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3D – 3-Dimentional;  
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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 β1 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: talin1 and talin2. While talin1 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-β1 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 II). 

Talin-β1 integrin interaction is also a factor in colon cancer tumorigenesis and colon 

cancer cells adhesion. In Publication III, included in the thesis, a role of cyanidino-3-O-

glucoside (C3G) was examined in the context of mediating talin1- and talin2-β1 integrin 

interaction, tumor development, and colon cancer cells adhesion. C3G is a natural dye 
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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 talin1 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. 
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Choroby nowotworowe są drugą, po chorobach układu krążenia, najczęstszą przyczyną 

zgonów na świecie. Chociaż łagodne zmiany nowotworowe cechują się wysoką 

przeżywalnością, złośliwe guzy często powiązane są z wysoką śmiertelnością pacjentów. 

Przedstawiona rozprawa koncentruje się badaniu jak oddziaływanie taliny z integryną β1 

(białek związanych z adhezją, powiązanych również z migracją komórek oraz rozwojem 

nowotworów) wpływa na ruchliwość komórek nowotworowych, a w szczególności na 

ich adhezję, pozycjonowanie oraz inwazyjność. 

Na potrzeby zaprezentowanych badań opracowano oprogramowanie umożliwiające 

dekonwolucję wielu obrazów mikroskopowych (Publikacja I); BatchDeconvolution to 

wtyczka do programu Fiji, która łączy ze sobą moduły PSF Generator oraz 

DeconvolutionLab2 (BIG, EPFL), programy służące odpowiednio do wyznaczania 

Funkcji Rozmycia Punktu (ang. Point Spread Function, PSF) oraz dekonwolucji 

obrazów. BatchDeconvolution rozszerza w ten sposób funkcjonalność powyższego 

oprogramowania, zapewniając środowisko umożliwiające sekwencyjne, 

zautomatyzowane wyostrzenie wielopozycyjnych, wielokanałowych, poklatkowych 

plików graficznych. Takie podejście pozwoliło na przetworzenie dużej ilości obrazów 

mikroskopowych zebranych podczas badań in vitro przedstawionych w dalszych 

częściach pracy. 

Istnieją dwie izoformy białka taliny: talina1 i talina2. Talina1 jest szeroko badana, 

natomiast niewiele wiadomo o biologicznej roli taliny2. Mimo tego, że posiada ona wiele 

funkcji wspólnych z jej siostrzanym białkiem, jednak literatura wskazuje, że białka te 

wykazują swoistą aktywność w komórkach i nie są względem siebie redundantne. 

Zaprezentowane badania skupiają się na mechanizmie molekularnym, za pomocą którego 

swoiście talina2 reguluje sekrecję i transport wewnątrzkomórkowy metalopeptydazy 

macierzowej 9 (MMP9), enzymu biorącego udział w degradacji macierzy 

zewnątrzkomórkowej i dojrzewania inwadopodiów w początkowych stadiach inwazji 

nowotworowej. Badania prowadzono na linii komórkowej raka piersi. Usunięcie taliny2 

z komórek spowodowało zahamowanie dokowania pęcherzyków z MMP9 do błony 

podstawnej, a w konsekwencji skierowanie ich do degradacji w lizosomach. Co więcej, 

mutacja reszty aminokwasowej w talinie2 odpowiedzialnej za charakter oddziaływania 

talina2-integryna β1, dała podobne wyniki jak ablacja taliny2. Ze względu na wzmożony 
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recykling MMP9, komórki pozbawione taliny2 zaczęły gromadzić metalopeptydazę w 

przerośniętych pęcherzykach wewnątrzkomórkowych, co sugeruje przekroczenie 

maksymalnej wydajności procesu degradacji białek w komórce (Publikacja II). 

Interakcja taliny z integryną β1 odgrywa rolę również w tworzeniu się guzów i adhezji 

nowotworów jelita grubego. Publikacja III, zawarta w tej rozprawie, opisuje rolę 

cyjanidyno-3-O-glukozydu (C3G) w kontekście regulacji oddziaływania taliny1 i taliny2 

z integryną β1, procesu nowotworzenia oraz adhezji komórek raka jelita grubego. C3G 

jest naturalnym barwnikiem występującym w wielu czerwonych i niebieskich warzywach 

i owocach. Wykazuje on wiele korzystnych dla zdrowia właściwości, m.in. 

przeciwutleniające, przeciwzapalne czy przeciwcukrzycowe. Ponadto, kilka doniesień 

łączy C3G z działaniem przeciwnowotworowym. Z badań przedstawionych w niniejszej 

pracy wynika, że na granicy białek w kompleksie taliny i integryny tworzy się kieszeń 

wiążąca dla C3G. Obecność tego związku zwiększa powinowactwo między tymi 

białkami, prowadząc do zwiększenia adhezji w komórkach raka jelita grubego, co 

skutkuje w zahamowanie powstawania guzów. 

Poszerzenie wiedzy na temat funkcji białek taliny1 i taliny2 umożliwia lepsze 

zrozumienie regulacji procesu powstawania i przerzutowania nowotworów. Co więcej, 

mimo że talina2 została odkryta ponad 20 lat temu, jej rola w biologii i adhezji komórek 

jest nadal słabo zbadana. Przedstawione badania pozwalają poszerzyć naszą wiedzę na 

ten temat. Ponadto, poznanie mechanizmów molekularnych odpowiedzialnych za 

interakcję białek biorących udział w rozwoju nowotworów może pomóc w 

opracowywaniu nowych terapii przeciwnowotworowych. 
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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: 

• 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]. 

 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 BRCA1, 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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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]. 

 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]: 

• 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];  

• 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]; 
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• 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]. 

 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]. 

 

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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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].  

 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]. 

 

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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 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, β1 integrin is recruited to the complex [60,66].  

Independently from β1 integrin, talin1 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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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. 

 

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]. 

 Talins 

In vertebrates, there are two talin isoforms: talin1 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 talin1 [87].  
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Talin1 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). 

 

Fig. 5. The structure of talin1 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. 

Talin1 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 α-helix bundles [107]. The domains are 

connected by an unstructured linker [88,108]. FERM domains are associated with 

cytosolic plasma-membrane-targeted proteins [105]. Talin1’s FERM domain has an 

atypical build with an additional F0 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 F0 domain is required for integrin activation and stabilization in its 

active state [110], as only talin1 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 talin1’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 talin1 

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]. 

Talin1’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 talin1’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, talin1’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 talin1 actin binding site motif in genomic databases [91,117,125]. 

Structurally talin2 is similar to talin1. 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 

talin1 [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 talin1) 

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 talin1 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 talin1 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 talin1 [124,128]. However, 

closer studies showed that both, talin1 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 talin1 [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].  

 Integrins  

Integrins are best recognized for being proteins anchoring cells to the ECM [140,141]. 

They are heterodimeric transmembrane receptors composed of α and β 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 α and 8 β 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 α 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 talin1 [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 β subunit 

cytoplasmic tail with talin1’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]. 

 

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. α4β1 and α9β1 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 talin1. 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 α7) [161], cardiac fibrosis (an overexpression of integrin 

α11) [162], the leukocyte adhesion deficiency I (a loss of expression of β2 integrin) [163], 

loss of platelet aggregation a (deletion of β3 integrin gene) [161], or cancer [164] (e.g. an 

overexpression of αVβ8 promotes growth and invasion of squamous cell carcinoma 

[165], an overexpression of integrin α11 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]. 

 

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 talin1 (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.  
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 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, α5β1 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 α5β1, αvβ3, αLβ2 or α4β1 [86,137,167,172,173]. 

The second worth-noting aspect is the molecular basis of the differences between talin1 

and talin2 interaction with integrins (in this case, specifically with β1 integrin). Talins 

bind to integrin β 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 talin1- and 

talin2-integrin quaternary structures [126,127,174]. Recent studies show that a mutation 

of just a single residue (C336 or S339 in talin1 or talin2, respectively) is responsible for 

the majority of the differences [126,127]. Talin1C336S has a higher affinity towards β1 

integrin than the wild-type protein and it has the integrin binding geometry similar to 

talin2WT. At the same time, talin2S339C has a lower affinity towards its partner than 

talin2WT [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 β integrins [127]. 

 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]. 

 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].  

 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].  

 

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 (FE), 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]. 

 

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 shifted pixel-by-

pixel 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 

parallelly shifted into the second, masked storage region. Then data is read out as 

previously described. Panel C. An interline-transfer CCD scheme. Charges from all pixels 

are transferred to adjacent, covered pixels. Then, data is read 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 µs) 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]. 

 

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].  

 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].  

 

Fig. 11. Panel A. A simplified Jabłoński 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. 

 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].  

 

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:  

 𝑑𝑅 =
0.61 𝜆

𝑁𝐴
, Eq. ( 1 ) 
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where λ is the wavelength of light and NA is the numerical aperture of the objective given 

by the equation:  

 𝑁𝐴 = 𝑛 sin 𝛼,  Eq. ( 2 ) 

with n standing for the refractive index of the imaging medium and α 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’ FWHMs 

(Full Width at Half Maximum). The theoretical lateral FWHM-based resolution dFWHM is 

given by the relation [214]: 

 𝑑𝐹𝑊𝐻𝑀 =
0.51 𝜆

𝑁𝐴
. Eq. ( 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]. 

 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, ni = 1.5, ns = 1.33, λ = 488 nm, ti = 170 µm, zp = 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]. 

 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: talin1 – 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]. 

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

talins and β1 integrin mediate cancer cell adhesion and motility: 

1) Characterization of the role of talin2 and talin2-β1 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 

talin1- and talin2-β1 integrin interaction, thus regulating adhesion and tumorigenesis 

of colon cancer cells. 
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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 II & Publication III) 

 

Highlights 

• There are several open access deconvolution microscopy programs. 

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

• A Fiji plugin has been developed to process multi-position multi-channel time-lapse 

image files.  

• It links functionalities of PSF Generator and DeconvolutionLab2 programs from 

Biomedical Imaging Group at EPFL. 

• 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 I 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 DeconvolutionLab2 (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.

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

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

therefore, inhibits ECM degradation. 

• S339C mutation in talin2, that results in reduced affinity towards β1 integrin, also 

causes MMP9 secretion inhibition. 

• Interaction between talin2 and β1 integrin is required for MMP9 vesicle docking. 

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

vesicles in the lysosomal pathway. 

• 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 II 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 β1 integrin (ITGB1), did not restore MMP9 membrane docking, 

showing that the interaction between talin2 and β1 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 A1 causing a similar 

effect in control cells. 

In summary, the interaction between talin2 and β1 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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Highlights 

• Increased expression of talin1 or β1 integrin correlates negatively with colon cancer 

patient survival rates. 

• Depletion of talin1 inhibits growth of colon cancer mini-tumors (spheroids) in fibrin 

gels. 

• Through binding to talin, cyanidin-3-glucoside (C3G) increases talin’s affinity 

towards β1 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. 

 

Colon cancer is the fourth most common cancer type [8]. Publication III shows that 

elevated levels of either talin1 or β1 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 talin1 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-β1 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 talin1 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 β1 integrin. 

Although it was shown that talin1 and talin2 play distinct roles in tumor invasion 

(Publication II), however, in opposite to talin1 [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 III). 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-β1 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 β1 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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BatchDeconvolution: a Fiji plugin for  

increasing deconvolution workflow 

Zbigniew Baster, Zenon Rajfur 

 

Highlights 

• There are several open access deconvolution microscopy programs. 

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

• A Fiji plugin has been developed to process multi-position multi-channel time-lapse 

image files.  

• It links functionalities of PSF Generator and DeconvolutionLab2 programs from 

Biomedical Imaging Group at EPFL. 

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

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

© 2020 Published by De Gruyter 
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Talin2 mediates secretion and trafficking of matrix 

metallopeptidase 9 during invadopodium formation 

Zbigniew Baster, Liqing Li, Zenon Rajfur, Cai Huang 

 

 

Highlights 

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

therefore, inhibits ECM degradation. 

• S339C mutation in talin2, that results in reduced affinity towards β1 integrin, also 

causes MMP9 secretion inhibition. 

• Interaction between talin2 and β1 integrin is required for MMP9 vesicle docking. 

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

vesicles in the lysosomal pathway. 

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

© 2020 Published by Elsevier B.V. 
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Cyanidin-3-glucoside binds to talin and modulates  

colon cancer cell adhesions and 3D growth 

Zbigniew Baster, Liqing Li, Sampo Kukkurainen, Jing Chen, Olli Pentikäinen,  

Balázs Győrffy, Vesa P. Hytönen, Haining Zhu, Zenon Rajfur, Cai Huang 

 

Highlights 

• Increased expression of talin1 or β1 integrin correlates negatively with colon cancer 

patient survival rates. 

• Depletion of talin1 inhibits growth of colon cancer mini-tumors (spheroids) in fibrin 

gels. 

• Through binding to talin, cyanidin-3-glucoside (C3G) increases talin’s affinity 

towards β1 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. 

© 2020 Federation of American Societies for Experimental Biology 
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