten hallmarks (Fig. 1) [30]:

o replicative immortality — normal cells have a limit of divisions that they can undergo,
due to telomers shortening. In cancer cells, an enzyme called telomerase is activated
from its dormant state, allowing cancer to elongate telomers [31,32];

e genome instability and mutation — cancer cells genome repair system is impaired due

to the loss of tumor suppression genes or activation of oncogenes [32];
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Fig. 1. The ten hallmarks of cancer. Based on [30,33].

evasion of growth suppressors — cancer cells are insensitive to signals suppressing their
entering to growth and division phases [29,34];

resistance to apoptosis [35];

sustained proliferation — tumors can provide themselves with pro-proliferation factors,
such as Epidermal Growth Factor (EGF) [30,36];

altered metabolism — due to increased growth, cancer cells require higher energy
production. Instead of oxidative phosphorylation, they use an alternative process
called aerobic glycolysis or the Warburg Effect. These cells convert pyruvate to lactate
instead of oxidizing it in mitochondria, regardless of access to oxygen [37,38];
avoiding immune destruction — cancer cells suppress the part of the immune system
that is responsible for recognition and destruction of transformed cells [30,39];
tumor-promoted inflammation — a tumor can mimic inflammatory conditions of
normal tissues. Then, immune cells can provide it with factors promoting growth,

motility and metastasis [40];

13|PAGE



1.1. CANCER

e induction of angiogenesis — tumor cells are able to induce formation of new blood
vessels to provide themselves with oxygen and nutrients. As this is a pathological
process, the new vessels are often of a low integrity, providing cancer cells an easier
path for intravasation [41-43]; and,;

¢ invasion and metastasis — creation of secondary tumors [44,45].
1.1.3. Tumorigenesis

Tumorigenesis is a process of producing a tumor [46]. It is often wrongly interchangeably
used with carcinogenesis, which is a process of transformation of normal cells into cancer
[46,47], and one of the pathways of creating a carcinogenic tumor [48]. Another pathway

is metastasis, that results in a development of secondary tumors [49,50].

Carcinogenesis results from acquisition of multiple mutations over time [3]. In its initial
stage, accumulated mutations cause deregulation of cell growth and differentiation, what
leads to uncontrolled cell division and finally to hyperplasia [51,52]. Further DNA
damage causes loss of cells classical morphology in a dysplasia stage [51,52]. Though
dysplasia does not ascertains the development of cancer, in some cases altered cells may
eventually occupy the entire cellular layer and create carcinoma in situ [51,53]. At this
stage the tumor is localized to a single site, but its further growth leads to malignancy and
invasion (Fig. 2) [51,54].

Initiation — Hyperplasia — Dysplasia — Carcinoma in situ — Malignant tumor Metastatic tumor

JJ0.L ...
omvasion

9 Intravasation
e Dissemination

o Extravasation
) Angiogenesis

Created with BioRender.col

Fig. 2. Tumorigenesis in an epithelial layer: carcinogenesis and metastasis. Based on
[44,45,48,50-52,54].
Invasion, the detachment of a cell from the primary tumor site, initiates the process of
creation of secondary tumors called metastasis [55]. After penetrating the surrounding
tissue, a cancer cell can enter the circulatory system through the process of intravasation
[45,51]. Pathological angiogenesis supports this phenomenon further, making blood

vessels more accessible [41,43]. Circulating tumor cells can disseminate at distant sites
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1.1. CANCER

of the body [54,56]. Then, through the process of extravasation, cells leave blood vessels
and find new niches in remote tissues to develop secondary (metastatic) tumors (Fig. 2)
[45,51,54].

1.1.4. Invasion

Invasion is the first step of metastasis, and also, the first step of spreading cancer cells
into surrounding tissues and lymph nodes [30,43]. Literature usually divides it into three
stages. In the first one, a cell positions itself on the extracellular matrix (ECM, see Box
1. The Extracellular Matrix). During this process, cell-cell interactions weaken, and

cell-ECM interactions become stronger [59].

ECM Adhesion ECM Degradation

Migration into the
surrounding tissue

rd

Created with BioRender.com

Invadopodium et actin |ta|in \ J integrin la MMPs
! .

Fig. 3. Stages of cancer cell invasion from an epithelial tissue. Insert: a simplified scheme

of an invadopodium. Based on [57-62].
In the second stage of invasion, in order to wade through the ECM, cancer cells form
structures called invadopodia [57,58]. They are actin-rich thin long protrusions found on
the ventral side of a cell. They are usually centrally localized [62]. Their main function is
degradation of the ECM with various proteases mostly from matrix metallopeptidases
(MMPs) family [60-63]. This allows cells to penetrate to the surrounding tissue in the
last step of invasion [57,58].
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1.1. CANCER

1.1.5. Invadopodia

Invadopodia are actin-rich protrusions directed towards the ECM. Their main task is to
degrade and penetrate the neighboring matrix, to allow cell invasion and metastasis [60].
The formation of a invadopodium starts with the assembly of precursors, such as
cortactin, cofilin, Arp2/3, and N-WASp, that are later anchored to the plasma membrane
by Tks5 protein [64,65]. In the next step, B1 integrin is recruited to the complex [60,66].

Independently from B1 integrin, talinl binds to the invadopodium precursor complex
[60,61]. Nonetheless, further interaction between these two proteins is critical for
recruitment of moesin-NHE-1 complex, that leads to the initiation of degradation of the
ECM by stimulating membrane type 1 matrix metalloproteinase (MT1-MMP) [60,61].
Simultaneously, activation of cofilin, promotes actin polymerization and growth of the
invadopodium [60,61,66,67].

In the late maturation stages, invadopodium continues to elongate based on the further
actin polymerization [60]. In these further stages, microtubule filaments are also to be
found in these protrusions, presumably, serving as trafficking routes for proteases-
containing vesicles (such as MMP2, MMP9 or MT1-MMP) [68,69].

Box 1. The Extracellular Matrix

The Extracellular Matrix (ECM) is a dense non-cellular 3-dimetional structure of
entangled fibrous proteins (e.g. collagen, elastin, fibronectin) and proteoglycans (e.g.
hyaluronan, perlecan) [336,337]. It provides scaffolding and support for cells, and
contributes to strength and elasticity of tissues [338,339]. The ECM provides
biochemical and mechanical cues regulating processes in cells, including adhesion and
migration [340-342]. A healthy ECM creates an almost impenetrable barrier for cells
[343,344].
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1.2. ADHESION-RELATED PROTEINS IN CELL MOTILITY

Cell migration and motility underlie many biological processes, including physiological
ones such as wound healing [70,71], immunological response [54,72], or embryonic and
tissue development [73,74], and pathophysiological ones such as, mentioned earlier,
invasion and metastasis in cancer development [75]. There are several different modes
(strategies) of cell migration, that depend on several factors including cell adhesion level
or environmental confinement/crowding [76]. In the case of cancer invasion, a single cell
mesenchymal type of migration is the widest studied mode thus far, especially for
research conducted in a high adhesion environment (Fig. 4) [77,78]. There are numerous
proteins involved in coordination of cell migration [79,80], including scaffolding [81,82],
cytoskeletal [83] and regulatory proteins [84,85], proteases responsible for ECM
remodeling [68], or adhesion proteins such as talins and integrins [86-88]; thus, only

selected proteins, most relevant to this work, will be discussed in more details.

Direction of movement
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Created with BioRender.com

Fig. 4. The scheme of a single cell mesenchymal migration mode. (1) In the first step the
cell protrudes a wide projection at the leading edge called lamellipodium. (2) At the
interface between the lamellipodium and the substrate new adhesion structures are formed
to stabilize the new position. (3) The contraction of the actomyosin cytoskeleton creates a
force that propels the cell body towards the leading edge. (4) Adhesions in the back of the
cell disassemble to allow retraction of the cell’s tail. Then, the cell can repeat the cycle.
Based on [89,90].

1.2.1. Talins

In vertebrates, there are two talin isoforms: talinl and talin2. They are encoded by two
separate genes: TLN1 and TLN2, respectively [91]. Thus far, most of the scientific

attention has been directed towards talinl [87].
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Talinl is a large protein [92,93] primarily described by Keith Burridge and Laurie
Connell in 1983 as a molecule playing a role in focal adhesion (FA, see Box 2. Focal
Adhesions) dynamics and membrane ruffling [94]. Later, it was shown that it is crucial
for initiation of cell adhesion by activating integrins [95], and through binding to both
integrin and actin it creates a link between the cytoskeleton and the extracellular matrix
[96]. In the following years several binding sites for adhesion and migration related
proteins were found in talin, including multiple vinculin binding sites [97-101], a focal
adhesion kinase (FAK) binding site [102,103] and a paxillin binding site [104] (Fig. 5).

Head (FERM domain) Iiinkelr Rod (13 bundles of a-helices)

ABS1 (F2-F3)

B-integrin subun
JFIP2\ TIAM1 layilin

ABS3 (R13-DH)

R5 R9 R10 R11 R12 R13 DH
1-84  85-207 208-309 310-400 487-655 797-909 1047 1205 1355-1,657 1658 1826 1975 2141 2300 2496

©2017 Publihed by The Company of Biologists Ltd. =200 =19 A1 cTin0; 1622 IR, 2140 S22t =N, =ehad

F2 R1

Fig. 5. The structure of talinl protein. Domains, subdomains, and most important

interaction sites are marked; vinculin binding regions are highlighted in purple. Reproduced

from [88] with permission from The Company of Biologists Ltd.
Talinl is composed of two main domains: an N-terminal head FERM (standing for 4.1,
ezrin, radixin and moesin proteins, where it was primarily described [105]) domain [106]
and a C-terminal rod domain composed of 13 a-helix bundles [107]. The domains are
connected by an unstructured linker [88,108]. FERM domains are associated with
cytosolic plasma-membrane-targeted proteins [105]. Talinl’s FERM domain has an
atypical build with an additional FO subdomain, being similar in its structure to F1
subdomain [106]. Thus far, this aberration was also found only in kindlins [106,109]. It
is postulated that FO domain is required for integrin activation and stabilization in its
active state [110], as only talinl and kindlins proteins were shown to activate integrins
[111]. Beside interacting with the plasma membrane and integrins, the head domain has
binding sites for several other proteins, including actin (ABS) [97,112]. Some of the sites
overlap with one another leading to a complex regulation of talinl’s activity (Fig. 5)
[113,114].

The rod domain also contains multiple binding sites. It has a secondary integrin binding
site within R11 bundle [115,116], though, the interaction mechanism and its role is still
not defined well [87,88]. Also, all the talin1’s vinculin binding sites are located in the rod
[88,101]. Moreover, the rod has two actin binding sites [97,117]. It is postulated that they
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play different roles in cell adhesion and migration, with one acting as a tension bearer,
while the other as a force dependent trigger for vinculin binding [87]. A full length talinl
creates a homodimer through the last C-terminal dimerization helix (DH) [88,118].

Similarly to the head domain, some of the rod’s binding sites overlap (Fig. 5) [87,107].

Talinl’s activity can be regulated through the separation of the head and the rod domains
[119,120]. A cleavage site for calpain protease is located in the talinl’s linker region
[87,121], thus, its conformational availability plays an important role in mediating cell

migration and adhesion dynamics [108,121].

As mentioned before, talinl’s functions are associated with regulation of integrins activity
[88,95] and transduction of mechanical cues between the cytoskeleton and the cellular
environment [96]. It is also engaged in cell migration [122] and focal adhesion dynamics
[108,121-123]. Moreover, it mediates invasion [123], invadopodia formation [61] and

metastasis [123,124] in cancer cells.

Talin2 was discovered in 1999 through a functional genomic analysis, as a result of a
search for the third talinl actin binding site motif in genomic databases [91,117,125].
Structurally talin2 is similar to talinl. Primary structures show 76 % of identity and 88 %
of similarity [87,91]. Both proteins also share the same domain and subdomain
organization including the localization of all of the interaction sites [87]. The main
difference between these two isoforms is in their affinity towards some of the ligands.
First of all, talin2’s head shows much higher affinity towards integrin than the one of
talinl [126,127]. Nonetheless, thus far, it was not proven that talin2 is able to activate
integrins. Moreover, several studies show that depletion of talin2 (in opposite to talinl)
does not change the integrin activation level during cell spreading [124,126,128].
Furthermore, talin2 has also higher affinity towards actin [87]. These properties support
the observation that talinl is more abundant in young small peripheral adhesion
structures, that are highly dynamic, whereas talin2 is rather associated with mature, stable
centrally-localized large adhesions [126,129-132]. Although, dimerization helices
between both talin isoforms are highly conserved, thus far heterodimers were not
described in the literature [87]. Furthermore, the distribution of these two proteins differs
among tissues; while talinl is present in most of the cells in the human body (with an
exception of a heart muscle), talin2 is to be found only in selected tissues, such as skeletal
and heart muscles, the brain, and kidneys [87,133-136].
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The biological role of talin2 is less understood than its sister isoform. As talins have
similar structures and share many biological functions [128,137], it was initially
presumed that talin2’s functions are redundant in regard to talinl [124,128]. However,
closer studies showed that both, talinl and talin2, play distinct roles, and often either of
them is required in many cellular processes, including tumorigenesis, cancer invasion,
and traction force generation [126,138]. Furthermore, due to its subcellular central
localization, talin2 is believed to have stronger association with invadopodia maturation
and extracellular matrix degradation than talinl [126]. Moreover, talin2’s muscle tissue
specificity and stronger integrin and actin binding suggest, that one of its distinct role
may be transduction of forces of a greater magnitude [132,139].

1.2.2. Integrins

Integrins are best recognized for being proteins anchoring cells to the ECM [140,141].
They are heterodimeric transmembrane receptors composed of o and  subunits. Most of
the subunits have a large extracellular domain responsible for interacting with
extracellular ligands, a single transmembrane helix, and a short intracellular domain

responsible for interaction with cellular agents [142,143].

In mammals, there are 18 o and 8 B subunits, making 24 distinct heterodimer
combinations (Fig. 6A) [86,140]. Different types of integrins show different affinity
towards ECM ligands depending on their composition (Fig. 6A) [140]. In some cases, the
binding site is located on the a subunit [144,145], in other, it is shared between both of
the subunits [144,145].

There are three main integrins conformations, connected with integrins activation level;
each of them shows a different affinity towards the ECM ligand [88,111]. There are
several pathways leading to integrins activation. The most common one, mentioned
earlier, is based on an initial interaction with talinl [88,111]. Unbound integrin resides
mostly in a thermodynamically preferable bent closed conformation [111,146], which has
a very low affinity towards the ligand [146,147]. Upon interaction of a f subunit
cytoplasmic tail with talinl’s head domain, integrin unfolds taking an extended closed
conformation, that still has a low-to-intermediate ligand binding capacity [146,147].
When interacting with the ligand, integrins are being stabilized in the third conformation
called extended open, that may have even 5,000-fold stronger affinity towards the ligand

than the two other states [147,148]. As the signaling comes from the inside of the cell this
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kind of an activation pathway is called inside-out (Fig. 6B) [140]. The second kind of an
activation pathway, called outside-in, is driven by ques from the extracellular
environment [140]. Even though the bent closed state is thermodynamically optimal, due
to thermal fluctuations, a small amount of unbound integrin is in the extended closed or
open conformations (about 0.1 % and 0.15 %, respectively) [111,146,149]. Thus, in the
extended open conformation, the ECM ligand can be bound simultaneously with talin on
the other end, locking integrin in the open state [111]. Furthermore, integrins can be
stabilized in the extended conformation by various extracellular (bio)chemical agents like

manganese cations or conformation specific antibodies [147,150].

A

Talin1 \

Extended ()
closed

©2002 by Cell Press

Actin ‘\f\

Extended

w'{‘ D \“'
SN
——* 00 ——*9 open
Bent closed ﬁ
S=Somoss Seems St =
ngand Created with BioRender.com

Fig. 6. Panel A. Integrin heterodimers with their most common ligands. Most of them
recognize ECM ligands, such as RGD motif (present in e.g. fibronectin) or collagen; a small
subgroup of leukocyte specific receptors recognizes Ig-superfamily cell surface
counterreceptors. a4pl and a9B1 integrins (in green) bind both ECM ligands and the
counterreceptors [140]. Reprinted from [140] with permission from Elsevier. Panel B. A
scheme of the inside-out activation of integrin by talinl. Based on [88,111].

Besides playing a key role in cellular adhesion, integrins are connected with many other

biological phenomena. They mediate processes like immune response (mentioned earlier)
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[151], cell cycle and proliferation [152,153], embryogenesis [154,155], or cancer
invasion and metastasis [156-159]. Furthermore, misregulation of integrin signaling is
associated with many pathological processes and diseases [160], such as severe muscular
dystrophy (absence of integrin a7) [161], cardiac fibrosis (an overexpression of integrin
al1)[162], the leukocyte adhesion deficiency I (a loss of expression of B2 integrin) [163],
loss of platelet aggregation a (deletion of B3 integrin gene) [161], or cancer [164] (e.g. an
overexpression of aVB8 promotes growth and invasion of squamous cell carcinoma

[165], an overexpression of integrin a.11 promotes non-small-cell lung carcinoma [166]).

Box 2. Focal Adhesions

Focal adhesions are integrin-based structures that link cells to the ECM [345]. Beside
cellular adhesion, they mediate the process of mechanotransduction, cell edge
protrusion, and migration directionality and velocity [346-352]. They are composed
of over 150 different types of proteins [79,80,353] organized in a composite
multilaminar nano-architecture (Fig. 7A) [354]. The adhesion formation can be
divided into several stages [355]. Initially, nascent adhesions are created at the leading
edge. Most of them are quickly disassembled, but some grow into focal complexes
and focal adhesions [129,356]. Further, these structures may also be disassembled or
stabilized to create fibrillar adhesions in the central region of the cell. That, in result
impedes migration (Fig. 7B) [355]. Colloquially, in many studies all integrin-based
adhesion structures are often called focal adhesions, as the other names were adopted

years after the discovery and naming of focal adhesions [345].
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©2010 Macmillan Publishers Limited.

Fig. 7. Panel A. The nanoscale architecture of focal adhesions made of layers of
different proteins. Reprinted from [354] with permission from Springer Nature. Panel
B. The distribution of adhesion structures in 3T3/NIH mouse embryonic fibroblasts.
Cells were stained for talinl (green) — a focal adhesion marker and DAPI (blue) — a
DNA marker. Young peripheral nascent and focal adhesions are small and numerous,
after they mature, they can become fibrillar adhesions located in the center of the cell.

22| PAGE



1.2. ADHESION-RELATED PROTEINS IN CELL MOTILITY

1.2.3. Talin-integrin-ECM interaction at the molecular level

In the previous section, the talin and integrin interaction during the inside-out signaling
was briefly described. Even though the interplay between these two groups of proteins
has been broadly studied, still, there are many aspects that need further investigation. One
of the recent discoveries showed a nontrivial dependency between a pulling-force and an
integrin-ligand interaction lifetime called a catch-slip bond, or more commonly, a catch
bond [86,167].

In the standard model of molecules interaction, called a slip bond, the stability of the bond
decreases with an exerted pulling-force [86,168]. In the case of a catch bond, at first, the
attraction between molecules rises together with the force, and then, after reaching a
threshold, it weakens [86,167]. Thus, binding integrin to talin and linking it with the
actomyosin cytoskeleton provides additional tension that further stabilizes cellular
adhesion [111,169]. The mechanism underlying the catch bond in integrins has not been
thoroughly described yet [86]. One of the hypotheses presumes that the additional force
provided into the interaction stabilizes the fluctuations between the open and closed states
of the extended conformation, resulting in increasing lifetime of the open state (Fig. 6B)
[86,170]. Moreover, studies show that upon tension, a5B1 integrin undergoes further
conformation changes, leading to the formation of new hydrogen bonds at the interface
between integrin and the ECM [170,171]. The catch bond behavior was observed for
many integrins, including o581, avp3, aLp2 or a4p1 [86,137,167,172,173].

The second worth-noting aspect is the molecular basis of the differences between talinl
and talin2 interaction with integrins (in this case, specifically with B1 integrin). Talins
bind to integrin B subunits through its head F3 domain (Fig. 5, Fig. 6B) [88]. The
differences in the molecular architecture of the binding sites in talins result in affinity
differences between these proteins and integrins, as well as in differences in talinl- and
talin2-integrin quaternary structures [126,127,174]. Recent studies show that a mutation
of just a single residue (C336 or S339 in talinl or talin2, respectively) is responsible for
the majority of the differences [126,127]. Talin1%¥S has a higher affinity towards B1
integrin than the wild-type protein and it has the integrin binding geometry similar to
talin2VT. At the same time, talin25%° has a lower affinity towards its partner than
talin2"VT [126,127]. Furthermore, studies made on talin2-knockout cells showed that the

S339C mutant does not rescue the phenotype [126,138]. Therefore, it seems safe to
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hypothesize that the aforementioned mutations result in the differences in the nature of

the interaction between talin isoforms and f integrins [127].
1.2.4. Matrix metallopeptidases

Matrix metallopeptidases (MMPs), also known as matrix metalloproteinases, are a family
of zinc depended proteins involved in degradation and remodeling of the ECM [175,176].
There are 23 different MMPs in humans, including 6 membrane-bound ones [177].
MMPs’ activity is connected with several biological processes, including cell migration
[178,179], apoptosis [180], synaptic plasticity [181], and embryogenesis [182]. They also

play a key role in cancer invasion and metastasis [176,183].

In cancer invasion, MMP14, also called MT1-MMP, is the prominent ECM degradation
enzyme that participates in the initiation of invadopodia formation [61,184]. Another two
broadly studied proteases, strongly connected with tumor metastasis, are MMP2 and
MMP9 [185-188]. The activities of these three MMPs are tightly connected [189,190].
First of all, in many cancers MMP2 and MMP9 are co-expressed [189]. They are secreted
in a form of zymogens, proMMP2 and proMMP9, respectively. To gain their proteinase
properties, they have to be cleaved first; MT1-MMP has catalytic properties towards
proMMP2 [191], while MMP2 can cleave proMMP9 [189,190,192]. The pathway
requires proximity to the plasma membrane and the presence of tissue inhibitor of
metalloproteinases 2 (TIMP2) for high efficiency [189]. Some other proteinases also can
activate MMP9 [193-195].

TIMPs are a family of four proteins that regulate activity of extracellular proteinases,
including MMPs [196]. Even though their main function is inhibition of proteolytic
processes, as mentioned before, the presence of TIMP2 provides the catalytic site for
MMP2 activation [189,196]. TIMPs show poor specificity towards different proteases
[197], although, TIMP1 has higher inhibition properties towards soluble MMPs
[189,198,199], while TIMP2 is an efficient inhibitor of MT1-MMP [199]. Thus, in
relatively low concentrations of TIMP2, it acts as a catalyzer for MMP2 activation (what
consequently leads to MMP9 activation), while in high concentrations it inhibits the all
three mentioned proteases, either directly, like MT1-MMP, or through blocking cleavage
of the proenzymes [189].

Misregulation of MMPs and TIMPs is one of the markers of cancer [200]. Several recent

studies showed that adjustment of their activity can reduce carcinogenesis and invasion
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in cancer cells [187,188,190,201]. Therefore, these proteins might be promising targets
for anti-cancer therapies.
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Microscopy is one of the most popular techniques used in cell biology and biophysics
research. It is used to magnify and manipulate microscopic size objects, thus it allows to
observe, record, and elucidate cellular and sub-cellular mechanisms. Even though the
optical properties of glass lenses were known to ancient Greeks and Romans [202], the
first microscope, with an optical design corresponding to the ones that are currently in
use, was invented around 1609. Yet, the original inventor is unknown and the design may
be ascribed to several people, with Zacharias Janssen and Hans Lipperhey being the most
probable ones [202,203].

1.3.1. Microscopy image formation

The general microscope setup employs two converging lenses to produce a magnified
image. The first lens, the one closer to the object, is called an objective lens, the second
one — an eyepiece lens. The first lens creates a real, magnified image. The second one
forms a further magnified, virtual image based on the first one, that is then visible to an
observers eye (Fig. 8A) [204].

In the case of an electronic-detector design, the final image has to be real and, in the case
of widefield imaging, focused on the detection plane. Thus, in contrary to the eye-detector
design, the simplest electronic-detector design does not require an eyepiece lens (Fig.
8B) [205]. Another possibility for this design is to use a three-lenses setup, with an
additional lens between an eyepiece lens and camera’s sensor matrix that mimics the lens
of an eye [206].

In modern microscopes instead of a single objective and an eyepiece lenses, there are
usually sets of several lenses designed and built as a single component. This allows for
higher magnification and correction for some of optical aberrations [207-209].
Furthermore, there are often additional supporting lenses (e.g. tube lens), that are used for
further minimalization of optical aberrations, manipulation the microscope’s optical

pathway or additional magnification (or reduction) of the image [210-212].
1.3.2. Image acquisition

There are two main modes of acquisition: widefield and scanning. In the widefield mode
the signal from the whole imaging area is collected simultaneously using a camera with

a matrix of photo-sensible semiconductors, capable of to accumulate charge proportional
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to the light that illuminates them, called pixels (from picture elements) [213]. In the
scanning mode, the image is created by collecting information from a specimen in a
sequential pixel-by-pixel manner. It is usually executed through illumination of a single
spot in a sample with a focused laser beam and then collection of the fluorescence signal
(or transmitted light) with a single highly sensitive detector such as a photomultiplier or
an avalanche photodiode [213,214]. There are also several hybrid techniques that benefit
from both approaches. In example, Image Scanning Microscopy (ISM) uses laser
scanning module for illumination, but instead of a single brightness value, a whole image
is collected with a camera for each beam position. Then the set of images is analyzed and
used to reconstruct the image of the whole specimen [215].
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Fig. 8. Ray diagrams for image formation in a microscope. Panel A. The eye-detector
design. An object must be positioned between the single and the doubled focal length
distance (Fo — the focal point of the objective lens) of the objective lens. The first image
created by the objective lens is real, inverted, and magnified. It is created between eyepiece
lens and its focal point (Fg), thus the second image is virtual, simple (in relation to the first
image), and further magnified. Panel B. In the case of the most simplified camera
electronic-detector design, a real image has to be created at the sensor. In this setup, the
image is built the same way as the first image in the eye-detector design, but then it is
collected at this stage, without going through any subsequent lenses. Both presented panels
are in scale in the relation to the object plane at the beginning of the rays.
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Charge-Coupled Device (CCD) and Complementary Metal-Oxide—Semiconductor
(CMOS) sensors are two classes of camera sensors the most widely used in microscopy.
The basic CCD-type sensors work in two phases. During the exposure phase (also called
the acquisition phase), the sensor matrix collects the signal from the specimen. In the
readout phase, in first CCD cameras, the sensor was physically covered from light with a
mechanical shutter. Charges accumulated in single pixels in the sensor matrix are
transformed into the digital data stream. Each sensor line is transferred sequentially
through the image array towards a register shift. In the register shift, information from
each pixel is passed onto a Charge-to-Voltage converter, then the signal can be amplified,
digitalized, and stored (Fig. 9A) [216,217].
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Fig. 9. A readout scheme of a CCD camera sensor. Panel A. During the exposure phase
photons striking on the pixel’s surface cause a charge build-up. In a readout phase, the
sensor is covered from light. In this phase charges from all pixels are sequentially shifted
line-by-line towards the horizontal shift register. Then, information is
towards a Charge-to-Voltage Converter (CVC). Next, it can be amplified (AMP) and
is digitized by an Analog-to-Digital Converter (ADC). Finally, data is transferred to an
output device (OUT, e.g. a computer). Spaces between pixels are designed to be minimal
to assure the most accurate imaging. Based on [218]. Panel B. A frame-transfer CCD
scheme. Charges from the whole image section, after the exposure phase, are rapidly
allelly shifted into the second, masked storage region. Then data is out as
previously described. Panel C. An interline-transfer CCD scheme. Charges from all pixels
are transferred to adjacent, covered pixels. Then, data is out as previously described.
In both cases the subsequent acquisition phase can begin right after shifting data to the
covered part of the sensor. Based on [216].
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The main caveat of this design is a relatively long readout phase (e.g. 50 ms for 1
megapixel sensor, 20 MHz readout), that is comparable in length to an acquisition phase.
This results in a long sensor dead-time when data is not collected. There are several
solutions addressing this problem that are currently in use, that allow to minimize time
between subsequent acquisition phases and eliminate necessity of using a shutter. A
frame-transfer CCD employs a second CCD matrix. After the exposure phase, data from
the whole image array is shifted (still in a line-by-line manner) to the masked storage
array. This process is fast enough that the subsequent exposure phase can be initiated
almost immediately (< 0.5 ms), without the need of covering the sensor [219]. Next, the
data that was shifted to the storage section can be read out the same way as described
previously, simultaneously with a subsequent acquisition phase (Fig. 9B). The second
most common solution is an interline-transfer CCD. Data from the image array is shifted
to adjacent, covered pixels almost instantaneously (~1 us) and then read out (Fig. 9C)
[220]. This solution also does not require any shutter. Both architectures have their
strengths and weaknesses (e.g. charge shifting time, sensor quantum efficiency, or price)

that should be considered while choosing a CCD camera for a microscopy system.

The second class of camera sensors is CMOS. Their main difference from CCDs lays in
their microarchitecture. Each CMOS’s pixel has an internal circuit with a separate
Charge-to-Voltage converter, amplifier, and Analog-to-Digital converter. The use of
separate circuits allows to read each pixel separately and not as a part of a whole-sensor
data stream like in CCD sensors [221]. Furthermore, CMOS-based cameras usually have
a higher frame rate of the two classes. On the other hand, due to differences in
performances of single semiconductors, a CMOS’s pixel-conversion-amplification
approach results in uneven light-to-voltage conversion rates between single pixels.
Therefore, each sensor has to be calibrated and a specific amplification correction has to
be applied to for each pixel [222]. Moreover, due to a more complex architecture, these
kind of sensors usually show lower quantum efficiency than CCDs [223]. Nevertheless,
modern CCD and CMOS cameras are characterized with very similar performances
[213], thus not only a type of a sensor, but even a specific model of a camera should be

considered while designing a microscopy system.

Laser scanning-based microscopy techniques show a different approach to image
acquisition. Instead of simultaneous illumination of the whole object, only a single spot

is illuminated with a focused laser beam, that scans a specimen, usually in a raster pattern
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[224,225] (Fig. 10A). The signal from a sample is collected by a single-spot light sensitive
detector. It is then used to reconstruct the image in a pixel-by-pixel manner. This
approach, used with a confocal pinhole placed in the back focal plane before the detector,
allows to almost completely eliminate out-of-focus light, thus, to optically section the
sample in z-axis and to perform 3-dimensional (3D) imaging (Fig. 10B) [225,226]. This
Is advantageous especially for thicker samples [227]. The rejection of background light

results also in an increase of contrast and the signal-to-noise ratio [214].
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Fig. 10. Panel A. A scheme of a raster scanning pattern popularly used in laser scanning
microscopy. The signal is collected while scanning from left to right. After finishing a line,
the beam is shifted to the next line; data is not collected during the shift. After scanning
the whole area, the beam is moved back to the beginning of the region of interest (ROI) for
another scan of the area if planned. Based on [224]. Panel B. A scheme of a confocal laser
scanning microscope optical design. The light beam generated by a laser (or other strong
light source) is focused by a lens. It passes the first confocal pinhole to eliminate eventual
reflexes of out-of-focus light. Then, it goes through the excitation filter, it is reflected from
the dichroic mirror, and it is focused on the specimen by the objective lens, creating a single
illumination spot at the focal plane. Fluorescent light emitted by the sample is focused by
the objective and passes through the dichroic mirror. Then, it goes through the emission
filter, to eliminate non-specific signal, and through the second pinhole, to eliminate out-
of-focus emission, onto the surface of a detector. Based on [214,225].

Nonetheless, confocal laser scanning microscopy (CLSM) sectioning comes with several
limitations. Together with out-of-focus light, a part of signal from imaging plane is also
rejected. Therefore, CLSM requires higher total excitation light intensities than basic

widefield techniques, what causes higher photodamage of a specimen. Furthermore, in

3D imaging the sample is scanned multiple times, what causes further damage [228]. A
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low frame rate, being at a level of a single frame per second, is another caveat of laser
scanning microscopy [214]. Nonetheless, currently there are several advancements to
CLSM that increase acquisition rate to the levels comparable with camera-based
widefield techniques [224,226,229,230].

1.3.3. Fluorescence

Fluorescence is a phenomenon in which molecule relaxation from the singlet excited state
to the ground state is accompanied by an emission of a photon. (Fig. 11A) [231]. After
either an excitation (usually due to a photon absorption) or a relaxation transition, a
fluorescent molecule, called a fluorophore, can take any vibrational level (usually a higher
one, than it was on, before the transition), but the excess of the energy is dissipated rapidly
(Fig. 11A). This leads to two main properties of the fluorescence absorption-emission
spectrum. The first one is called the Stokes shift. Due to a vibrational relaxation, the
energy of the emission is usually smaller than that of the absorption (Fig. 11A). Thus, the
wavelength of the emission will be longer than that of the absorption (Fig. 11B). The
difference between spectra peaks is called the Stokes shift [231,232].
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Fig. 11. Panel A. A simplified Jabtonski diagram for fluorescence phenomenon [233]. A
fluorophore, after absorbing a photon, is excited into higher energy electronic (singlet) and
vibrational states. In the case of the latter, the excess of the energy is dissipated rapidly. A
fluorescent fluorophore relaxation is accompanied by an emission of a photon. There are
several other excitation and relaxation phenomena that are not depicted in the figure [231].
Panel B. The absorption-emission spectrum of enhanced green fluorescence protein
(EGFP) [234]. Generated with FPbase spectra viewer [235].

The second property is the mirror-image rule. According to the Franck-Condon principle,
electronic transition does not cause any changes in the positions of atoms’ nuclei. That

leads to similar structures of vibrational energy levels in the ground and excited states
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[236]. The second part of the principle says that the transitions have the highest
probability to happen between vibrational levels of the highest wavefunctions overlap
integral [237]. As most of the transitions happen from the lowest vibrational energy
levels, regardless of the direction of an electronic transition, the distribution of vibrational
levels taken by fluorophores after transition will be similar for both types of a transition.
Therefore, absorption and emission spectra are typically mirroring each other to some
extent (Fig. 11B) [231]. Nonetheless, there are several exceptions from these properties

[231].

Fig. 12. Examples of florescent probes used in cellular research. Panel A. A structure of a

green fluorescent protein (PDB entry code: 1GFL) [238] (left) with an exposed fluorophore

(right). Created by [239]. Panel B. A structure of fluorescein. Based on PubChem

[240,241], generated with PubChem Sketcher [242]. Panel C. A structure of DAPI. Based

on PubChem [240,243], generated with PubChem Sketcher [242].
In bright-field microscopy, which employs light transmitted through a sample, most
measurements depend on absorption or dispersion of the light by the sample. Thus, in the
case of working with thin specimens like cells, where the absorption is minimal, the
imaging contrast is low [244]. Limitations of bright-field microscopy can be overcome
by using fluorescent probes bound to specific cellular structures or proteins. There are
several kinds of probes including fluorescent proteins (Fig. 12A) [245,246], small-
molecule fluorophores (Fig. 12B-C) [247,248], and quantum dots [249], with the two
former being the most commonly used. In the case of small-molecule fluorophores they
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either can bind themselves to specific structures (e.g. DAPI to DNA) [248] or are
conjugated to another particle that recognizes the target (e.g. a fluorescein derivative
bound to an antibody) [247]. Fluorescent proteins are usually being fused at the DNA
level with a protein that is to be monitored. The construct is then introduced to cells in a
form of a plasmid or incorporated into cells’ genome. The fusion protein is synthesized
by the cell protein expression machinery [250,251]. This way, it is possible to observe

selected subcellular structures.

After staining a specimen, a fluorophore can be excited using a fluorescence microscope.
Due to the Stokes shift, excitation and emission lights can be optically separated from
each other based on their wavelengths. A basic filter set (often called a filter cube, as it is
usually enclosed in a small cube) is composed of three chromatic filters: an excitation
filter, a dichroic mirror, and an emission filter (Fig. 10B). The central element of the set,
a dichroic mirror, is designed to reflect excitation light but to pass the emission light (Fig.
10B). The goal behind using excitation and emission filters is to further separate
excitation and emission lights. The former is to increase selectivity of the fluorophore
excitation, the latter to increase selectivity of fluorophore emission light and to eliminate
eventual reflections of higher wavelengths of the excitation light that may pass through a
dichroic mirror [213].

The application of fluorescent particles increases contrast and sensitivity through
employment of a selective light emission with a dark background, instead of having
darker spots on a bright background. Using probes that target particular structures
increases specificity and selectivity, in comparison to bright-field microscopy [213].
Furthermore, by using fluorescence base super-resolution methods, it is possible to
achieve significantly higher imaging resolution than the one of bright-field imaging
methods [213]. Moreover, there are several microscopy techniques, that are based on
various properties of fluorescent light other than intensity, such as polarization [252],
anisotropy [253], or life-time of the excited state [254,255], that allow to perform more

complex studies of biological systems at the molecular level.
1.3.4. Resolution of microscopy imaging

Resolution is described as the smallest distance between two objects at which they can be
distinguished from each other [256]. In a microscope, an infinitely small point light source

creates a distinct pattern with a bright gaussian-like peak [214] in the center and a low
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intensity rings-like motif around it. This pattern is called the Airy disc (Fig. 13A) [257].
It results from a non-infinite observation setup and the phenomenon of diffraction; the
objective lens acts like a wide slit, causing a single slit-based diffraction, with the rings
being the successive fringes of the diffraction pattern [204]. Thus, by increasing the
angular size of the slit by e.g. widening the lens or decreasing the distance between an

objective and a sample, the peak will get narrower what leads to a better imaging

resolution [204].

A

Fig. 13. Panel A. A generated image of a point light source. The Airy disc pattern is clearly
visible. Generated by [258]. Panel B. Generated interference patterns of two separate point
light sources. The top image shows the instance where one source is located at the first
order maximum of the second source, the middle one — at the first minimum (the Rayleigh
criterion), and the bottom one — at a distance closer than the criterion. In the top two images
the objects can be easily distinguished from each other. Generated by [259].
There are several models to calculate the imaging resolution; the most common one used
for fluorescence microscopy is Rayleigh’s criterion [260,261]. By its definition, two
bright points may be assumed resolvable if the maximum of the image of one point lays
not closer than at the second point’s image first minimum (Fig. 13B). For widefield epi-
fluorescence microscopy, where the objective lens serves for both excitation and emission

light paths, the theoretical lateral resolution dr can be determined with:

0.614
= Eqg. (1
R NA ) q( )
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where 4 is the wavelength of light and NA is the numerical aperture of the objective given
by the equation:

NA = nsina, Eq.(2)

with n standing for the refractive index of the imaging medium and « is the half of the
angular aperture of the objective lens (the maximal angle of the rays emitted from the
focal point and collected by the objective) [256]. A common alternative way to describe
and compare resolutions between microscopes is to analyze the main peaks’ FWHMSs
(Full Width at Half Maximum). The theoretical lateral FWHM-based resolution drwhm is
given by the relation [214]:

0.514
=" Eq. (3
drwhm NA q.(3)
This approach is especially useful while the Airy disk pattern is not clearly visible
[262,263].

In widefield microscopy the in-focus image of a bright spot will be as presented in Fig.
13A. For laser scanning microscopy the physical and mathematical description is more
complex. The excitation spot is not infinitely small, but the laser beam also diffracts,
similarly to the way described above. Therefore, the gaussian shaped beam’s FWHM is
the same as describe with Eq. ( 3) [264] and the laser will be exciting specimen within a
relatively large area at the focal plane. Moreover, in contrast to widefield microscopy, in
laser scanning microscopy the excitation is uneven, thus the final image of a bright spot
is an integral of the beam’s excitation pattern and the emission pattern (the Airy pattern)
[214]. Therefore, with a properly chosen pinhole diameter, in confocal microscopy it is

possible to achieve an increment of resolution of 30 % or more [214].

While planning a microscopy experiment or an optical setup, it is worth to account for
the resolution limit to avoid under- or oversampling. According to the Nyquist sampling
theorem, the imaging sampling pixel size should be at least twice smaller than the
intentional resolution [265-268]. Thus, in the case of widefield microscopy the system

magnification must be chosen in relation to the camera pixel size [256].

It is important to underline that the considerations presented above relate to the theoretical
diffraction-limited theory of optical resolution presented by Lord Rayleigh in 1879 [261].

They do not account for microscpy setup imperfections, imaging contrast, photon
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detection sensitivity or imaging noise that may diminish the actual resolution of a
microscope [214,260].

1.3.5. Point Spread Function

In the previous paragraph, the Airy disc was described as an in-focus image of a bright
spot. Nevertheless, the Airy pattern describes only the image at the imaging plane. In the
more general definition, the Point Spread Function (PSF) is used to characterize both 2D
and 3D images of a point light source (Fig. 14) [256,269]. The same as for the Airy disc,
the general brightness intensity distribution of the PSF originates from the diffraction and
interference of light. The further details result from defects and imperfections present in
the imaging system and the specimen [270]. As the image of a point source is represented
by the PFS, an image of a whole physical object is a convolution of the object itself and
the PSF [269]:

image = object * PSF. Eq.(4)

There are many algorithms that can be used to estimate a theoretical PSF [271-277]. They
vary in mathematical approaches, complexities and numbers of parameters they account
for [278]. Obtaining a PSF by calculating its intensity distribution is, usually, a relatively
low time-consuming method, providing a noiseless good quality image. Though many of
the models are capable to parametrize complex specimens, they usually are unable to
account for defects in the optical setup [279]. Furthermore, some more complex

algorithms require a high computing power to reach the solution [275].

Fig. 14. An exemplary images of cross-sections of a PSF generated with PSF Generator
software [278] using Gibson-Lanni algorithm [271]. The green lines show the orientations
of the cross-sections. The image saturation level was set to 0.01 (high saturation). PSF
generation parameters: NA = 1.4, nj = 1.5, ns = 1.33, 2 = 488 nm, t; = 170 pum, z, = 1,000
nm. Fire LUT was applied (in Fiji software [280]). Based on [278].
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The alternative to calculating a PSF is to measure the actual one on a microscope, using
small fluorescent objects, such as nanometer-size beads [270]. This way all the
aberrations, both connected with the sample and the optical pathway, can be accounted
for, but the accuracy of the obtained PSF is limited by the system’s signal-to-noise ratio.
Furthermore, the procedure is complicated and time-consuming [270,278]. Therefore,
whether to use an experimental or a theoretical PSF should be evaluated on a case-by-
case basis [279].

1.3.6. Super-resolution microscopy

Without a sophisticated high-end microscopy setup, it is difficult to reach resolution
below 200 nm [281,282]. This limit is several times bigger than most intracellular
components (e.g. one of larger proteins: talinl — size of about 50-60 nm [92,93]). Thus,
it is impossible to approach this level of resolution even when using the best diffraction-

limited microscope setups.

Super-resolution microscopy is a group of techniques allowing to image beyond the
restrictions of diffraction. They are able to increase resolution even 10-fold [283]. The
importance of these techniques was underlined through the 2014 Nobel Prize in
Chemistry to Eric Betzig, Stefan W. Hell, and William E. Moerner for their contribution
to the field [284].

In their works they took different approaches. Hell’s method concentrated on building a
microscopy system working in a confocal laser scanning mode. It employs a second,
doughnut shaped laser beam that depletes fluorescence around the central point of the
main beam, therefore, allowing registration of fluorescence from a more confined space.

This method was named Stimulated Emission Depletion (STED) microscopy [284,285].

A different approach was presented by Betzig and Moerner. In traditional widefield
microscopy all the fluorophore molecules are excited at the same time [286], thus their
PSFs superimpose on one another. Single-molecule localization microscopy employs
special photoswitchable fluorescent proteins [287] or small-molecule dyes [288]. This
kind of fluorophores have, so called, on and off, or bright and dark states, when they can
be excitable or irresponsive to light, respectively. The microscopy setup uses two lasers
of different wavelengths to photoswitch and excite them. At the beginning of the
experiment, all fluorophores are turned into the dark state, in the first step a small fraction

is randomly switched on and imaged with a camera. Next, they are switched off or
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photobleached and another batch of molecules is switched to the bright state and
visualized in the next frame. The procedure is repeated until obtaining a satisfactory
number of frames to reconstruct the image of the object [289,290]. Due to a sparse
distribution of bright spots in each frame they can be considered as images of single light
sources, thus, the position of each molecule can be determined and represented further as
the center of a spot (with its location standard deviation as the new peak’s width). Finally,
all the new spots from all the frames can be rendered together to create a super-resolution
image of the object [289]. This technique requires not only sophisticated microscopy
setup but also image analysis and reconstruction after acquisition. The two most known
single-molecule localization-based techniques are Photo-Activated Localization
Microscopy (PALM) [289] and Stochastic Optical Reconstruction Microscopy (STORM)
[290].

There are several other super-resolution microscopy techniques allowing to achieve
different levels of resolution [291-295]. Unfortunately, their common caveats are usually
relatively low frame rate, hindering live cell imaging, and high excitation intensity,
resulting in excessive photobleaching and phototoxicity [296,297]. They are usually also
expensive and often require a demanding sample preparation [298]. Fortunately, there are
constantly new techniques and improvements under development that could reduce these
negative properties [299-302]. Each super-resolution technique is characterized by
different increment of resolution, frame rate, photobleaching level and other features,

thus, a choice of the technique should base on an intended application [296].
1.3.7. Software-based image enhancement

There are two main branches of software-based image enhancement: deconvolution
microscopy and deep learning-based methods [303]. Their main advantage is that they do
not require sophisticated high-cost equipment. Nevertheless, some software may require

a high-end computer station to improve calculation speed [279,304].

The goal of deconvolution microscopy is to reverse the process of integration of the PSF
with the real image of the object (see Section 1.3.5. Point Spread Function) (Fig. 15).
Image deconvolution can improve lateral and axial resolution even by 2-fold [305,306]
and deblur images allowing 3D imaging for microscopy systems usually not suitable for
that purpose [269]. There are several deconvolution algorithms [307-316] that employ

different approaches and mathematical models, thus having different strengths and
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limitations [269,317]. Most algorithms require to be provided with a PSF, but there are
several blind deconvolution algorithms that are able to estimate it. Nonetheless, they
require much more calculations than the other ones [318]. Usually the deconvolution

process is carried out in the Fourier space [319].

Fig. 15. An example of image deconvolution. Panel A. The original image of a
immunofluorescence staining of proteasomes (PSMA2 marker) in MDA-MB-231 cells (for
full description see [320]). The image was collected as a z-stack of 21 slices, one of the
representative intermediate slices is presented. Panel B. The image after deconvolution
with Richardson-Lucy algorithm (N = 10) [315,316] using DeconvolutionLab2 software
[317]. The brightness and contrast parameters were chosen to cover 50-99 % of the pixel
brightness histogram, separately in the pre- and post-deconvolution images. Sepia LUT
was applied (in Fiji software [280]).
Image deconvolution can be combined with most of microscopy techniques, both
widefield and laser scanning [321,322]. It is often additionally included in super-
resolution microscopy reconstruction algorithms [323,324]. There are several (usually
expensive) programs, such as Huygens (Scientific Volume Imaging) or AutoQuant X3
(Media Cybernetics), that are commercially available. On the other hand, programs like
DeconvolutionLab and DeconvolutionLab2 (Biomedical Imaging Group, EPFL) [317],
Iterative Deconvolve 3D (OptiNav) [325], or Parallel Iterative Deconvolution (Piotr
Wendykier) [326] represent freely available software, but they might be troublesome in
use for an unexperienced user. Nonetheles, deconvolution microscopy presents a
compelling approach to increase image resolution and signal-to-noise ratio, especially for

groups that do not have access or can not afford expensive super-resolution systems.

Deep learning algorithms present a completely different functionality. Their goal is not
to overcome the resolution limit of a microscope, but to restore low quality images to a
level of high quality ones, that still, potentially, might be acquired with the same setup

[303,327]. Therefore, they allow to reduce light exposure and increase imaging temporal
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resolution; thus, they can increase imaging speed without a significant loss in the imaging
quality [303,304,327]. They usually operate using artificial neural networks [328].
Furthermore, deep learning image restoration can be also used to aide deconvolution
microscopy [304,329]. Nevertheless, this is still a new and developing approach in the
image restoration field [330]. Users should be aware that there are still many caveats of
the technique, such as relatively low robustness, causing creation of artifacts or not

capturing small details of the specimen [328,331].
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2. SCOPE OF THE STUDY

The goal of the study was to describe new aspects of the molecular mechanisms by which

talins and B1 integrin mediate cancer cell adhesion and motility:

1) Characterization of the role of talin2 and talin2-p1 integrin interaction in invasion-
related ECM degradation through regulation of secretion, vesicle trafficking and
recycling of matrix metallopeptidase 9 in breast cancer cells.

2) Development of the molecular model of how cyanidin-3-O-glucoside influences
talinl- and talin2-B1 integrin interaction, thus regulating adhesion and tumorigenesis

of colon cancer cells.
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3. SUMMARY OF THE RESULTS AND COMMENTS

The research presented in this thesis is divided into two main sections. The first one
(Publication I) describes a tool that has been developed to support microscopy imaging
employed in studies presented in the second part (Publication 11 & Publication I11)

3.1. PUBLICATION I: BATCHDECONVOLUTION: A FiIjI PLUGIN FOR
INCREASING DECONVOLUTION WORKFLOW

Highlights

e There are several open access deconvolution microscopy programs.

e Most of them have a limited capability of processing multiple files in a single session.

e A Fiji plugin has been developed to process multi-position multi-channel time-lapse
image files.

e It links functionalities of PSF Generator and DeconvolutionLab2 programs from
Biomedical Imaging Group at EPFL.

e The software is designed to work with most image file formats containing metadata,

especially raw microscope images (e.g. czi, nd2, tif).

Microscopy imaging is often a tradeoff between the time of imaging, excitation light
power and sample photodamage. However, even if the parameters would be chosen to
collect the most qualitative image, low signal-to-noise ratio or high background images
are still may be collected. Unfortunately, this kind of a situation often happens while
trying to elucidate the finest details of the biological systems. One of the techniques

attempting to challenge this problem is deconvolution microscopy.

The studies presented in the subsequent section required a vast amount of image
acquisition and data analysis. In order to sharpen the collected images and facilitate the
analysis, deconvolution microscopy technique was often applied. Unfortunately, most of
freely available deconvolution programs do not allow multiple image processing or their
capability in this area is strongly limited. Thus, they usually require a manual initiation
of the process for each image. Often, they also need an additional, simple but time-
consuming, preparation of input files. These processes can be easily automated, as after
the initial establishment of the processing parameters, expert knowledge is not required

to process subsequent files.
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Publication | describes BatchDeconvolution, a Fiji plugin that has been developed to
perform deconvolution on multi-position multi-channel time-lapse image files in a batch
manner. It is also capable to automatically calculate a PSF if one is not provided. Thanks
to an application of Bio-Formats library (Open Microscopy Environment) it reads most
of the popular microscopy image formats in use. By linking highly rated programs for
PSF calculation and image deconvolution, PSF Generator and DeconvolutionLab?2 (BIG,
EPFL), it provides a pipeline for an automated image processing, that does not require

any specialized knowledge in computer programing.

The software is open-source and available from https://github.com/Mechanobiology-

Lab/BatchDeconvolution.

43| PAGE


https://github.com/Mechanobiology-Lab/BatchDeconvolution
https://github.com/Mechanobiology-Lab/BatchDeconvolution

3.2. PUBLICATION [

3.2. PUBLICATION II: TALIN2 MEDIATES SECRETION AND TRAFFICKING
OF MATRIX METALLOPEPTIDASE 9 DURING INVADOPODIUM
FORMATION

Highlights

e Blocking talin2 expression in breast cancer cells inhibits MMP2 and MMP9 secretion,
therefore, inhibits ECM degradation.

e S339C mutation in talin2, that results in reduced affinity towards Bl integrin, also
causes MMP9 secretion inhibition.

¢ Interaction between talin2 and B1 integrin is required for MMP9 vesicle docking.

¢ Inhibition of MMP9 secretion caused an accumulation of enlarged MMP9-containing
vesicles in the lysosomal pathway.

e The accumulation of MMP9 suggests overflow in lysosome degradation process.

In their work, the group of prof. Cai Huang from University of Kentucky has been
studying the role of talin2 in cancer development [126,138,332]. They showed the
importance of this protein in ECM degradation, cancer invasion, tumorigenesis, and

metastasis. Similar observations were made by other researchers [333,334].

The included publication concentrates on a molecular mechanism in which talin2
mediates invadopodia formation and matrix degradation through regulation of matrix
metallopeptidase 9 (MMP9) secretion and trafficking. The study was carried out in MDA-

MB-231 breast cancer cells: control and depleted of talin2.

MMP9 and talin2 colocalize at the sites of maturing invadopodia, showing that these two
proteins may interact during cancer invasion. In the previous studies, knocking-out (KO)
of talin2 led to inhibition of ECM degradation [126]. Publication Il shows that the same
KO cell lines have exocytosis of MMP2 and MMP9 inhibited, with their transcription

levels preserved or even slightly elevated due to a possible feed-back loop.

The application of Total Internal Reflection Fluorescence (TIRF) microscopy imaging to
visualize and analyze the quantity of MMP9 associated with the cell ventral membranes
showed lower number of the protein in talin2-depleted cells. This suggests that the cause
of the impaired secretion is connected with MMP9 vesicles docking process. A rescue
experiment partially restored the levels of membrane associated MMP9. On the other
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hand, an alternative rescue experiment using S339C talin2 mutant, a protein variant with
a limited ability to bind B1 integrin (ITGB1), did not restore MMP9 membrane docking,
showing that the interaction between talin2 and B1 integrin is specifically important for
MMP9 secretion.

The analysis of MMP9 trafficking within both control and talin2-KO cells showed that
talin2 depletion does not change MMP9 trafficking qualitatively; in both cases, recycled
MMP9 vesicles were directed towards lysosomal degradation through early and late
endosomes, and amphisomes. Nonetheless, much higher levels of the recycled MMP9
caused its accumulation in enlarged intracellular vesicles. This observation is presumed
to be a result of an overflow in the protein degradation process. To support the hypothesis,
lysosomal activity was inhibited with chloroquine or bafilomycin Az causing a similar

effect in control cells.

In summary, the interaction between talin2 and B1 integrin is crucial for invadopodia
maturation and extracellular matrix degradation. Talin2-ITGB1 complex regulates
trafficking of MMP9 by directly providing or leading to a creation of a docking site for
MMP9 vesicles, that can undergo exocytosis in the further steps of invadopodia
formation. Unsecreted MMP9 is recycled towards lysosomes, which, in the case of the
elevated level of the protein, may become overflowed, causing accumulation of MMP9

in enlarged intracellular vesicles.
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3.3. PUBLICATION III: CYANIDIN-3-GLUCOSIDE BINDS TO TALIN AND
MODULATES COLON CANCER CELL ADHESIONS AND 3D GROWTH

Highlights

Increased expression of talinl or B1 integrin correlates negatively with colon cancer

patient survival rates.

e Depletion of talinl inhibits growth of colon cancer mini-tumors (spheroids) in fibrin
gels.

e Through binding to talin, cyanidin-3-glucoside (C3G) increases talin’s affinity
towards B1 integrin.

e C3G locates itself at the talin-integrin interface, influencing the complex’s interaction
mechanism.

e C3G stimulates adhesion of colon cancer cells plated on a fibronectin substrate but

does not influence proliferation.

e C3G inhibits growth of colorectal cancer mini-tumors in fibrin gels.

Colon cancer is the fourth most common cancer type [8]. Publication 111 shows that
elevated levels of either talinl or B1 integrin result in a poor survival prognosis for
patients suffering from this disease. Furthermore, the included in vitro studies on HT-29
and HCT116 colon cancer cell lines demonstrated that silencing talinl leads to inhibition

of spheroids growth.

Many natural products are likely to have anticancerogenic properties. In the presented
study, natural products were analyzed for potential ability to influence talin-p1 integrin
interaction and mediate colon cancer development. Cyanidin-3-O-glucoside (C3G), a
natural dye found in many red-blue fruits and vegetables, showed to be the only pure
compound tested, that influenced (increased) talin2-ITGB1 affinity, potentially
stabilizing integrin in its active state. Further, it was shown that there is a similar

phenomenon in the case of talin1-ITGB1 interaction.

A molecular docking experiment elucidated that C3G binds at the talin2-ITGB1 interface
between their F3 domain and the cytoplasmic tail, respectively. The follow-up
experiments using talinl head domain mutants supported the bioinformatical model,

indicating a similar binding molecular mechanism in the case of both talins.
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Next, the influence of C3G on cancer cells was examined in vitro. The compound
stimulated adhesion in colon cancer cells plated on fibronectin-coated substrates.
Surprisingly, it had an opposite effect on breast cancer cells, suggesting a complex
mechanism of C3G-mediation of integrin-based adhesion. Although the compound
showed no or minimal influence on breast and colon cancer cell proliferation, it strongly
inhibited mini-tumor (spheroid) creation in fibrin gels in a concentration dependent

manner.

As the result of the study, a model of C3G-mediated tumor growth was proposed:
cyanidino-3-O-glucoside locates at the interface between talin and integrin allosterically
regulating integrin activation. The exact mechanism is yet to be determined, but it is
presumed that enhanced talin-ITGB1 binding results in longer lifetime of the integrin
active state. The increased cellular adhesion constrains cell positioning required for tumor

growth, leading to an inhibition of the development of colon cancer.
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The presented thesis concentrates on biophysical models describing cellular processes in
cancer development at the molecular level. To reach the necessary imaging quality and
resolution it was needed to apply deconvolution microscopy. To achieve a reasonable
workflow efficiency, a software, BatchDeconvolution Fiji plugin, was developed, which
allowed to almost fully automate the image enhancement process (Publication I). The
further development in this area, that should be beneficial for the image enhancement,
might be an application of deep learning networks. Many of the experiments were based
on transient transfections with fusion proteins of a fluorescent protein and a protein in
consideration. Depending on a cell line, it is often challenging to reach a satisfactory level
of transfection. Thus, it is common either to get only a few cells transfected or to have a
very week fluorescent signal. By applying deep learning algorithms, it should be possible
to receive more data from fewer experiments, increasing overall workflow and reducing
the cost of the experimental part of future studies [327,335]. This possibly might be
improved by using cells that are easier to transfect to create the training image database.

The second section of this thesis describes interaction between talin and 1 integrin.
Although it was shown that talinl and talin2 play distinct roles in tumor invasion
(Publication I1), however, in opposite to talinl [61], the molecular model for the talin2
interactome during invadopodium formation has not been proposed yet. Furthermore,
talin2-ITGB1 partners and the exact model for the MMPs-containing vesicles docking
process is still to be elucidated.

Finally, the role of C3G in mediation of cancer motility and adhesion is not clear yet
(Publication I11). Especially intriguing aspect is the varying effect of the compound on
different types of cancer; for example: C3G induces colon cancer adhesion but inhibits it
in breast cancer cells. Furthermore, the influence of C3G on talin-p1 integrin complex
structure is unknown, as the presented data was from a molecular docking experiment
without further energy minimalization. As mentioned earlier, a single mutation in both
talins F3 domain drastically changes affinity and geometry of 1 integrin binding, and
possibly ability of integrins activation by talin [126,127]. As C3G locates at the interface
between the two proteins, its presence may inhibit the activation of integrin by increasing
activation energy level required for the conformation transition, but at the same time

stabilizes the activated talin-integrin complex. Based on American Type Culture
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Collection (ATCC), colon cancer cells usually show lower spreading (thus also the ECM
adhesion level) than breast cancer cells. Therefore, this might be the reason for the
different responses of these cell types to C3G, as their motility might be driven by
differently regulated molecular pathways. Alternatively, C3G may also affect other
pathways, thus the observed phenomena might be a result of a cell-wide signaling, not
restricted only to the adhesion interactome. Moreover, regardless of the influence of C3G
on cancer progression, the knowledge of its impact on the talin-integrin complex,
especially in the case of the complex’s structure geometry shift, will shed more light on
the molecular mechanisms of interaction between the two different talin variants and

integrin.
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Highlights

e There are several open access deconvolution microscopy programs.

e Most of them have a limited capability of processing multiple files in a single session.

o A Fiji plugin has been developed to process multi-position multi-channel time-lapse
image files.

e It links functionalities of PSF Generator and DeconvolutionLab2 programs from
Biomedical Imaging Group at EPFL.

e The software is designed to work with most image file formats containing metadata,

especially raw microscope images (e.g. czi, nd2, tif).

69| PAGE

I



DE GRUYTER

Zbigniew Baster* and Zenon Rajfur

Bio-Algorithms and Med-Systems 2020; 16(3): 20200027 a

BatchDeconvolution: a Fiji plugin for increasing

deconvolution workflow

https://doi.org/10.1515/bams-2020-0027
Received May 7, 2020; accepted August 17, 2020; published online
September 9, 2020

Abstract: Deconvolution microscopy is a very useful,
software-based technique allowing to deblur microscopy
images and increase both lateral and axial resolutions. It can
be used along with many of fluorescence microscopy imag-
ing techniques. By increasing axial resolution, it also enables
three-dimensional imaging using a basic wide-field fluores-
cence microscope. Unfortunately, commercially available
deconvolution software is expensive, while freely available
programs have limited capabilities of a batch file processing.
In this work we present BatchDeconvolution, a Fiji plugin that
bridges two programs that we used subsequently in an image
deconvolution pipeline: PSF Generator and Deconvolu-
tionLab2, both from Biomedical Imaging Group, EPFL. Our
software provides a simple way to perform a batch process-
ing of multiple microscopy files with minimal working time
required from the user.

Keywords: deconvolution microscopy; Fiji; image decon-
volution; ImageJ; point spread function.

Introduction

Fluorescence microscopy is one of the most commonly used
techniques in life sciences. The use of fluorescent probes
allowed to tag specific proteins and structures within live or
fixed cells and image them with high contrast and resolution
[1]. Using a relatively low-cost fluorescence microscope, it is
possible to achieve the lateral resolution as low as 200 nm [2].
Unfortunately, it is much harder to reach high resolution
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Jagiellonian University, Krakow, Poland

along the Z optical axis, therefore three-dimensional (3D)
imaging is much more challenging [2]. There is a number of
microscopy techniques allowing 3D imaging, such as
confocal microscopy, 3D structured illumination microscopy,
3D stochastic optical reconstruction microscopy/photo-
activated localization microscopy or light sheet microscopy,
but most of them require additional, usually expensive,
modules, which have to be mounted on a microscope [3].

Deconvolution microscopy is one of a few techniques
that do not require any additional hardware. Based on a
computational image reconstruction, it can improve both
lateral and axial resolutions, allowing 3D imaging without
any additional equipment cost [4]. Nevertheless, one of the
main drawbacks of this technique is the requirement of
vast amount of calculations, what significantly extends
image preparation time [5]. Secondly, in comparison to
other techniques, the intensity-based quantitative analysis
on deconvolved images is much more challenging due to
nonlinear operations required for image reconstruction [6].

An image of a single bright point is visible as a char-
acteristic diffraction-based pattern called point spread
function (PSF) (Figure 1A) which is specific for every optical
set-up [4]. It is shaped due to physical limitation of light,
physical limitations of imaging environment, and also
defects and imperfections present in the imaging system.
An image of a physical object (e.g. a cytoskeleton or an
organelle) is a superposition of many single bright points
convolved with the PSF [4]:

[1] image=objectxPSF.

The goal of deconvolution algorithms is to reverse this
process. There are two ways of obtaining a PSF. First is to
measure the actual PSF on a microscope using, for example,
nanometre-sized fluorescent beads [7]. This solution ac-
counts for many of the deviations in the experimental set-up
(such as flaws in the optical pathway), but the resolution of
the PSF is limited by a signal-to-noise ratio, and it requires a
demanding experimental procedure [7, 8]. The second
approach is to calculate a theoretical PSF using one of the
models approximating the optical set-up [8]. It is not
restricted by the resolution limitations and it is noise free but
usually cannot imitate defects of the optical set-up, as well
as the experimental one [5]. Moreover, depending on the
complexity of the model and its accuracy, the calculations

B 0pen Access. © 2020 Zbigniew Baster and Zenon Rajfur, published by De Gruyter. This work is licensed under the Creative Commons Attribution

4.0 International License.
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Figure 1: Panel A shows exemplary cross-section images of a point spread function (PSF) generated with PSF Generator using Gibson-Lanni
algorithm [22]. The green lines show the orientations of the cross-sections. Image saturation level was set to 0.01 (high saturation). PSF
generation parameters: NA = 1.4, n;=1.518, n;=1.33, A =561 nm, ;= 170 pm, z, = 2,000 nm. Based on a study by Kirshner et al. [8]. Panel B
shows an example of a deconvolved image of immunofluorescence staining of proteasomes (PSMA2 marker) in MDA-MB-231 cells (full
description in a study by Baster et al. [20]). The image was collected as a z-stack of 21 slices, one of the representative intermediate slices is
presented. The brightness and contrast parameter was chosen to cover 50-99% of the pixel brightness histogram, separately in the
predeconvolution and postdeconvolution images. Mpl-inferno LUT was used. Panel C shows the microscopy image acquisition-analysis
pipeline. After acquisition, depending on a type of microscopy and analysis required, image may be enhanced (e.g. reconstructed or
deconvolved) and then subjected to image analysis, or analysed without any additional intermediate steps. The final step is the data
extraction, statistical analysis (if applicable), and preparation of a figure for presentation. Each of the steps can be automated to some extent.

can be highly time consuming. Whether it is better to use an
experimental or a theoretical PSF it needs to be evaluated on
a case-by-case basis [5].

There are several deconvolution algorithms that depend
on different approaches and mathematical models and have
different strengths and limitations [4, 9]. Most of them (if not
all) carry out calculations in Fourier space to simplify op-
erations [10]. Deconvolution can be applied to regular wide-
field microscopy and also to standard 3D techniques, such
as confocal microscopy, in order to further increase contrast
and resolution (Figure 1B) [11, 12]. Beside reducing out of
focus light, deconvolution can also be used for deblurring
single-slice images.

There are several commercially available deconvo-
lution software such as Huygens (Scientific Volume Im-
aging) or AutoQuant X3 (Media Cybernetics) allowing
batch processing of many images. Their main drawback is
their high cost. There are several free, usually open-
source, alternatives, such as DeconvolutionLab and
DeconvolutionLab2 (Biomedical Imaging Group, EPFL)
[9], Iterative Deconvolve 3D (OptiNav) [13], or Parallel

Iterative Deconvolution (Piotr Wendykier) [14]. They are in
general less user-friendly than commercial ones and they
have limited batch processing capabilities, especially in
cases requiring more than one PSF such as multichannel
images.

The microscopy image acquisition-analysis pipeline
can be separated into several stages, that, to some extent,
might be automated (Figure 1C). One of the facts advo-
cating for automatization, is that it increases data pro-
cessing reproducibility. Furthermore, it also serves as an
additional pair (or rather many pairs) of hands allowing
one to address one’s attention to other matters, after
starting calculations.

In this work, we present BatchDeconvolution a bridging
Fiji plugin, allowing a batch processing of multiple optical
microscopy images. The software employs currently
available programs and plugins for PSF generation and
deconvolution, binding them together, providing a user-
friendly deconvolution platform of multiposition, time-
lapse, multichannel, z-stack raw (“straight from a micro-
scope”) image files.
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Material and methods

PSF Generator [8] v. 18.12.2017 was downloaded from http://bigwww.epfl.
ch/algorithms/psfgenerator/, and its source code was obtained from
https://github.com/Biomedical-Imaging-Group/PSFGenerator. Deconvo-
lutionLab? [9], version 2.1.2 was downloaded from http://bigwww.epfl.ch/
deconvolution/deconvolutionlab?/, and its source code was obtained from
https://github.com/Biomedical-Imaging-Group/DeconvolutionLab2.
FFTW2 dynamic libraries for DeconvolutionLab2 were downloaded from
http://bigwww.epfl.ch/deconvolution/deconvolutionlab2/.

The software was developed using Java 1.8 (Oracle) in NetBeans
IDE 8.2 environment (Oracle). It was tested using Fiji [15] and ImageJ [16].

Results and discussion

During our research in the field of cell migration and
mechanotransduction, we have found that using elastic
polyacrylamide gels [17] to mimic tissue stiffness causes
blurring and distortion of microscopy images. It is a result
of a more complex optical set-up than in a case of cells
plated directly on a glass or a plastic substrate. This phe-
nomenon impedes the analysis of obtained images. By
applying image deconvolution, we were able to improve
quality of these images. Unfortunately, at that point none
of the freely available software allowed us a batch files
processing to the satisfactory extent. Furthermore, because
we were often collecting confocal images of different image
and voxel sizes, we needed to calculate a PSF matching
every of our images. To address this problem, we checked
several ImageJ/Fiji plugins allowing to calculate a theo-
retical PSF and to deconvolve images. We determined that
the most suitable programs to use in a batch processing
would be PSF Generator [8] and DeconvolutionLab (and
later DeconvolutionLab2, that was applied in the final

Baster and Rajfur: BatchDeconvolution =—— 3

version of our software) [9] from Biomedical Imaging
Group, EPFL. First, both are accessible from a command
line (Fiji or system), what is essential for scripting. Sec-
ondly, they both offer a vast range of algorithms and a user-
friendly environment. Although, DeconvolutionLab and
DeconvolutionLab2 provide an option of batch image pro-
cessing, their application is limited. Thus, we decided to
develop a separate software that would meet our re-
quirements (see Table 1 for comparison of batch processing
algorithms properties between programs).

We implemented both programs into our new bridging
Fiji plugin we named BatchDeconvolution. The graphical
user interface was created to mirror most of the options
from the base programs (Supplementary Figure 1). We
implemented also BioFormats repository [18] to enable
read-out of most of the popular image formats including
their metadata. The access to metadata allowed us to pro-
cess images of a different voxel and image sizes and
number of time points. Therefore, the only common
parameter between image files has to be their channel
structure which is defined ununiformly between file for-
mats. Because calculations create a high amount of inter-
mediate data (from 2 to 9 times of the size of the original
data), we made our plugin to process files in a sequential
manner with several check points allowing to delete
expendable files (Figure 2, Supplementary Data: Pseudo-
code). We also implemented option for providing an
external PSF (e.g. experimental).

Algorithm testing

We checked our software at all crucial stages of the
development for generating results identical to the ones

Table 1: The comparison of batch processing properties of different software.

Property DeconvolutionLab DeconvolutionLab2 BatchDeconvolution
Batch image Yes (processing of the whole Yes (each file hasto be scripted Yes (processing of the whole directory)
processing directory) separately)
Multichannel images  No No Yes (all files have to have the same channel
processing structure)
Time-lapse images No No Yes
processing
Multiposition files No No Limited (all positions have to have the same acqui-
processing sition parameters i.e. number of frames, slices,
channel and resolution)
PSF generation No Limited (basic algorithms) Yes (automatic matching parameters with the image)
Image preparation Channel, time point and mul- Channel, time point and multi- Not required
(raw image tiposition splitting required position splitting required

processing)

PSF, point spread function.
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Figure 2: A simplified flowchart of the BatchDeconvolution’s
algorithm.

generated by the stand-alone base software (PSF Generator
and DeconvolutionLab2). For format compatibility tests, we
used all the images available from The Open Microscopy
Environment sample images repository [19]. We run the
tests on Personal Computers with at least 16 GB of RAM. All
the files that met the software requirements (especially: the
requirement of an image to have a defined scale; and in
case of a multiposition file, the requirement all of images in
the file to have the same structure) passed the test. Due to
the implementation of BioFormats library, we expect that
our program will read all the formats covered by the library.

The software has been routinely used (one bachelor
thesis, one published article [20], two manuscripts in re-
view, two manuscripts in preparation) on several different
Personal Computers, at different stages of the program’s

DE GRUYTER

development. Images, that we used, were collected using
Nikon wide-field fluorescence microscope or Nikon Al
confocal microscope with NIS Elements Software, Zeiss
LSM 710 confocal microscope with ZEN Black software, or
Zeiss wide-field fluorescence microscope with ZEN Blue
software (.tif, .nd2 and .czi file formats). During our work,
we found that only the amount of RAM is crucial for the
proper execution of calculations. We were using Personal
Computers with the memory of 4-32 GB. In a small number
of cases of processing large images on low-memory com-
puters, the software was unable to finalize calculations.
Running the software on a higher-RAM computer usually
solved the problem. Furthermore, when we had tried to run
the stand-alone base software with the same files and pa-
rameters, we got the same errors. Thus, we believe that our
bridging algorithm has no or a marginal influence on the
calculations performance. Other computer components
affected calculations only in regard to computing time.

Conclusions

In our work, we bridged PSF Generator and Deconvolu-
tionLab2 programs with a Fiji plugin, and we named it
BatchDeconvolution. We found our solution very useful for
processing and analysing large amount of microscopy
images. BatchDeconvolution provides a user-friendly,
intuitive interface, allowing to process a large number
of images without a requirement of any additional Fiji
scripting. Applying BioFormats repository allows the
software to access metadata of many file formats, that
simplifies preparation of program input files and
parameters.

Footnotes
Citation
We would like to emphasize that while citing our software,

PSF Generator [8] and DeconvolutionLab2 [9] should be
cited as well.

Access
The source code and the build version of our software are

available to download from https://github.com/Mechano
biology-Lab/BatchDeconvolution.
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Troubleshooting

(1) While testing, we found that repetitive calling Decon-
volutionLab2 from Fiji command line causes memory
build-up within the system. We overcome that by
calling DeconvolutionLab2 externally from the system
command line. The drawback of that solution is that
Fast Fourier Transform library JTransforms [21] that
was called by DeconvolutionLab2 through Fiji, is no
longer available.

(2) BatchDeconvolution was designed and tested with a
fresh installation of Fiji. It is incompatible with a clean
version of Image].
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Supplementary Fig. 1. The initial screen of the Batch Deconvolution Graphical User Interface.



Supplementary Data

Pseudocode

1. Read parameters.
2. LOOP for all files in the input folder:
A. Read afile.
B. Split the file into z-stacks of separate positions, frames, and channels.
C. Collect data of pixel and image sizes for every file for further PSF calculations (if
selected).
D. Save split files.
3. LOOP for pixel and image sizes data (if a PSF is not provided):
Option I: calculate a PSF for every image.
Prepare a PSF config file (see PSF Generator instruction) for every channel
(excluding brightfield) of every file.
Option II: calculate a PSF once for similar images.
Prepare a PSF config file for every channel of every voxel size, taking the PSF
image dimensions from maxima of images of a common voxel size.
4. [IF a PSF is provided, load it, split into channels, and save as separate files.
5. LOOP for all the files in the input folder:
A. LOOP for all the split files from one position:
a. If the image is of a brightfield channel, copy the image into the intermediate
deconvolved images folder.

b. Calculate a PSF using PSF Generator if was not calculated earlier or not provided.



c. Deconvolve the image using DeconvolutionLab?2. Save the deconvolved image to
the intermediate deconvolved images folder.

d. (IF option chosen) Delete the split file.

B. Combine all files from the single position (channels, frames), and save it to the output
folder.

C. (IF option chosen) Delete expendable images from the intermediate deconvolved
images folder (single-frame, single-channel images).

D. IF a PSF is to be calculated for every file, delete expendable PSFs (/F option to delete
files chosen).

6. Create the condense Log file

7. (IF option chosen)Delete all intermediate files.
Further troubleshooting

1. For parameters optimization we recommend first to work with stand-alone PSF Generator
and DeconvolutionLab?2 separately and then to input settings into BatchDeconvolution for
the batch processing.

2. BatchDeconvolution reads a voxel size from an image metadata. Such information must be
provided for a proper work of the software.

3. Pixel calibration can be set in any units. Their relation to the SI units has to be provided
first in units.dat file within the BatchDeconvolution folder. Some most common units are
already provided.

4. If a PSF file is provided, it either has to match the channel structure of the image file
(including brightfield channel(s) — though, these channels will not be taken into account)

or has to have the same number of fluorescence channels as the image file.



BatchDeconvolution software will account for the different channel structure resulting
from missing brightfield channel(s).

. Log.dat file (in Log folder) contains condense information about deconvolution process.
Check it after processing for eventual errors.

. The list of file formats supported by BatchDeconvolution is included in extensions.dat file
within the BatchDeconvolution folder. We tried to include all the file formats readable by
BioFormats library. If the library supports an additional file format that is not included in
extensions.dat file, adding the extension to the data file may allow BatchDeconvolution to

read the image file.
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Highlights

Blocking talin2 expression in breast cancer cells inhibits MMP2 and MMP9 secretion,

therefore, inhibits ECM degradation.

e S339C mutation in talin2, that results in reduced affinity towards Bl integrin, also
causes MMP9 secretion inhibition.

¢ Interaction between talin2 and B1 integrin is required for MMP9 vesicle docking.

¢ Inhibition of MMP9 secretion caused an accumulation of enlarged MMP9-containing

vesicles in the lysosomal pathway.

e The accumulation of MMP9 suggests overflow in lysosome degradation process.
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ARTICLE INFO ABSTRACT

Talin2 plays an important role in transduction of mechanical signals between extracellular matrix and actin
cytoskeleton. Recent studies showed that talin2 is localized to invadopodia and regulates their maturation,
Talin2 subsequently cancer cell invasion and metastasis. However, the molecular mechanism whereby talin2 mediates

Keywords:
Matrix metallopeptidase 9

13'1“:?“;‘ invadopodium maturation is unknown. Here we show that ablation of talin2 in MDA-MB-231 cells inhibited the
;\1/11:: . s[t):soi s " secretion of matrix metallopeptidase 9 (MMP9), a proteinase involved in extracellular matrix degradation in

invadopodium maturation and metastasis. Furthermore, re-expression of talin2"" in talin2-KO cells rescued
MMP?9 secretion, but talin25*3°C, a mutant with reduced B-integrin binding, did not, indicating that the talin2-p-
integrin interaction is involved in the MMP9 secretion. Moreover, ablation of talin2 caused an accumulation of
enlarged MMP9 vesicles. These vesicles co-localized with enlarged early, late endosomes and autophagosomes,
suggesting talin2 controls MMP9 trafficking process. Therefore, these data suggest that talin2 regulates extra-

ECM degradation

cellular matrix degradation and invadopodium maturation by mediating MMP9 secretion.

1. Introduction

Talin is a large focal adhesion protein playing a key role in trans-
mitting mechanical signals from extracellular matrix (ECM) to cells
cytoskeleton. It is composed of two distinguished domains [1]: a N-
terminal FERM domain responsible for interaction with B-integrin tail
[2,3], and a large C-terminal rod domain with 13 subdomains, that has
several vinculin- and actin-binding sites [3-5].

In vertebrates, there are two genes responsible for coding two var-
iants of talin: TLN1 and TLN2 encoding talinl and talin2, respectively
[6]. While talinl is usually associated with cell migration [7], metas-
tasis [8,9], focal adhesion dynamics [7,9-11], and invadopodium for-
mation [12], the biological role of talin2 is less understood. Further-
more, talin2 is localized in invadopodia, a key cellular structure critical
for cancer cell invasion and metastasis, and depletion of talin2 in cells
severely decreases extracellular matrix degradation [13,14]. However,
the molecular mechanism by which talin2 mediates extracellular matrix
degradation is unknown. Recent studies show that talin2 has a higher

affinity towards B-integrin than talinl, with Ser339 being the key re-
sidue responsible for that interaction; Ser339 mutation causes a severe
decrease in binding talin2 to B-integrin [14,15].

Matrix metallopeptidase 9 (MMP9) is a member of zinc-metallo-
proteinases family. It is involved in many physiological and patho-
physiological processes, such as embryogenesis [16], synaptic plasticity
[171, and metastasis [18]. It has been reported that MMP9 is one of the
key proteins required for cancer invasion and invadopodia formation
[19-21], but the molecular mechanism that regulates MMP9 secretion
during cancer cell invasion still remains to be elucidated.

In the present study, we investigated the role of talin2 in mediating
secretion and trafficking of matrix metallopeptidase 9 during in-
vadopodium formation in different tumor cell lines. We show that
MMP9 co-localizes with cortactin and talin2 at invadopodia. Although
ablation of talin2 did not inhibit MMP9 expression [13], we found that
it blocked docking of MMP9 vesicles to ventral membranes and resulted
in a significant decrease in secretion of MMP9, which is consistent with
the previously reported dependence of MMPs secretion on integrins

Abbreviations: MMP9, matrix metallopeptidase 9; ITGB1, 1-integrin; TLN1/2, talin 1/2; EGF, epidermal growth factor; HGF, hepatocyte growth factor; Baf,

bafilomycin; CQ, chloroquine; ECM, extracellular matrix
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activity [22,23]. We show that re-expression of talin2"7 in talin2-KO
cells rescued MMP9 docking to ventral membranes, but re-expression of
talin2%%3°C, a mutant with impaired affinity towards p-integrins, did
not. Moreover, in talin2-depleted cells unsecreted MMP9 vesicles were
rerouted and accumulated in enlarged early, late endosomes and au-
tophagosomes, and subsequently to lysosomes. These results suggest
that talin2 mediates MMP9 secretion to modulate invadopodium ma-
turation and cell invasion.

2. Material and methods
2.1. Reagents

Chicken Anti-talin2 polyclonal antibody (GW22654) was from
Sigma. Anti-talin2 rabbit polyclonal antibody (PB9961) was from
Boster (Pleasanton, CA). Anti-EEA1 rabbit monoclonal antibody
(C45B10) and anti-LAMP1 mouse monoclonal antibody (D401S) were
from Cell Signaling Technology, Inc. (Danvers, MA, USA). Anti-MMP9
rabbit polyclonal antibody (A0289), anti-Rab7A rabbit polyclonal an-
tibody (A12784), anti-GOLGA2 rabbit polyclonal antibody (A5344),
and anti-CD63 rabbit polyclonal antibody (A5271) were from ABclonal
(Woburn, MA). Anti-LC33 mouse monoclonal antibody was from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-cortactin mouse monoclonal
antibody (clone 4F11) was from EMD Millipore. Anti-}1-integrin mouse
monoclonal antibody (clone P5D2) was from R&D Systems.
OregonGreen488-labeled gelatin was from Thermo Fisher. Dylight 405-
labeled goat anti-chicken IgY, DyLight 550- or 633-labeled goat anti-
rabbit and anti-mouse IgG (H + L) antibodies were from
Immunoreagents (Raleigh, NC). Alexa Fluor 555-labeled goat anti-
rabbit IgG (H + L) antibody was from Thermo Fisher. Lipofectamine
LTX with PLUS Reagent was from Thermo Fisher. Lafectine RU50
transfection kit was purchased from Syd Labs (Malden, MA).
Recombinant human EGF was from Akron Biotech. Recombinant
human hepatocyte growth factor (HGF) was from GenScript.
Bafilomycin A; and chloroquine were from Cayman Chemical.

2.2. Plasmid construction

Human MMP9 cDNA was PCR amplified from the cDNA of MDA-
MB-231 cells using primers 5’-ctctgcectcaccatgagee-3’/5’-tcagggeactg-
caggatgtc-3’. MMP9-EGFP was constructed by amplifying the coding
sequence of MMP9 using primers 5’-atcaa-
gaattcgccaccatgagcectctggeageee  ¢-3’/5’-aattgcetcgagtectcagggeactgeag-
gatgtcatagg-3’, digesting with EcoRI/Xhol, subcloning into pEGFP-N1
vector via the same sites. MMP9-DsRed was constructed by replacing
the EGFP fragment of MMP9-EGFP with DsRed fragment. A pFLAG-
AAS1-C1 vector with a modified Kozak sequence was constructed by
digesting pEGFP-AAVS1-C1 [14] with Agel/BgllI to cleave EGFP, and
ligating  with  annealing oligos 5’-ccggtacgaaaatggactacaaa-
gacgatgacgacaaggattacaaggatgacgacgataaga-3’/5’-gatctcttatcgtegt-
catcctt gtaatccttgtcgtcategtetttgtagtecattttegta-3’. The pFLAG-AAVS1-
talin2"" and - AAVS1-talin25%*°¢ were constructed using the same 2-
step strategy as we made pEGFP-AAVSI-talin2"V" and - AAVS1-ta-
1in25%%°¢ [14]. All plasmids were sequenced by Eurofins Genomics
(Louisville, KY, USA).

2.3. Cell culture and transfection

Talin2-KO MDA-MB-231 cells were described previously in [14].
4T1 murine breast cancer cells, U2 OS human bone osteosarcoma cells
and MDA-MB-231 human breast cancer cells were from American Type
Culture Collection and were maintained in Dulbecco's Modified Eagle
Medium: Nutrient Mixture F-12 (DMEM/F12; Sigma) for 4T1 cells or
Dulbecco's modified Eagle medium (DMEM; Sigma) for U-2 OS and
MDA-MB-231 cells, containing 10% fetal bovine serum (FBS; Gibco),
penicillin (100 U/ml) and streptomycin (100 pg/ml). MDA-MB-231
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cells were transiently transfected using Lipofectamine LTX with PLUS
Reagent according to the manufacturer's protocol. U2 OS were trans-
fected using Lafectine RU50 according to the manufacturer's protocol.

2.4. Invadopodium assays

Gelatin-coated glass-bottomed dishes were prepared according to
Sharma and collaborators [24]. In brief, dishes were incubated for
10 min at RT with 1 N HCI, then with 50 pug/ml poly-L-lysine for 20 min.
In the meantime, Oregon Green 488-labeled gelatin (1 mg/ml) was
mixed with 0.2% gelatin at 1:100 ratio, incubated in 60 °C for 20 min.
and then left at RT for 5 min to cool down. Dishes were incubated with
mixed gelatin in RT for 10 min, then with ice-cold 0.2% glutaraldehyde
solution in 4 °C for 15 min, 5 mg/ml borohydride solution at RT for
15 min, 70% ethanol solution at RT for 15 min, and stored in 10 X
penicillin/streptomycin solution in 4 °C. Before plating, dishes were
incubated in culture medium for an hour at RT. All solutions were
prepared in PBS. Cells (1 x 10°) were plated onto dishes with 0.02 ug/
ml Epidermal Growth Factor (EGF) or 0.05 pg/ml HGF and cultured for
10-24 h (depended on cell lines). Cells were fixed with paraformalde-
hyde and stained for talin2 (or cortactin) and MMP9. Images were ac-
quired using a confocal microscope and analyzed in Fiji ImageJ [25,26]
for co-localization.

2.5. MMP secretion assays

Cells were cultured in normal culture media (10% FBS) to 80%
confluence. The cells were washed 3 times with PBS and then cultured
in serum-free DMEM media including 20 ng/ml HGF for 24 h. The
media were collected, concentrated using Spin-X ultrafiltration con-
centrators (10,000 Da cut-off), and then analyzed for the secretion of
MMP2 and MMP9 by Western blotting.

2.6. Real-time Q-PCR assay

Total RNA was extracted from cells with PureLink RNA kit
(Ambion). cDNA was synthesized with SuperScript III First Strand
Synthesis kit (Invitrogen) from 0.5 to 1.0 pg RNA samples according to
the manufacturer's instructions. Quantitative reverse transcriptase PCR
(RT-PCR) reactions were carried out using SYBR Green PCR master mix
reagents on an ABI Onestep Plus Real-Time PCR System (Applied
Biosystems). The relative quantification of gene expression for each
sample was analyzed by the AC, method. The following primers were
used to amplify MMP2: 5’-CGCCCCCAAAACGGACAAAGA-3’ (forward)
and 5-GCAGTGGGGTCACATCGCTC-3’ (reverse); MMP9: 5-GGACTCG
GTCTTTGAGGAGC-3’ (forward) and 5’-AGCGGTCCTGGCAGAAATAG-3
(reverse); Actin was used as a housekeeping gene to normalize Ct va-
lues. Primers for Actin amplification are 5-CAA CCG CGA GAA GAT
GAC-3’ (forward) and 5-AGG AAG GCT GGA AGA GTG-3’ (reverse).
Primers were synthesized by Sigma Life Science.

2.7. Vesicle docking assay

Gelatin-coated glass-bottomed dishes were prepared as stated in
invadopodium assay section, with exception of using only 0.2% un-
labeled gelatin. MDA-MB-231 cells (2 X 10*) were plated onto 35 mm
glass-bottom dishes with 0.05 pg/ml HGF, cultured for 36 h, fixed with
paraformaldehyde and stained for talin2 (or B1-integrin) and MMP9.
Images were acquired using a Nikon Eclipse Ti Total Internal Reflection
Fluorescence (TIRF) microscope, equipped with an oil immersion
60 x 1.45 NA objective and CoolSNAP HQ2 CCD camera (Roper
Scientific). To calculate the localization of MMP9 at the ventral plasma
membrane, cells were outlined, and vesicles were counted and their
intensity was analyzed using Find Maxima algorithm in Fiji ImageJ
[25,26]. Brightfield images were shade corrected and filtered with 2-40
FFT band bass filter, to reduce noise.
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The same samples were used to analyze the co-localization of MMP9
and P1-integrin using confocal microscopy.

2.8. MMP9 - organelle co-localization assay

35-mm fibronectin-coated glass-bottomed dishes were prepared by
incubating dishes overnight in 4 °C with 5 ug/ml fibronectin in PBS, and
washed with PBS before plating. MMP9-EGFP transfected MDA-MB-231
cells (2 x 10*) were plated onto the dishes and cultured for 10-16 h,
fixed, permeabilized and stained for MMP9 and EEA1, PSMA2, LC3p,
GOLGA2, LAMP1, CD63, or Rab7A. Images were acquired using con-
focal microscopy.

2.9. Lysosome inhibition assay

35 mm fibronectin-coated glass-bottomed dishes were prepared by
incubating dishes overnight in 4 °C with 5 pg/ml fibronectin in PBS, and
washed with PBS before plating. MMP9-EGFP transfected MDA-MB-231
cells (2 x 10%) were plated onto the dishes, cultured for 10-16 h and
treated with lysosome inhibitors: 0.2 uM bafilomycin (Baf) or 200 pM
chloroquine (CQ) for 6 h. Then, samples were fixed with paraf-
ormaldehyde, stained against LAMP1 and scanned using confocal mi-
Croscopy.

2.10. Confocal microscopy and data analysis

Confocal imaging was performed using Nikon Al confocal micro-
scope with an oil immersion 40 X 1.3 NA Plan-Apochromat objective
for invadopodium experiments or oil immersion 100 X 1.45 NA Plan-
Apochromat objective for other confocal microscopy imaging. Before
analysis, z-stack images were deconvolved using BatchDeconvolution
Fiji plugin [27-29] with Richardson-Lucy deconvolution algorithm.
Point spread function (PSF) was calculated using Gibson-Lanni PSF
model with the highest accuracy and parameters matching acquisition.
All calculations were made using Fiji ImageJ environment [25,26].
Images were analyzed as 3D z-stacks, but presented as Maximum In-
tensity Projections.

2.11. Statistical analysis

All distributions were tested for normality using Shapiro-Wilk
(n < 500) or Kolmogorov-Smirnov (n = 500) tests. For samples
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significantly different from normal distribution (p < 0.05) Mann-
Whitney U tests were used to analyze the results. For other samples,
two-tailed Student's t-tests were used.

3. Results
3.1. MMP9 co-localizes with cortactin and talin2 in invadopodia

To examine whether talin2 co-localizes with MMP9, U2 OS cells
were transfected with MMP9-DsRed and plated onto Oregon Green 488-
labeled gelatin. Cells were then fixed and stained for talin2. Images
were acquired using confocal microscopy. Digestion holes in the sub-
strate are associated with extracellular matrix degradation and in-
vadopodium maturation. Since MMP9 could diffuse quickly together
with the fluorophore-free form gelatin after secretion, we found only
several locations that MMP9 co-localized with talin2 at digestion spots
(Fig. 1A). Similar result was observed in MDA-MB-231 cells plated on
gelatin-Cy3 (Fig. 1B). Furthermore, MMP9 co-localized with cortactin
at the digestion holes in invadopodia (Supplementary Fig. 1). These
results suggest that MMP9 may be involved in talin2-mediated in-
vadopodium maturation.

3.2. Talin2 controls MMP?9 vesicles docking to ventral plasma membranes
and secretion

To establish the role of talinl and talin2 in MMP2 and MMP9 se-
cretion, we used CRISPR/Cas9 to ablate talinl or talin2 in MDA-MB-
231 cells [14]. Talin2-null cells were cultured in serum-free DMEM
media for 24 h. The media were collected and concentrated using ul-
trafiltration concentrators, and then analyzed for MMP2 and MMP9
secretion by Western blotting. Talin2-KO significantly inhibited MMP2
and MMP9 secretion (Fig. 2A); ablation of talinl had similar effect on
MMP2 and MMP9 secretion (data not shown). Because MMPs are se-
creted proteins, which are difficult to detect in cell lysates, we mea-
sured mRNA levels in talin2-KO cells. Depletion of talin2 could result in
an increase in MMP2 and MMP9 mRNA levels, which are probably
caused by a feedback regulation (Fig. 2B), suggesting that the decrease
in MMP secretion in talin2-KO cells is not caused by an alteration in
MMP expression. We will focus on the role of talin2 in MMP9 secretion
in the following studies.

To learn how talin2 mediates MMP9 secretion, control and talin2-
KO MDA-MB-231 cells were plated on gelatin, and cultured for 36 h in

Fig. 1. MMP9 colocalizes with talin2 at digestion spots. (A) U2 OS transfected with MMP9-DsRed plated on gelatin-OregonGreen488 covered bottom-glass dish and
stained with anti-talin2 antibody or (B) MDA-MB-231 cells plated on gelatin-Cy3 covered bottom-glass dish and stained with anti-talin2 and anti-MMP9 antibodies
were imagined using TIRF microscopy. Arrows point at colocalisation spots between talin2, MMP9 and digested gelatin. Representative images are shown.
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Fig. 2. Ablation of talin2 inhibited MMP2 and MMP9 secretion and caused a reduction in MMP9 vesicles targeting to ventral plasma membrane. A. Secreted MMP2
and MMP?9 in talin2-KO MDA-MB-231 cells and CRISPR control cells were collected from serum-free supernatants, concentrated and determined by Western blotting.
Data are presented as mean = SEM of 3 independent experiments. t-test, P < 0.05, * < 0.01. B. MMP2 and MMP9 mRNA levels in talin2-KO MDA-MB-231
cells and CRISPR control cells were measured using real-time qPCR. Data are presented as mean * SEM of 5 independent experiments. t-test, *P < 0.05. C-F,
Talin2-KO MDA-MB-231 cells and CRISPR control cells were plated on gelatin for 36 h with 1% FBS and 0.05 pg/ml HGF. C. Cells were co-stained with anti-B1-
integrin and anti-MMP9 antibodies. Representative TIRF and brightfield images are shown. D. Intensities of all vesicles from all imaged cells were measured as their
maximum intensity, and presented in form of a histogram normalized for number of cells (Control, n = 38; TLN2-KO#1, n = 44; TLN2-KO#2, n = 59), the peak at
the maximum is connected with super-bright vesicles beyond dynamic range of the microscope camera. Data are representative of three independent experiments. E.
The same data was presented using box-whisker plot. Data presented as 10-25-50-75-90 percentiles. U test, ***P < 0.001. F. Total intensity of MMP9 fluorescence
per cell, measured as a sum of intensity maxima of MMP9 vesicles. Data presented as mean value + SEM. U test, *P < 0.05, ***P < 0.001.
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1% FBS medium with HGF. Afterwards, cells were fixed and co-stained
against MMP9 and f1l-integrin. To analyze the MMP9 secretion, we
focused on vesicle docking, the first stage of secretion process [30].
Images were acquired using TIRF microscopy. The vesicles that are

associated with the ventral plasma membrane (Fig. 2C) were counted
and intensity distributions (Fig. 2D, E) as well as total mean intensity
(Fig. 2F) of MMP9 fluorescence staining were compared between
talin2-KO and control cells. Ablation of talin2 caused a severe decrease
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Fig. 3. Talin2-B-integrin interaction is essential for MMP9 targeting to the ventral plasma membrane. Talin2-KO MDA-MB-231 cells were transfected with FLAG-
talin2"", -talin25%*°C or empty vectors pVSVG/pEGFP-C. After 72 h, cells were plated on gelatin for 36 h with 1% FBS and 0.05 ug/ml HGF. Cells were co-stained
with anti-talin2 and anti-MMP9 antibodies. A. Representative TIRF and brightfield images are shown. B. Intensities of all vesicles from all imaged cells were
measured as their maximum intensity, and presented in form of a histogram normalized for number of cells (FLAG-talin2V", n = 22; FLAG-talin25%*°¢, n = 22;
pVSVG + EGFP, n = 26). Data are representative of two independent experiments. C. The same data was presented using box-whisker plot. Data presented as 10-25-
50-75-90 percentiles. U test, ***P < 0.001. D. Total intensity of MMP9 fluorescence per cell, measured as a sum of intensity maxima of MMP9 vesicles. Data
presented as mean value + SEM. U test, ***P < 0.001. E. MMP9 co-localizes with B1-integrin in MDA-MB-231 cells plated on gelatin for 36 h with 1% FBS and
0.05 pg/ml HGF. Cells were co-stained with mouse anti-B-integrin and rabbit anti-MMP9 antibodies. Representative single-plane confocal images of two cells from

two separate experiments are shown. Cyan lines show axial projections.

in both number and intensity of MMP9 vesicles associated with the
ventral plasma membrane (Fig. 2C-F), suggesting that talin2 plays an
important role in MMP9 vesicles trafficking and docking process.

Subsequently, to determine whether the defect in talin2-KO cells
can be rescued by re-expression of talin2, talin2-null cells were tran-
siently transfected with FLAG-talin2"" or pEGFP-C1/pVSVG empty
vectors, as a control. 72 h after transfection cells were plated and cul-
tured as described before, then fixed, stained against MMP9 and talin2,
and images were collected and analyzed in the same way. Transfected
cells were recognized with positive talin2 staining or GFP. Re-expres-
sion of talin2 significantly rescued the association of MMP9 vesicles to
the ventral plasma membrane (Fig. 3A-D).

3.3. Talin2-B-integrin interaction is essential for MMPS9 vesicles to attach to
the ventral plasma membrane

To examine the importance of B-integrin interaction with talin2 in
MMP9 secretion, MDA-MB-231 cells were plated on gelatin, cultured
for 36 h in DMEM supplemented with 1% FBS and HGF, fixed, co-
stained against MMP9 and PB1l-integrin, and scanned using confocal
microscopy. Images showed co-localization between MMP9 and f-in-
tegrin in the ventral plasma membrane (Fig. 3E).

To verify whether the interaction between talin2 and [-integrin is
important for MMP9 secretion, talin2-null cells were transiently trans-
fected with FLAG-talin25%3°C, a mutant that has reduced affinity to-
wards [(-integrin [14]. Samples were prepared and analyzed as de-
scribed in the rescue experiment in the previous paragraph. The
talin25%%¢ transfection did not significantly rescue the association of
MMP9 with the ventral plasma membrane, as compared with the
transfection of pEGFP-C1/pVSVG empty vectors (Fig. 3A-D), indicating
that interaction between talin2 and B-integrin is essential for MMP9
trafficking and vesicle docking.

3.4. MMP?9 is directed towards lysosome degradation in talin2-null cells

Further, we studied the fate of MMP9 vesicles in talin2-depleted
cells. Because of its low endogenous concentration, and the high low-
signal to noise ratio of confocal microscopy, endogenous MMP9
staining is too week for imaging. Thus, we overexpressed MMP9-EGFP
in control and talin2-KO cells through transient transfection. Then, cells
were plated on fibronectin, fixed, and stained against GOLGA2 (Golgi
marker), EEA1 (early endosome marker), Rab7A (late endosome
marker), LAMP1 (lysosome marker), CD63 (exosome and cell surface-
derived endosomes), LC3f (autophagosome marker), or PSMA2 (pro-
teasome marker). Z-stack images were taken using confocal micro-
scopy.

In control cells, the sizes of MMP9 vesicles were, in general, < 1 ym
in diameter. However, talin2-depleted cells generated enlarged (=1 pm
in diameter) perinuclear vesicles containing MMP9-EGFP (Fig. 4A, B).
All the enlarged vesicles were counted and their diameter was mea-
sured. The analysis shows that the median value of the number of

enlarged vesicles per cell rises five-fold in talin2-depleted cells in
comparison to control cells (Fig. 4A). Furthermore, number of cells
having five or more enlarged MMP9 vesicles, or at least one super-en-
larged vesicle of > 2 ym in diameter was also around 5 times higher
(Fig. 4B).

To examine possible origin and further destination of those vesicles,
co-localization analysis was performed. Talin2-KO cells and the control
cells were transfected with MMP9-EGFP and stained for GOLGA2 Golgi
marker. There was no difference in the co-localization of MMP9 with
Golgi apparatus between the talin2-KO and control cells
(Supplementary Fig. 2). Cells were also stained against CD63 exosome
marker or PSMA2 proteasome marker. There was no significant co-lo-
calization of MMP9 with these markers in both control and talin2-KO
cells (Supplementary Figs. 3, 4), suggesting no or low participation of
exosomes and proteasomes in talin2-mediated MMP9 trafficking, re-
cycling and degradation. However, in talin2-null cells enlarged MMP9
vesicles were co-localized with early endosome marker EEA1 (Fig. 5A),
and surrounded by Rab7A late endosome marker (Fig. 5B), suggesting
that endosomal transport takes part in MMP9 trafficking. Furthermore,
enlarged MMP9 vesicles were surrounded by LC3f autophagosome
marker (Fig. 6) and localized to lysosomes (Supplementary Fig. 2) in
talin2-KO cells.

In talin2-depleted cells, enlarged MMP9 vesicles were accumulated
in endosomes, autophagosomes, and lysosomes in talin2-null cells,
suggesting that ablation of talin2 causes lysosomes overload. Lack of
enlarged MMPO vesicles in control cells is not surprising due to ongoing
secretion and degradation processes.

In order to examine lysosomes overload hypothesis, MDA-MB-231
control cells expressing MMP9-EGFP were treated with lysosome in-
hibitors: 0.2 pM bafilomycin (Baf) or 200 uM chloroquine (CQ) for 6 h.
Then, samples were fixed, stained against LAMP1 and scanned using
confocal microscopy. Both inhibitors caused increase in vesicle size and
number of oversized vesicles, comparable to those in talin2-knockout
cells (Fig. 4), suggesting that talin2-mediated vesicle docking prevents
MMP9 vesicles from being rerouted and degraded.

4. Discussion

Invadopodia degrade extracellular matrix, thus mediating tumor
cell invasion, a key step in cancer metastasis. Talin2 binds to p-in-
tegrins, localizes to invadopodia, mediates invadopodium formation,
and consequently regulates cell invasion [14]. It has been reported that
talin2 is essential for podosome- and invadopodium-mediated ECM
degradation [13,14], but the molecular mechanism was not established.

It has been demonstrated that MMP9 localizes to invadopodia, and
regulates cancer cell invasion and metastasis [20,21,31-33]. In this
work, we showed that, even though the intracellular level of MMP9
does not change [13], the ablation of talin2 cause a significant decrease
in MMP?9 secretion due to an inhibition of docking of secretory vesicles.
It also stimulated transcription of MMP9 mRNA probably due to a
feedback loop (Fig. 2). The secretion inhibition leads to a decrease in
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Fig. 4. Talin2-KO caused an accumulation of enlarged MMP9 vesicles. A. Number of enlarged vesicles per cell in talin2-knockout cells, control cells, and control cells
treated for 6 h with 200 uM chloroquine (CQ) (Control, n = 41; TLN2-KO#1, n = 47; TLN2-KO#2, n = 48; Control + CQ, n = 12). Comparison between cells
treated with chloroquine and KO cells shows no statistical difference (P > 0.05) U test, ***P < 0.001. B. Pie diagrams showing percentage of cells having a) five or
more enlarged vesicles (diameter of 1 pm or more), b) having at least one vesicle with diameter of > 2 pm, c) fulfilling condition a and b, and d) the rest of the cells.
C. MMP9 was co-localized with LAMP1 in MDA-MB-231 cells plated on fibronectin after treatment with lysosome inhibitors: 0.2 pM Bafilomycin (Baf) or 200 pM
Chloroquine (CQ) for 6 h. In both cases MMP9 was accumulated in multiple enlarged vesicles. Cells were transfected with MMP9-EGFP and stained with anti-LAMP1
antibody. Representative maximum intensity projections (MIP) of confocal images are shown.

ECM degradation [14]. Furthermore, the decrease in MMP9 vesicle
docking in talin2-KO cells was restored by re-expressing talin2"". These
results suggest that talin2 regulates invadopodium maturation and in-
vasion by mediating MMP9 secretion (Fig. 3).

We transfected talin2-KO cells with talin2"%" and talin25%*°¢, a
mutant with reduced p-integrin binding [14]. The wild-type protein
rescued MMP9 secretion, but the mutant did not, indicating that the
functional talin2 — B-integrin complex is required for MMP9 secretion
(Fig. 3). Previous studies show the importance of several different kind
of integrins in MMP9 secretion, including a3p1 in keratinocytes
[34,35] and breast cancer cells [36], av33 in breast cancer cells [37] or
B1 in neurons [38]. Especially, Redondo-Muiioz and colleagues showed
that a4fB1 integrin is essential for MMP9 vesicle docking in B cells
[39,40]. Our results indicate that MMP9 secretion is dependent speci-
fically on talin2 - B1-integrin interaction. Morini and colleagues de-
monstrated that selectively blocking a331-integrin led to reduction in

MMP9 activity in MDA-MB-231 cells [36], while Redondo-Mufioz and
colleagues showed direct interaction between MMP9 and a4f1-integrin
[39]. These results suggest that the talin2 — fB-integrin complex may
provide a docking site for MMP9 vesicles, thus controlling MMP9 se-
cretion.

It has been shown that inhibition of MMP9 secretion may lead to
lysosomal degradation of MMP9 [20,41] and accumulation of enlarged
MMP9 vesicles in the perinuclear area [41]. We examined MMP9
trafficking in talin2-KO cells where MMP9 secretion is impaired, and
found the similar phenomena: talin2-KO resulted in a significant peri-
nuclear accumulation of enlarged MMP9 vesicles (Figs. 4-6). These
vesicles were co-localized with early endosome marker EEA1, sur-
rounded by late endosome marker Rab7 and autophagosome marker
LC3p in talin2-deprived cells (Figs. 5, 6). It has been reported that
vesicles that cannot be docked properly to the plasma membrane are
directed to early endosomes and ultimately towards lysosomal
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Fig. 5. Enlarged MMP9 vesicles were co-localized with EEA1 early endosome marker and surrounded by late endosome marker Rab7A in talin2-KO cells. Talin2-KO
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with anti-EEA1 (A) or anti-Rab7 (B) antibodies. The co-localization of MMP9 with EEA1 or Rab7A was examined using a Nikon Al confocal microscope.
Representative maximum intensity projections (MIP) of confocal images are shown.
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degradation through late endosomes [42-44]. Furthermore, we believe
that MMP9 — LC3p colocalization is not connected with autophagocy-
tosis process directly, but rather as an effect of creation pre-lysosomal
amphisomal compartments from MMP9 - late endosomes and a au-
tophagosomes [45]. We hypothesize that formation of oversized ve-
sicles is caused by insufficiency in lysosomal degradation process, re-
sulting in temporal storage of MMP9 and other proteins pending for
degradation. Additionally, we observed similar vesicles in cells that did
not go under transfection (data not shown), suggesting that trafficking
pathways of other proteins are impaired, and that higher amount of
proteins is directed towards lysosomal degradation. To confirm our
hypothesis of lysosomal overflow we inhibited lysosomes with bafilo-
mycin or chloroquine receiving similar results as for talin2-KO cells
(Fig. 4). Comparing our results with previous studies, we found that
depletion of Rab40B also resulted in MMP9 targeting to lysosomes [20].
These findings suggest that talin2-KO results in defect in MMP9 vesicle
docking, consequently causes MMP9 vesicles redirected to endosomes,
and lysosomes for degradation.

It was recently shown that MMP9 secretion is affected by extra-
cellular matrix rigidity in hepatic stellate cells [46]. Our results indicate
that integrins and both talins: talinl and talin2 might be involved in
mechanosensing pathways of this phenomenon. Moreover, as the ab-
lation of either of talins result in reduction in MMP9 secretion, it in-
dicates different roles of these proteins in the secretion process. Re-
expression of S339C talin2 mutant, a protein closely resembling talinl
in terms of talin-integrin interaction [15], in talin2-KO cells did not
rescue the secretion, suggesting that Ser339 is specifically involved in
this process.

Although talin has not been found to associate directly with protein
secretion machinery, it can bind to PIP2, which regulates vesicle

BBA - Molecular Cell Research 1867 (2020) 118693

Fig. 6. Enlarged MMP9 vesicles were co-localized
with autophagosome marker LC3 in talin2-KO cells.
Talin2-KO MDA-MB-231 cells and the control cells
were transfected with MMP9-EGFP, plated on fi-
bronectin, and stained with anti-LC3( antibody.
Representative maximum intensity projections (MIP)
of confocal images are shown.

trafficking [47,48]. Because the B-integrin-binding site on talin2 is
proximal to the PIP2 binding site [15], PIP2 binding may also regulate
the interaction of talin2 with B-integrins. Moreover, talin has a moesin
binding site in its rod domain [49]. One of possible mechanisms we
suspect that may be responsible for talin-mediated MMP secretion is a
change in regulation of recruitment of moesin-NHE-1 complex to in-
vadopodia. The complex is responsible for invadopodium stability and
matrix degradation [50] and its recruitment is mediated by talin [12].
Moreover, several studies have shown the importance of NHE-1 in
MMP2 and MMP9 activity [53,58,59]. Thus, possible differences in
interaction between talinl/talin2-moesin may lay behind this interac-
tion. In addition, another hypothesis is that calpain binds to calpain-
cleavage/binding site in a talin head-rod linker [54] to modulate MMP
secretion. Calpains are intracellular proteases [55], and they are also
connected with mediation of protein secretion, including MMPs
[51,52]. We hypostatize that the distinct affinities of talinl and talin2
towards integrins may induce a different conformation of talins, thus
changing nature of talin2-calpain interaction. Furthermore, calpain has
also an important role in focal adhesion turnover [56], thus inhibition
of calpain-mediated cleavage may result in changing focal adhesion
organisation; the fact talin2 that creates larger adhesion sites than
talinl [57] supports the talin2-calpain interaction hypothesis (Fig. 7).
The connection of talinl with secretion of MMP9 is still to be de-
termined, as it might be either direct through molecular interactions, as
we hypothesize in case of talin2, or indirect through controlling cell
adhesion and cell-ECM interaction.

In summary, talin2 interacts with B-integrins and localizes to in-
vadopodia. Thus, talin2-B-integrin complex constitutes a docking site
for MMP9 vesicles in invadopodia, mediating MMP9 secretion and
trafficking, and cell invasion (Fig. 7).
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Fig. 7. Scheme of talin2-mediated MMP9 trafficking pathway. MMP9 secretory
vesicles (1) released from Golgi apparatus are transported towards ventral
membrane where complex of talin2, Bl-integrin and unknown factor (either
cytoplasmic like moesin-NHE-1 or calpain, or membrane like PIP2) mediate
their docking (A) and secretion (B), consequently. In case of absence of the
complex, MMP9 vesicles are trafficked towards degradation process (C) in ly-
sosomes (6) through early and late endosomes (2 and 3, respectively), with
possible merging with autophagosomes (4) to create amphisome (5).
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Baster et al. Supplementary Figure Legends

Supplementary Fig. 1. MMP9 colocalizes with cortactin at digestion spots.
MDA-MB-231 cells plated on gelatin-Cy3 covered bottom-glass dish and stained with
anti-cortactin and anti-MMPg antiodies were imagined using TIRF microscopy. Arrows
point at colocalisation spots between cortactin, MMP9 and digested gelatin.
Representative images are shown.

Supplementary. Fig. 2. MMP9 colocalizes with Golgi apparatus and enlarged
MMP9 vesicles co-localize with lysosome marker in talin2-KO and control
cells. Talin2-KO MDA-MB-231 cells and the control cells were transfected with MMP9-
EGFP, plated on fibronectin, and stained with anti-GOLGA2 and anti-LAMP1 antibodies.
Representative maximum intensity projections (MIP) of confocal images are shown.
Supplementary. Fig. 3. MMP9 does not colocalize with CD63 exosome
marker in MDA-MB-231. Talin2-KO MDA-MB-231 cells and the control cells were
transfected with MMP9-EGFP, plated on fibronectin, and stained with anti-CD63
antibodiy. Representative maximum intensity projections (MIP) of confocal images are
shown.

Supplementary. Fig. 4. MMP9 does not colocalize with proteasomes marker
in MDA-MB-231. Talin2-KO MDA-MB-231 cells and the control cells were transfected
with MMP9-EGFP, plated on fibronectin, and stained with anti-PSMA2 antibodiy.

Representative maximum intensity projections (MIP) of confocal images are shown.
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Highlights

Increased expression of talinl or B1 integrin correlates negatively with colon cancer
patient survival rates.

Depletion of talinl inhibits growth of colon cancer mini-tumors (spheroids) in fibrin
gels.

Through binding to talin, cyanidin-3-glucoside (C3G) increases talin’s affinity
towards B1 integrin.

C3G locates itself at the talin-integrin interface, influencing the complex’s interaction
mechanism.

C3G stimulates adhesion of colon cancer cells plated on a fibronectin substrate but
does not influence proliferation.

C3G inhibits growth of colorectal cancer mini-tumors in fibrin gels.
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Abstract

Cyanidin-3-glucoside (C3G) is a natural pigment, found in many colorful fruits and
vegetables. It has many health benefits, including anti-inflammation, cancer preven-
tion, and anti-diabetes. Although C3G is assumed to be an antioxidant, it has been
reported to affect cell-matrix adhesions. However, the underlying molecular mecha-
nism is unknown. Here, we show that the expression of talinl, a key regulator of
integrins and cell adhesions, negatively correlated with the survival rate of colon
cancer patients and that depletion of talinl inhibited 3D spheroid growth in colon
cancer cells. Interestingly, C3G bound to talin and promoted the interaction of talin
with Bl1A-integrin. Molecular docking analysis shows that C3G binds to the inter-
face of the talin-B-integrin complex, acting as an allosteric regulator and altering
the interaction between talin and integrin. Moreover, C3G promoted colon cancer
cell attachment to fibronectin. While C3G had no significant effect on colon cancer
cell proliferation, it significantly inhibited 3D spheroid growth in fibrin gel assays.
Since C3G has no or very low toxicity, it could be potentially used for colon cancer

prevention or therapy.

KEYWORDS

adhesion, cancer prevention, cyanidin-3-glucoside, drug discovery, molecular docking, talinl, talin2,
B-integrin

Abbreviations: 3D, three-dimensional; C3G, cyanidin-3-glucoside; DMSO, dimethyl sulfoxide; EGFP, enhanced green fluorescence protein; ESI,
electrospray ionization; FN, fibronectin; GST, glutathione S-transferase; LC-MS, liquid chromatography mass spectrometry; MMP, matrix
metalloproteinase; NBT, nitroblue tetrazolium; TBST, tris-buffered saline with Tween-20; WST-8,
2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium.
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1 | INTRODUCTION

Cyanidin-3-glucoside (C3G) is a natural dye found in black-
berries, bilberries, and several other black-red fruits and
vegetables.'™ It is the most common member of the anthocy-
anin family.4 Many studies describe C3G as an antioxidant*”
contributing to amti-inﬂammationj’9 anti-obesity,lo’ll and
711-13 processes, and to the reduction of risk of car-
diovascular diseases.”'* Furthermore, several reports show the
C3G’s inhibitory effect on cancer metastasis, tumor progres-
sion and cell migration in lung,'>'® and breast'”'® cancer cell
lines. Chen and colleazg,rues15 showed that C3G significantly
reduces invasiveness, adhesion, and matrix metallopeptidase
(MMP) activity in lung cancer cells. Although C3G is thought
to be an antioxidant, its effect on cell adhesion suggests that it
may regulate integrin activation or integrin signaling pathways.

Talin binding to p-integrin tails is the common step in
integrin activation.'® Talin was first identified in 1983 by
Keith Burridge and Laurie Connell”” as a focal adhesion
and ruffling membrane protein. In the following years,
the binding of talin toward vinculin®' and integrin®* was
demonstrated. There are two main domains in talin®: an
N-terminal head domain responsible for the interaction
with [S—integrin,m’25 and a large C-terminal rod domain
composed of 13 alpha-helix bundles responsible for the
interaction with vinculin and actin.”>?” There are two dif-
ferent versions of talin protein in human: talinl (TInl) and
talin2 (TIn2) encoded by TLNI and TLN2 genes, respec-
tively.?® Talin-integrin affinity differs between two variants
of talin. We reported previously that talin2 interacts with
pl-integrin stronger than talinl, with Ser-339/Cys-336
(talin2/talinl) disparity in the sequences being the main
reason for the difference in affinities.””*° The main integrin
p1-binding site in both variants of talin is localized in the
F3 head domain at the pocket formed by Arg-358/361, Ala-
360/363 and Tyr-377/380 (TIn1/TIn2) and at the turn of
p1-p2 loop with Asn-326/323 and Lys-327/324 creating hy-
drogen bonds with the integrin tail. 33! Although initially
it was hypostatized that talin2 acts redundantly with talinl,
latest studies show that the two proteins have distinct func-
tions.”>¥>33 Although both talinl and talin2 regulate cell
migration, invasion, tumor growth, and metastasis, talinl
plays a more prominent role in tumor growth than talin2.%*

In the present study, we demonstrated the essential role of
talinl in 3D spheroid growth of colon cancer cells in fibrin
gel assays and identified C3G as a promoter of the talin-f-in-
tegrin interaction. Molecular docking analysis showed that
C3G bound to the interface of the talin/f-integrin complex.
Furthermore, C3G promoted cell adhesions on fibronectin.
Although C3G had little effect on the proliferation of colon
cancer cells, it significantly inhibited 3D spheroid growth of
colon cancer cells in fibrin gel assays. Therefore, C3G could
be a potential therapeutic agent for colon cancers.

anti-diabetic

2 | MATERIALS AND METHODS

2.1 | Reagents

C3G was a gift from our colleague Dr Jia Lou (University
of Kentucky). pLKO1 lentivirus shRNA clones that tar-
get talinl were from Sigma. Talinl shRNA clones are
TRCN0000123105 (#1), TRCN0000299020 (#2), and
TRCN0000299022 (#3). Anti-GFP rabbit polyclonal anti-
body (G1544) and anti-polyhistidine mouse monoclonal an-
tibody (Clone HIS-1) were from Sigma. Anti-talinl mouse
monoclonal antibody (clone 97H6) was from Bio-Rad.
Anti-talin2 rabbit polyclonal antibody (PB9961) was from
BosterBio (Pleasanton, CA). Anti-tubulin mouse monoclonal
antibody (TM4111) was from ECM Bioscience (Versailles,
KY). Safectine RUS0 transfection kit was purchased from
Syd Labs (Malden, MA). Alexa Fluor 700 goat anti-rabbit
IgG (H+L) (A21038) and Alexa Fluor 800—conjugated goat
anti-mouse IgG (H+L) (A11375) were from Invitrogen.
Fibronectin was purified from bovine plasma using gela-
tin-Sepharose column. Salmon fibrinogen (SEA-133) and
Salmon thrombin (SEA-135) were from Searun Holdings
(Freeport, ME). N-(I-pyrene)iodoacetamide was
Setareh Biotech (Eugene, OR).

from

2.2 | Cell culture and transfection

CHO-K1 Chinese hamster ovary cells; human colon
cancer cell lines HCT116, Caco2, and SW480; human
breast cancer cell lines MDA-MB-231 and BT459; and
human melanoma cell line MDA-MB-435S were from the
American Type Culture Collection. Human colon cancer
cell lines HT-29 and RKO were from Dr Qing-bai She
(University of Kentucky). All the cell lines were main-
tained in DMEM medium (Sigma) containing 10% fetal
bovine serum (FBS), penicillin (100 U/mL), and strepto-
mycin (100 pg/mL). CHO-K1 cells were transfected with
Safectine RUS50.

2.3 | Talinl knockdown

293FT cells were co-transfected with talinl shRNA and len-
tiviral packaging plasmids (pMDLg/pRRE, pRSV-Rev, and
CMV-VSVG) using Safectine RU50 transfection reagent ac-
cording to the manufacturer's protocol. The medium of trans-
fectants was collected at 48 hours and filtered with 0.45-pm
filter. The virus particles were applied to overnight cultures
of colon cancer cells for infection. Cells stably expressing
shRNA control or talinl shRNAs were obtained by grow-
ing infected cells in the presence of 1 pug/mL puromycin for
10 days.
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2.4 | Cell proliferation assays

Cells were trypsinized and resuspended in DMEM contain-
ing 10% FBS at a density of 5 X 10* cells/mL. Cells were
treated with C3G or vehicle (DMSO) where was indicated.
One hundred microliters of cells was added to each well of
96-well tissue culture plates. The cells were allowed to grow
for 1-4 days (as indicated) in a CO2 incubator and then incu-
bated with 10 pL (per well) of TetraZ (WST-8) cell counting
kit. Cell proliferation was determined by measuring absorb-
ance 450 nm using a BioTek plate reader.

2.5 | 3D fibrin gel assays

3D fibrin gel assays were performed as described previously.35
Briefly, cells were trypsinized and suspended in DMEM con-
taining 10% FBS at a density of 1 X 10* cells/mL. Fibrinogen
(2 mg/mL) in T7 buffer (pH 7.4, 50 mM Tris, 150 mM NaCl)
was mixed with cell solution (1:1), and 250 pL cell/fibrino-
gen mixtures were mixed well with pre-added 2 pL throm-
bin (0.25 U/uL) in each well of 24-well plate. The plate was
then incubated in a CO, incubator for 10 minutes, and then,
0.5 mL DMEM containing 10% FBS and antibiotics were
added. The cells were cultured for 12 days for 3D spheroid
formation, with medium/C3G change at 4-day intervals. 3D
spheroid tumors were visualized by adding 50 uL of NBT to
each well and incubating for 12 hours.

2.6 | Talin-integrin interaction assays
The binding of purified His-tagged proteins to GST-p1-
integrin tails was performed in Buffer A (50 mM Tris-HCI,
pH 7.4, 0.1% NP-40, 150 mM NaCl, and 1 mM EDTA con-
taining 0.5 mg/mL porcine gelatin unless where specified).
Bound protein was eluted with 10 mM glutathione and de-
termined with dot blotting, or separated using SDS-PAGE,
stained with Coomassie blue. The gels were scanned with LI-
COR Infrared Imager using 700-nm channel. Protein bands
were quantified by analyzing inverted images using Imagel
as described previously.30’36

For pulldown assays using cell lysates, CHO-K1 cells were
transfected with pEGFP-talin2,y¢ 403, pPEGFP-talinl 446, or
their mutants. At 28 hours post-transfection, the cells were
harvested in Buffer A containing 0.5% NP-40 and protease
inhibitor cocktail. Cell lysates were cleared by centrifuga-
tion and mixed with NP-40-free buffer A (1:4). The cell ly-
sates were mixed with C3G or vehicle and then incubated
with glutathione-agarose beads loaded with GST or GST-f1-
integrin tails at 4°C for 120 minutes. The beads were washed
once with 1 mL of TBST buffer and resuspended in SDS-
sample buffer. Samples were analyzed using SDS-PAGE and

transferred to nitrocellulose membrane for detecting protein
interaction.

2.7 | Interaction of talin with C3G
Recombinant His talin2; 4,9 was labeled with N-(1-pyrene)
iodoacetamide according to the manufacturer's protocol.
The unreacted pyrene reagent was removed using a Bio-Gel
P-30 gel filtration column. Pyrene-talin2, 449 at 50 pg/mL in
Buffer A was mixed with different concentrations of C3G.
The fluorescence spectra were determined using Cytation 5
Cell Imaging Reader (BioTek, Winooski, VT), with excita-
tion 344 nm. To determine the affinity of C3G to talin2, fluo-
rescence in presence of different concentrations of C3G (F)
and vehicle (F;) was measured with Excitation 344 nm and
Emission 384 nm. (F,—F)/F, was plotted against the concen-
trations of C3G, and the binding constant was determined
using SigmaPlot.

2.8 | Analysis of C3G binding using
molecular docking

The talin2-B1A-integrin complex structures were constructed
based on 3G9W structure®’ by introducing a Q778G point
mutation and deleting the C-terminal PIN(N) sequence using
PyMOL. Original C3G structure was based on PubChem.
Different protonated forms (total 16) of C3G were generated
using SPORES software.*® Molecular docking was carried
out with all 16 forms of C3G using PLANTS software.*

2.9 | Cell adhesion assays

Non-treated 96-well plates were coated with 5, 10, and 20 pg/
mL of FN at 4°C overnight. Cells were trypsinized and sus-
pended in serum-free DMEM at a density of 3 X 10° cells/mL.
The cells were treated with C3G or vehicle (DMSO) as indi-
cated. One hundred microliters of cells was added to each well
of a FN-coated 96-well plate. The plate was incubated in a CO,
incubator for 1-4 hours based on the cell lines. Unattached cells
were washed away with DPBS, and attached cells were fixed
with 4% paraformaldehyde and stained with crystal violet.
Stained cells were quantitated with Li-COR Odyssey Imaging
System.

2.10 | Liquid chromatography mass
spectrometry

Liquid chromatography was performed using a Shimadzu
HPLC system consisting of a SIL-20AHT autosampler
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and two LC-20 AD pumps (Shimadzu, Canby, OR, USA)
with a Kinetex XB-C18 column (100 X 4.6 mm, 2.6 um,
Phenomenex, Torrance, CA, USA) with gradient conditions:
mobile phase A: water; B: methanol; and flow rate: 280 pL/
min. A TSQ Vantage triple-quadrupole mass spectrom-
eter equipped with an electrospray ionization (ESI) source
(Thermo Fisher, Waltham, MA, USA) was used for mass
spectrometric detection. Selected reaction monitoring (SRM)
of m/z 447.4—284.1 for C3G in the negative mode was uti-
lized to conduct quantitative analysis.

3 | RESULTS

To know the correlation between talinl expression and the
survival rate of colon cancer patients, we performed a Cox
analysis and generated a Kaplan-Meier plot using a previously
established database.*’ Higher talinl expression negatively
correlated with the survival probability of colon cancer pa-
tients (Figure 1A). A similar correlation is observed between
ITGB1 (B1-integrin) expression and the survival rate of colon
cancer patients (Figure 1B). To learn the role of talinl in the
proliferation of colon cancer cells, talinl in HT-29 cells was
depleted and cell proliferation was examined using WST-8
cell proliferation assays. Depletion of talinl caused a moder-
ate inhibition of HT-29 cell proliferation (Figure 1C). Since
3D spheroid tumor growth in fibrin gel correlates with the tu-
morigenic capacity of tumor cells in mice,”
role of talinl in mini-tumor (3D spheroid) growth, using 3D
fibrin gel assays. Depletion of talinl in HT-29 and HCT116
colon cancer cells significantly inhibited 3D spheroid growth
in fibrin gel assays (Figure 1D,E).

To identify inhibitors or activators that perturb the
talin-p-integrin interaction, we examined the effects of more
than 180 natural products, including pure compounds and
crude extracts, using in vitro GST pulldown assays. Because
talin2 has a higher affinity to B-integrin tails than talinl, we
used talin2 in the initial screening assays. To this end, recom-
binant His-tagged talin2,_4,9 was mixed with different natural
products and incubated with recombinant GST-B1A integrin
tail preloaded to glutathione beads for 90 minutes at 4°C.
Bound proteins were eluted with glutathione and analyzed
using dot blotting. During this screen, we did not find any
compounds that inhibit talin-p1A-tail interaction. However,
we found that C3G and several other fractionated natural
products promoted the binding of talin2 to the f1A-integrin
tail (Figure 2A). C3G was selected for further examination
because C3G is the only pure compound with activity in our
screening assays. Further analysis with SDS-PAGE showed
that C3G promoted the interaction of f1A-integrin tail with
both talinl and talin2 in a dose-dependent manner (Figure
2B). To determine whether C3G binds to talin, His-tagged
talin2 was labeled with N-(1-pyrene) iodoacetamide, and

we examined the

the emission spectrums of pyrene-labeled talin2 were deter-
mined in the presence of different concentrations of C3G.
As shown in Figure 2C, C3G quenched the fluorescence of
pyrene-talin2 in a dose-dependent manner, indicating that
C3G binds to talin2. A dissociation constant (K,) of 26 uM
was determined based on the fluorescence quenching assays
(Figure 2D).

To identify which domains are responsible for C3G
binding, EGFP-talin2,¢ 493 (F2-F3 domains) and EGFP-
talinl; 44 were transfected into CHO-K1 cells, respectively.
The binding of these proteins to f1A-integrin tails was per-
formed using GST pulldown assays, in the presence of C3G
or vehicle (DMSO). The binding of the two proteins to p-in-
tegrin tails was promoted by C3G (Figure 3A), suggesting
that C3G binds to the F2-F3 domains. To determine the bind-
ing site of C3G on talin, molecular docking was performed.
The talin2-p1A-integrin complex structure was constructed
based on the structure of the talin2-f1D-integrin cornplex.30
Molecular docking was carried out with all 16 protonation
states of C3G (Figure 3B) using the PLANTS software.*® The
best docking solutions place C3G at the interface of talin2
and integrin (Figure 3C-E) with K323, K321, Q377, S382,
and Y380 residues responsible for creating a binding niche in
talin2, and E767 and K770 B1A-integrin residues interacting
directly with C3G (Figure 3C). To verify this docking model,
EGFP-talin1V", EGFP-talin1¥*""%378F (corresponding to
talin2Y380F’381F), and EGFP-talin1“**% were transfected into
CHO-K1 cells, respectively. The binding of these proteins to
p1A-integrin tails was performed using GST pulldown as-
says, in the presence of C3G or vehicle. Substitution of Y377
and Y378 with Phe significantly inhibited C3G-induced
talinl-B1-integrin interaction, whereas substitution of C336
with Ser had little effect (Figure 3F). Thus, although the mo-
lecular docking model remains to be further verified, the cur-
rent data support the proposed model.

To examine the effect of C3G on cell adhesions, cells were
treated with different concentrations of C3G and plated on
a fibronectin (FN)-coated 96-well plate. As expected, C3G
promoted the attachment of colon cancer cells RKO to low
concentrations of FN in a dose-dependent manner, but had
no effect at high concentration of FN (Figure 4A,B). Similar
results were observed in HT-29, HCT116, and SW480 cancer
cell lines (Figure 4C,D). However, C3G had only marginal
effect on the attachment of DLD1 cells (Figure 4E). Since
DLDI1 cells had strong adhesions to FN in the absence of
C3G, and C3G had no effect at high concentrations of FN,
C3G may be more effective when cells have a loose adhesion.

To determine the bioactivity of C3G, we examined the
effect of C3G on cancer cell proliferation, using WST-8
cell proliferation assays. C3G had small effects on the
proliferation of HCT116 and SW480 colon cancer cell
lines, but had no effects on that of Caco2 and HT-29
(Figure 5A). C3G also had no effects on the proliferation
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Talinl expression correlates with poor survival rate of colon cancer patients and is essential for 3D mini-tumor growth.

A, Kaplan-Meier plot of the correlation between talinl expression and the survival rate of colon cancer patients. B, Kaplan-Meier plot of the
correlation between ITGB1 (p1-integrin) expression and the survival rate of colon cancer patients. C, Depletion of talinl using shRNA slightly
inhibited the proliferation of HT-29 cells. Data = mean + SD, n =5, **P < .01. D, Depletion of talinl inhibited the mini-tumor growth of HT-29
cells in fibrin gel assays. Data = mean + SD, n = 4, **P < .01, #**P < .001. Scale bar, | mm. E, Depletion of talinl using shRNA inhibited the
mini-tumor growth of HCT116 cells in fibrin gel. Data = mean + SD, n = 4, *P < .05, **P < .01

of BT549, MDA-MB-435S, and MDA-MB-231 cell lines
(Figure 5B). However, C3G dramatically inhibited the
3D spheroid tumor growth of HT-29 cells in fibrin gel
assays (Figure 5C). It also significantly suppressed the
3D spheroid growth of HCT116 cells (Figure 5D). In
addition, it inhibited MMP secretion and the invasion of

MDA-MB-231, MDA-MB-468, and MDA-MB-157 cells
(data not shown).

Because it has been reported that C3G is thermally unsta-
ble,*' we used LC-MS selected reaction monitoring (SRM)
method to examine the stability of C3G in the DMEM media
when incubated at 37°C. Approximately 61% and 50% of
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FIGURE 2 C3G bound to talin and promoted talin-b1 A-integrin interaction. A, His-tagged talin2; 449 (5 ug) in 100 uL of Buffer A with
different natural products or vehicle was incubated with glutathione-agarose beads preloaded with GST or GST-p1A-integrin tails (5 pg). The
beads were washed with TBST, and bound proteins were eluted and detected with dot blotting. C3G 20 pM; all other natural products, 100 pg/

mL. B, C3G promoted the interaction of His-tagged talinl,_4;4 and talin2,

was detected by Coomassie staining. Data = mean + SD, n = 3. *P < .05,

_449 With GST-B1A-integrin tails in GST pulldown assays. The binding

##%P < .001. C, C3G changed the conformation of talin2. His-tagged

talin2-449 was labeled with N-(1-Pyrene)iodoacetamide. Spectrums of pyrene-talin21-449 were determined by excited at 344 nm in the presence of
different concentrations of C3G or vehicle (DMSO). As a control, the spectrum of C3G in the assay buffer (C3G + Buffer) was also determined. D,
The fluorescence of pyrene-talin2, 449 in different concentrations of C3G (F) or vehicle (DMSO, F;) was measured with Ex 344 and Em 384 nm.

Data were plotted and fitted with SigmaPlot

C3G were retained in the medium after 16 and 30 hours in-
cubation, respectively (Figure 5E), suggesting that C3G was
slowly degraded at 37°C.

4 | DISCUSSION
Our previous studies show the importance of talin in tumor
growth and tumor metastasis.”>**** Talin binding to p-integrin
tails is a common step in integrin activation, a key step for cell-
matrix adhesions and focal adhesion formation." In this work,
we demonstrated that talinl is essential for the 3D spheroid
tumor growth of colon cancer cells and that C3G bound to the
interface of the talin-p-integrin complex, promoted talin bind-
ing to B-integrins and cell-matrix adhesions, but unexpectedly
inhibited the 3D mini-tumor growth in colon cancer cells.

It has been reported that C3G has a variety of health ben-
efits, including e1nti—inflammati0n,8’9 alnti—obesitylo’ll and
anti-diabetes,“’12 and anti-cancer activities. However, its

mechanism of action is unclear. Talin binds to B-integrin tails
and activates integrins, which regulate many physiological and
pathological processes, such as inflammation,**** obesity,*>*®
diabetes,”’* and cancer.”>' Thus, perturbing the talin-p-in-
tegrin interaction could be a potential strategy for intervening
these health problems. We found that C3G bound to talin and
promoted talin-p-integrin interaction processes (Figure 2). As
expected, C3G also promoted the adhesions of multiple colon
cancer cell lines on fibronectin (Figure 4), suggesting that
C3G can activate integrins or regulate integrin signaling. C3G
had distinct effects on the adhesions of different colon cancer
cell lines (Figure 4). Even in the same cell line, C3G promoted
cell adhesion at low concentrations of FN, but had no effect
at high concentrations of FN. In fact, C3G inhibited the cell
adhesion of some breast cancer cell lines (unpublished data).
Thus, C3G, acting like a double-edge sword, has distinct im-
pacts on cell adhesion under different conditions.

In order to understand how C3G modulates the talin-in-
tegrin interaction, we performed molecular docking. The
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FIGURE 3 Talin2-C3G -p1A-integrin molecular docking simulation. A, EGFP-talin2,,4 403 and EGFP-talinl; ¢ were transfected into
CHO-KI cells, respectively. The B-integrin binding of these proteins was examined by GST-f1A pulldown assays in the presence of DMSO or

C3G (80 uM), using GST as control. B, Structure of C3G, arrows point at potential protonation sites. C, C3G locates at the interface of talin2 and

integrin. Talin2 and B1-integrin are represented as gray and green ribbons, respectively. D, C3G docking site with atom-atom interactions is shown.
TLN2: K323, K321, Q377, S382, and Y380; and f1A: E767 and K770 residues are shown in a stick model. E, Surface charge map of talin2 and
Bl-integrin in talin2-C3G-p1A-integrin complex. F, EGFP-talin1 | 4,5, EGFP-talinl, 435Y° " Y*"F and EGFP-talin1, 4,," % were transfected into
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shown in the right panel

analysis suggests an interaction mode where C3G binds
to the interface of talin2-f1A-integrin complex inside the
niche in the F3 domain of talin2 (Figure 3). Within this
pocket, C3G interacts with residues Glu767 and Lys770
in flA-integrin via hydrogen bonds, and with Lys321,
Lys323, GIn377, Tyr380, and Ser382 in talin2. It has been
reported that PlA-integrin interacts with talin2 F3 do-
main via Asp759 and Arg760,%>°% which are two-to-three

o-helix turns away from C3G-binding residues and are
located on the same side of the helix (Figure 3D). Thus,
the macroscopic conformation of talin2-C3G-f1-integrin
complex will be similar to the one without C3G. This is
consistent with the role of C3G in promoting cell adhesion
(Figure 4). On the other hand, C3G interacts with residues
Lys323, Lys321 in the B1-p2 loop of talin2 (Figure 3D),
which has been shown to highly influence talin-f1-integrin
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FIGURE 4 C3G promoted colon cancer cell adhesion on FN. A, RKO cells (3 x 10* cells/mL) in 100 pL of serum-free medium were

plated on FN-coated 96-well plate in the presence of C3G or vehicle (DMSO), incubated for 1 hour, washed with DPBS, fixed, and stained with
crystal violet. B, The 96-well plates were scanned with Li-COR, and the attached cells were quantitated. Data = mean + SD, n = 5. **P < .01,
#xP < 001, C, HT-29 and SW480 cells (3 x 10* cells/mL) in 100 uL of serum-free medium were plated on FN (2.5 ug/mL)-coated 96-well

plate with different concentrations of C3G or vehicle (DMSO), incubated for 4 hours, washed with DPBS, fixed, stained with crystal violet, and
quantitated with Li-COR. Data = mean + SD. n = 4. *P < .05, **P < .01, ***P < .001. D, HCT116 cells (3 X 10* cells/well) in 100 pL of serum-
free medium were plated on FN (2.5 ug/mL)-coated 96-well plates in the presence of C3G or vehicle (DMSO), incubated for 2 hours, fixed, stained
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free medium were plated on FN-coated 96-well plates with C3G or vehicle (DMSO), incubated for 1 hour, fixed, and stained with crystal violet.

Data = mean + SD,n = 5. *P < .05

interaction.* Binding of C3G between F3 domain's $1-p2
loop and f-sheet (residues GIn377, Ser382 and Tyr380)
may cause a change in native talin2 p1-p2 loop conforma-
tion and impair the conformation of talin-B-integrin com-
plex and consequently alter integrin activation. Although,
via Glu767 and Lys770 residues, C3G generates separate
bonds with integrin thus increasing affinity between both
proteins, it is likely that the conformation of talin in the
presence of C3G is suboptimal for integrin activation.
Thus, we anticipate that C3G would promote cell adhesion
when cells have a weak adhesion, while inhibit (or have no
effect) when cells are capable of forming strong adhesions,
as in the case of some cancer cell lines.

Although C3G has profound effects on the FN adhesions
of colon cancer cell lines, it surprisingly did not affect the
proliferation of colon cancer cells in 2D (Figure 5). It also

had no effect on the proliferation of breast cancer cells. These
results indicate that C3G has no or very low toxicity. This can
be one of the reasons it has been used as a food additive.*®
Nevertheless, C3G significantly inhibited mini-tumor growth
in 3D fibrin gel assays, suggesting that talin-mediated cell ad-
hesions are involved in 3D mini-tumor growth. Because C3G
is thermally unstable (Figure SE) and highly metabolized in

ivo,>* the possibility that C3G metabolites, such as proto-
catechuic acid, inhibit mini-tumor growth has not been ruled
out. In addition, it is not clear why C3G promotes cell ad-
hesions while inhibits 3D mini-tumor growth. Since tumor
growth is a dynamic process that requires spatiotemporary
cell positioning,56 it is likely that C3G promotes talin-p-in-
tegrin interaction and holds integrins in the active state, thus
constraining tumor cell positioning and consequently tumor
growth (Figure 6).
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FIGURE 6 A hypothetical model depicting the mechanism
whereby C3G inhibits tumor growth

The effective concentration of C3G on 3D spheroid tumor
growth was rather high (more than 20 uM). This could be caused
by its thermal instability (Figure SE). However, since C3G had
no (or low) cytotoxicity in 2D cell cultures, it could be poten-
tially used to treat certain types of colon cancers. Future studies
are needed to define which types of colon cancers are sensitive
to C3G and examine the effects in mouse xenograft models.
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Confirmation. "User", as used herein, means the person or entity making such republication.

2. The terms set forth in the relevant Order Confirmation, and any terms set by the Rightsholder with respect to a
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been
duly authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User,
and (b) shall inform User of all such terms and conditions. In the event such person is a "freelancer" or other third
party independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and
conditions. In any event, User shall be deemed to have accepted and agreed to all such terms and conditions if
User republishes the Work in any fashion.

3. Scope of License; Limitations and Obligations.

3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the
Rightsholder. The license created by the exchange of an Order Confirmation (and/or any invoice) and
payment by User of the full amount set forth on that document includes only those rights expressly set
forth in the Order Confirmation and in these terms and conditions, and conveys no other rights in the
Work(s) to User. All rights not expressly granted are hereby reserved.

3.2. General Payment Terms: You may pay by credit card or through an account with us payable at the end of
the month. If you and we agree that you may establish a standing account with CCC, then the following
terms apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291.
Payments Due: Invoices are payable upon their delivery to you (or upon our notice to you that they are
available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise specifically
set forth in the Order Confirmation or in a separate written agreement signed by CCC, invoices are due
and payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of
the Order Confirmation, the license is automatically revoked and is null and void, as if it had never been
issued, if complete payment for the license is not received on a timely basis either from User directly or
through a payment agent, such as a credit card company.

3.3. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is "one-time" (including
the editions and product family specified in the license), (ii) is non-exclusive and non-transferable and (iii)
is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) included in the Order Confirmation or invoice and/or in these terms and conditions.
Upon completion of the licensed use, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by
deleting or by removing or severing links or other locators) any further copies of the Work (except for
copies printed on paper in accordance with this license and still in User's stock at the end of such period).

3.4. In the event that the material for which a republication license is sought includes third party materials
(such as photographs, illustrations, graphs, inserts and similar materials) which are identified in such
material as having been used by permission, User is responsible for identifying, and seeking separate
licenses (under this Service or otherwise) for, any of such third party materials; without a separate license,
such third party materials may not be used.

3.5.
Use of proper copyright notice for a Work is required as a condition of any license granted under the

Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read
substantially as follows: "Republished with permission of [Rightsholder's name], from [Work's title, author,
volume, edition number and year of copyright]; permission conveyed through Copyright Clearance Center,
Inc. " Such notice must be provided in a reasonably legible font size and must be placed either



immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Failure to include the required notice results in loss to the
Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal
to twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees
and charges specified.

3.6. User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. No
Work may be used in any way that is defamatory, violates the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise
illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with any other material that
may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.

4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective
employees and directors, against all claims, liability, damages, costs and expenses, including legal fees and
expenses, arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights
of copyright, publicity, privacy or other tangible or intangible property.

5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY
TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event,
the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed
the total amount actually paid by User for this license. User assumes full liability for the actions and omissions of
its principals, employees, agents, affiliates, successors and assigns.

6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING
WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS
OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER;
USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL
RIGHTS TO GRANT.

7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope
of the license set forth in the Order Confirmation and/or these terms and conditions, shall be a material breach of
the license created by the Order Confirmation and these terms and conditions. Any breach not cured within 30
days of written notice thereof shall result in immediate termination of such license without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated
by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is
not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of
less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

8. Miscellaneous.

8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send notice to the User by electronic mail or
otherwise for the purposes of notifying User of such changes or additions; provided that any such changes
or additions shall not apply to permissions already secured and paid for.

8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy,
available online here:https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy

8.3. The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may
not assign or transfer to any other person (whether a natural person or an organization of any kind) the
license created by the Order Confirmation and these terms and conditions or any rights granted
hereunder; provided, however, that User may assign such license in its entirety on written notice to CCC in
the event of a transfer of all or substantially all of User's rights in the new material which includes the
Work(s) licensed under this Service.

8.4.
No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The

Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or affiliates and purporting to govern or otherwise relate to the licensing



v 1.1

8.5.

transaction described in the Order Confirmation, which terms are in any way inconsistent with any terms
set forth in the Order Confirmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a separate
instrument.

The licensing transaction described in the Order Confirmation document shall be governed by and
construed under the law of the State of New York, USA, without regard to the principles thereof of conflicts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to
such licensing transaction shall be brought, at CCC's sole discretion, in any federal or state court located in
the County of New York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The parties
expressly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
8400 or send an e-mail to support@copyright.com.



Sep 23, 2020

This Agreement between Mr. Zbigniew Baster ("You") and Springer Nature ("Springer Nature") consists
of your license details and the terms and conditions provided by Springer Nature and Copyright
Clearance Center.

License Number

License date

Licensed Content Publisher
Licensed Content Publication
Licensed Content Title
Licensed Content Author
Licensed Content Date
Type of Use

Requestor type

Format

Portion

Number of
figures/tablesl/illustrations

High-res required
Will you be translating?
Circulation/distribution

Author of this Springer Nature
content

Title

Institution name

Expected presentation date
Portions

Requestor Location

Total
Terms and Conditions

4900770040382

Sep 02, 2020

Springer Nature

Nature

Nanoscale architecture of integrin-based cell adhesions
Pakorn Kanchanawong et al

Nov 24, 2010

Thesis/Dissertation

academic/university or research institute
print and electronic
figures/tables/illustrations

1

no
no
50000 or greater

no

Interplay between talin and B1-integrin in cancer cells motility
Jagiellonian Univeristy

Oct 2020

Figure 4d

Mr. Zbigniew Baster
11 Lojasiewicza Street

Cracow, other 30-348
Poland
Attn: Mr. Zbigniew Baster

0.00 USD

Springer Nature Customer Service Centre GmbH

Terms and Conditions

This agreement sets out the terms and conditions of the licence (the Licence) between you and
Springer Nature Customer Service Centre GmbH (the Licensor). By clicking 'accept' and
completing the transaction for the material (Licensed Material), you also confirm your acceptance of

these terms and conditions.



1. Grant of License

1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, world-wide licence
to reproduce the Licensed Material for the purpose specified in your order only. Licences are
granted for the specific use requested in the order and for no other use, subject to the
conditions below.

1. 2. The Licensor warrants that it has, to the best of its knowledge, the rights to license
reuse of the Licensed Material. However, you should ensure that the material you are
requesting is original to the Licensor and does not carry the copyright of another entity (as
credited in the published version).

1. 3. If the credit line on any part of the material you have requested indicates that it was
reprinted or adapted with permission from another source, then you should also seek
permission from that source to reuse the material.

2. Scope of Licence

2. 1. You may only use the Licensed Content in the manner and to the extent permitted by
these Ts&Cs and any applicable laws.

2. 2. A separate licence may be required for any additional use of the Licensed Material, e.g.
where a licence has been purchased for print only use, separate permission must be
obtained for electronic re-use. Similarly, a licence is only valid in the language selected and
does not apply for editions in other languages unless additional translation rights have been
granted separately in the licence. Any content owned by third parties are expressly excluded
from the licence.

2. 3. Similarly, rights for additional components such as custom editions and derivatives
require additional permission and may be subject to an additional fee. Please apply to
Journalpermissions@springernature.com/bookpermissions@springernature.com for these
rights.

2. 4. Where permission has been granted free of charge for material in print, permission
may also be granted for any electronic version of that work, provided that the material is
incidental to your work as a whole and that the electronic version is essentially equivalent to,
or substitutes for, the print version.

2. 5. An alternative scope of licence may apply to signatories of the STM Permissions
Guidelines, as amended from time to time.

3. Duration of Licence

3. 1. Alicence for is valid from the date of purchase ('Licence Date') at the end of the relevant
period in the below table:

Scope of Licence Duration of Licence

Post on a website 12 months

Presentations 12 months

Books and journals Lifetime of the edition in the language purchased

4. Acknowledgement



4. 1. The Licensor's permission must be acknowledged next to the Licenced Material in print. In
electronic form, this acknowledgement must be visible at the same time as the
figures/tables/illustrations or abstract, and must be hyperlinked to the journal/book's homepage.
Our required acknowledgement format is in the Appendix below.

5. Restrictions on use

5. 1. Use of the Licensed Material may be permitted for incidental promotional use and minor
editing privileges e.g. minor adaptations of single figures, changes of format, colour and/or style
where the adaptation is credited as set out in Appendix 1 below. Any other changes including but
not limited to, cropping, adapting, omitting material that affect the meaning, intention or moral
rights of the author are strictly prohibited.

5. 2. You must not use any Licensed Material as part of any design or trademark.

5. 3. Licensed Material may be used in Open Access Publications (OAP) before publication by
Springer Nature, but any Licensed Material must be removed from OAP sites prior to final
publication.

6. Ownership of Rights

6. 1. Licensed Material remains the property of either Licensor or the relevant third party and any
rights not explicitly granted herein are expressly reserved.

7. Warranty

IN NO EVENT SHALL LICENSOR BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER
PERSON OR FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL OR INDIRECT DAMAGES,
HOWEVER CAUSED, ARISING OUT OF OR IN CONNECTION WITH THE DOWNLOADING,
VIEWING OR USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER
FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT
OR OTHERWISE (INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON LOSS OF
PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES),
AND

WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY FAILURE OF
ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED HEREIN.

8. Limitations

8. 1. BOOKS ONLY:Where 'reuse in a dissertation/thesis' has been selected the following
terms apply: Print rights of the final author's accepted manuscript (for clarity, NOT the published
version) for up to 100 copies, electronic rights for use only on a personal website or institutional
repository as defined by the Sherpa guideline (www.sherpa.ac.uk/romeo/).

9. Termination and Cancellation

9. 1. Licences will expire after the period shown in Clause 3 (above).



9. 2. Licensee reserves the right to terminate the Licence in the event that payment is not
received in full or if there has been a breach of this agreement by you.

Appendix 1 — Acknowledgements:

For Journal Content:

Reprinted by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION (Article name,
Author(s) Name), [COPYRIGHT] (year of publication)

For Advance Online Publication papers:

Reprinted by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION (Article name,
Author(s) Name), [COPYRIGHT] (year of publication), advance online publication, day month
year (doi: 10.1038/sj.[JOURNAL ACRONYM].)

For Adaptations/Translations:

Adapted/Translated by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION (Article name,
Author(s) Name), [COPYRIGHT] (year of publication)

Note: For any republication from the British Journal of Cancer, the following credit line
style applies:

Reprinted/adapted/translated by permission from [the Licensor]: on behalf of Cancer
Research UK: : [Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL NAME]
[REFERENCE CITATION (Article name, Author(s) Name), [COPYRIGHT] (year of
publication)

For Advance Online Publication papers:

Reprinted by permission from The [the Licensor]: on behalf of Cancer Research UK:
[Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE
CITATION (Article name, Author(s) Name), [COPYRIGHT] (year of publication), advance
online publication, day month year (doi: 10.1038/sj.[JOURNAL ACRONYM])

For Book content:

Reprinted/adapted by permission from [the Licensor]: [Book Publisher (e.g. Palgrave
Macmillan, Springer etc) [Book Title] by [Book author(s)] [COPYRIGHT] (year of
publication)

Other Conditions:

Version 1.2

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or +1-978-646-
27717.




Sep 23, 2020

This Agreement between Mr. Zbigniew Baster ("You") and John Wiley and Sons ("John Wiley and
Sons") consists of your license details and the terms and conditions provided by John Wiley and Sons
and Copyright Clearance Center.

License Number 4900010880170

License date Sep 01, 2020

Licensed Content John Wiley and Sons
Publisher

Licensed Content THE FASEB JOURNAL
Publication

Licensed Content Cyanidin-3-glucoside binds to talin and modulates colon cancer cell
Title adhesions and 3D growth
Licensed Content Cai Huang, Zenon Rajfur, Haining Zhu, et al
Author

Licensed Content Jan 9, 2020

Date

Licensed Content 34

Volume

Licensed Content 2

Issue

Licensed Content 11

Pages

Type of Use Dissertation/Thesis
Requestor type Author of this Wiley article
Format Print and electronic
Portion Figure/table

Number of 1

figures/tables

Will you be No

translating?

Title Interplay between talin and B1-integrin in cancer cells motility
Institution name Jagiellonian Univeristy
Expected Oct 2020

presentation date

Portions Figure 3(D)

Requestor Mr. Zbigniew Baster
Location 11 Lojasiewicza Street

Cracow, other 30-348
Poland
Attn: Mr. Zbigniew Baster

Publisher Tax ID EU826007151
Total 0.00 USD



Terms and Conditions

TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or one of its
group companies (each a"Wiley Company") or handled on behalf of a society with which a Wiley
Company has exclusive publishing rights in relation to a particular work (collectively "WILEY"). By
clicking "accept" in connection with completing this licensing transaction, you agree that the following
terms and conditions apply to this transaction (along with the billing and payment terms and
conditions established by the Copyright Clearance Center Inc., ("CCC's Billing and Payment terms
and conditions"), at the time that you opened your RightsLink account (these are available at any
time at http://myaccount.copyright.com).

Terms and Conditions

e The materials you have requested permission to reproduce or reuse (the "Wiley Materials")
are protected by copyright.

e You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-alone
basis), non-transferable, worldwide, limited license to reproduce the Wiley Materials for the
purpose specified in the licensing process. This license, and any CONTENT (PDF or image
file) purchased as part of your order, is for a one-time use only and limited to any
maximum distribution number specified in the license. The first instance of republication or
reuse granted by this license must be completed within two years of the date of the grant of
this license (although copies prepared before the end date may be distributed thereafter).
The Wiley Materials shall not be used in any other manner or for any other purpose, beyond
what is granted in the license. Permission is granted subject to an appropriate
acknowledgement given to the author, title of the material/book/journal and the publisher. You
shall also duplicate the copyright notice that appears in the Wiley publication in your use of
the Wiley Material. Permission is also granted on the understanding that nowhere in the text
is a previously published source acknowledged for all or part of this Wiley Material. Any third
party content is expressly excluded from this permission.

o With respect to the Wiley Materials, all rights are reserved. Except as expressly granted by
the terms of the license, no part of the Wiley Materials may be copied, modified, adapted
(except for minor reformatting required by the new Publication), translated, reproduced,
transferred or distributed, in any form or by any means, and no derivative works may be
made based on the Wiley Materials without the prior permission of the respective copyright
owner.For STM Signatory Publishers clearing permission under the terms of the STM
Permissions Guidelines only, the terms of the license are extended to include
subsequent editions and for editions in other languages, provided such editions are
for the work as a whole in situ and does not involve the separate exploitation of the
permitted figures or extracts, You may not alter, remove or suppress in any manner any
copyright, trademark or other notices displayed by the Wiley Materials. You may not license,
rent, sell, loan, lease, pledge, offer as security, transfer or assign the Wiley Materials on a
stand-alone basis, or any of the rights granted to you hereunder to any other person.

e The Wiley Materials and all of the intellectual property rights therein shall at all times remain
the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or their respective
licensors, and your interest therein is only that of having possession of and the right to
reproduce the Wiley Materials pursuant to Section 2 herein during the continuance of this
Agreement. You agree that you own no right, title or interest in or to the Wiley Materials or
any of the intellectual property rights therein. You shall have no rights hereunder other than
the license as provided for above in Section 2. No right, license or interest to any trademark,
trade name, service mark or other branding ("Marks") of WILEY or its licensors is granted
hereunder, and you agree that you shall not assert any such right, license or interest with
respect thereto

o NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY, EXPRESS, IMPLIED



OR STATUTORY, WITH RESPECT TO THE MATERIALS OR THE ACCURACY OF ANY
INFORMATION CONTAINED IN THE MATERIALS, INCLUDING, WITHOUT LIMITATION,
ANY IMPLIED WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY, INTEGRATION OR
NON-INFRINGEMENT AND ALL SUCH WARRANTIES ARE HEREBY EXCLUDED BY
WILEY AND ITS LICENSORS AND WAIVED BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of this
Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their respective
directors, officers, agents and employees, from and against any actual or threatened claims,
demands, causes of action or proceedings arising from any breach of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR ANY OTHER
PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY SPECIAL, CONSEQUENTIAL,
INCIDENTAL, INDIRECT, EXEMPLARY OR PUNITIVE DAMAGES, HOWEVER CAUSED,
ARISING OUT OF OR IN CONNECTION WITH THE DOWNLOADING, PROVISIONING,
VIEWING OR USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT LIMITATION,
DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE, BUSINESS
OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER OR NOT THE PARTY
HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION
SHALL APPLY NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY
LIMITED REMEDY PROVIDED HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction to be
illegal, invalid, or unenforceable, that provision shall be deemed amended to achieve as
nearly as possible the same economic effect as the original provision, and the legality,
validity and enforceability of the remaining provisions of this Agreement shall not be affected
or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition of this
Agreement. No breach under this agreement shall be deemed waived or excused by either
party unless such waiver or consent is in writing signed by the party granting such waiver or
consent. The waiver by or consent of a party to a breach of any provision of this Agreement
shall not operate or be construed as a waiver of or consent to any other or subsequent
breach by such other party.

This Agreement may not be assigned (including by operation of law or otherwise) by you
without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days from receipt
by the CCC.

These terms and conditions together with CCC's Billing and Payment terms and conditions
(which are incorporated herein) form the entire agreement between you and WILEY
concerning this licensing transaction and (in the absence of fraud) supersedes all prior
agreements and representations of the parties, oral or written. This Agreement may not be
amended except in writing signed by both parties. This Agreement shall be binding upon and
inure to the benefit of the parties' successors, legal representatives, and authorized assigns.

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions, these
terms and conditions shall prevail.



o WILEY expressly reserves all rights not specifically granted in the combination of (i) the
license details provided by you and accepted in the course of this licensing transaction, (ii)
these terms and conditions and (iii) CCC's Billing and Payment terms and conditions.

e This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type was
misrepresented during the licensing process.

¢ This Agreement shall be governed by and construed in accordance with the laws of the State
of New York, USA, without regards to such state's conflict of law rules. Any legal action, suit
or proceeding arising out of or relating to these Terms and Conditions or the breach thereof
shall be instituted in a court of competent jurisdiction in New York County in the State of New
York in the United States of America and each party hereby consents and submits to the
personal jurisdiction of such court, waives any objection to venue in such court and consents
to service of process by registered or certified mail, return receipt requested, at the last
known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription journals
offering Online Open. Although most of the fully Open Access journals publish open access articles
under the terms of the Creative Commons Attribution (CC BY) License only, the subscription journals
and a few of the Open Access Journals offer a choice of Creative Commons Licenses. The license
type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and transmit an
article, adapt the article and make commercial use of the article. The CC-BY license permits
commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use, distribution
and reproduction in any medium, provided the original work is properly cited and is not used for
commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND) permits use,
distribution and reproduction in any medium, provided the original work is properly cited, is not used
for commercial purposes and no modifications or adaptations are made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes requires
further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library http://olabout.wiley.com/WileyCDA/Section/id-
410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or +1-978-646-
27717.
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This Agreement between Mr. Zbigniew Baster ("You") and John Wiley and Sons ("John Wiley and
Sons") consists of your license details and the terms and conditions provided by John Wiley and Sons
and Copyright Clearance Center.

License Number 4900010360092

License date Sep 01, 2020

Licensed Content John Wiley and Sons

Publisher

Licensed Content THE FASEB JOURNAL

Publication

Licensed Content Cyanidin-3-glucoside binds to talin and modulates colon cancer cell
Title adhesions and 3D growth

Licensed Content Cai Huang, Zenon Rajfur, Haining Zhu, et al
Author

Licensed Content Jan 9, 2020

Date

Licensed Content 34

Volume

Licensed Content 2

Issue

Licensed Content 11

Pages

Type of Use Dissertation/Thesis

Requestor type Author of this Wiley article

Format Print and electronic

Portion Full article

Will you be No

translating?

Title Interplay between talin and B1-integrin in cancer cells motility
Institution name Jagiellonian Univeristy

Expected Oct 2020

presentation date

Requestor Mr. Zbigniew Baster

Location 11 Lojasiewicza Street

Cracow, other 30-348

Poland

Attn: Mr. Zbigniew Baster
Publisher Tax ID EU826007151
Total 0.00 USD

Terms and Conditions
TERMS AND CONDITIONS



This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or one of its
group companies (each a"Wiley Company") or handled on behalf of a society with which a Wiley
Company has exclusive publishing rights in relation to a particular work (collectively "WILEY"). By
clicking "accept" in connection with completing this licensing transaction, you agree that the following
terms and conditions apply to this transaction (along with the billing and payment terms and
conditions established by the Copyright Clearance Center Inc., ("CCC's Billing and Payment terms
and conditions"), at the time that you opened your RightsLink account (these are available at any
time at http://myaccount.copyright.com).

Terms and Conditions

e The materials you have requested permission to reproduce or reuse (the "Wiley Materials")
are protected by copyright.

e You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-alone
basis), non-transferable, worldwide, limited license to reproduce the Wiley Materials for the
purpose specified in the licensing process. This license, and any CONTENT (PDF or image
file) purchased as part of your order, is for a one-time use only and limited to any
maximum distribution number specified in the license. The first instance of republication or
reuse granted by this license must be completed within two years of the date of the grant of
this license (although copies prepared before the end date may be distributed thereafter).
The Wiley Materials shall not be used in any other manner or for any other purpose, beyond
what is granted in the license. Permission is granted subject to an appropriate
acknowledgement given to the author, title of the material/book/journal and the publisher. You
shall also duplicate the copyright notice that appears in the Wiley publication in your use of
the Wiley Material. Permission is also granted on the understanding that nowhere in the text
is a previously published source acknowledged for all or part of this Wiley Material. Any third
party content is expressly excluded from this permission.

o With respect to the Wiley Materials, all rights are reserved. Except as expressly granted by
the terms of the license, no part of the Wiley Materials may be copied, modified, adapted
(except for minor reformatting required by the new Publication), translated, reproduced,
transferred or distributed, in any form or by any means, and no derivative works may be
made based on the Wiley Materials without the prior permission of the respective copyright
owner.For STM Signatory Publishers clearing permission under the terms of the STM
Permissions Guidelines only, the terms of the license are extended to include
subsequent editions and for editions in other languages, provided such editions are
for the work as a whole in situ and does not involve the separate exploitation of the
permitted figures or extracts, You may not alter, remove or suppress in any manner any
copyright, trademark or other notices displayed by the Wiley Materials. You may not license,
rent, sell, loan, lease, pledge, offer as security, transfer or assign the Wiley Materials on a
stand-alone basis, or any of the rights granted to you hereunder to any other person.

e The Wiley Materials and all of the intellectual property rights therein shall at all times remain
the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or their respective
licensors, and your interest therein is only that of having possession of and the right to
reproduce the Wiley Materials pursuant to Section 2 herein during the continuance of this
Agreement. You agree that you own no right, title or interest in or to the Wiley Materials or
any of the intellectual property rights therein. You shall have no rights hereunder other than
the license as provided for above in Section 2. No right, license or interest to any trademark,
trade name, service mark or other branding ("Marks") of WILEY or its licensors is granted
hereunder, and you agree that you shall not assert any such right, license or interest with
respect thereto

o NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY, EXPRESS, IMPLIED
OR STATUTORY, WITH RESPECT TO THE MATERIALS OR THE ACCURACY OF ANY
INFORMATION CONTAINED IN THE MATERIALS, INCLUDING, WITHOUT LIMITATION,



ANY IMPLIED WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY, INTEGRATION OR
NON-INFRINGEMENT AND ALL SUCH WARRANTIES ARE HEREBY EXCLUDED BY
WILEY AND ITS LICENSORS AND WAIVED BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of this
Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their respective
directors, officers, agents and employees, from and against any actual or threatened claims,
demands, causes of action or proceedings arising from any breach of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR ANY OTHER
PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY SPECIAL, CONSEQUENTIAL,
INCIDENTAL, INDIRECT, EXEMPLARY OR PUNITIVE DAMAGES, HOWEVER CAUSED,
ARISING OUT OF OR IN CONNECTION WITH THE DOWNLOADING, PROVISIONING,
VIEWING OR USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT LIMITATION,
DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE, BUSINESS
OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER OR NOT THE PARTY
HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION
SHALL APPLY NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY
LIMITED REMEDY PROVIDED HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction to be
illegal, invalid, or unenforceable, that provision shall be deemed amended to achieve as
nearly as possible the same economic effect as the original provision, and the legality,
validity and enforceability of the remaining provisions of this Agreement shall not be affected
or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition of this
Agreement. No breach under this agreement shall be deemed waived or excused by either
party unless such waiver or consent is in writing signed by the party granting such waiver or
consent. The waiver by or consent of a party to a breach of any provision of this Agreement
shall not operate or be construed as a waiver of or consent to any other or subsequent
breach by such other party.

This Agreement may not be assigned (including by operation of law or otherwise) by you
without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days from receipt
by the CCC.

These terms and conditions together with CCC's Billing and Payment terms and conditions
(which are incorporated herein) form the entire agreement between you and WILEY
concerning this licensing transaction and (in the absence of fraud) supersedes all prior
agreements and representations of the parties, oral or written. This Agreement may not be
amended except in writing signed by both parties. This Agreement shall be binding upon and
inure to the benefit of the parties' successors, legal representatives, and authorized assigns.

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions, these
terms and conditions shall prevail.

WILEY expressly reserves all rights not specifically granted in the combination of (i) the
license details provided by you and accepted in the course of this licensing transaction, (ii)



these terms and conditions and (iii) CCC's Billing and Payment terms and conditions.

o This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type was
misrepresented during the licensing process.

e This Agreement shall be governed by and construed in accordance with the laws of the State
of New York, USA, without regards to such state's conflict of law rules. Any legal action, suit
or proceeding arising out of or relating to these Terms and Conditions or the breach thereof
shall be instituted in a court of competent jurisdiction in New York County in the State of New
York in the United States of America and each party hereby consents and submits to the
personal jurisdiction of such court, waives any objection to venue in such court and consents
to service of process by registered or certified mail, return receipt requested, at the last
known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Atrticles in fully Open Access Journals and in Subscription journals
offering Online Open. Although most of the fully Open Access journals publish open access articles
under the terms of the Creative Commons Attribution (CC BY) License only, the subscription journals
and a few of the Open Access Journals offer a choice of Creative Commons Licenses. The license
type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and transmit an
article, adapt the article and make commercial use of the article. The CC-BY license permits
commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use, distribution
and reproduction in any medium, provided the original work is properly cited and is not used for
commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND) permits use,
distribution and reproduction in any medium, provided the original work is properly cited, is not used
for commercial purposes and no modifications or adaptations are made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes requires
further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library http://olabout.wiley.com/WileyCDA/Section/id-
410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or +1-978-646-
27717.




