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Abstract 
 

Cells have evolved multiple mechanisms of cellular motility ranging from the migration of large cell 

cohorts to specialized migration of individual cells. The wide range of invasion modes has been 

exploited by cancer cells to their advantage, which has rendered the metastatic process so difficult to 

defeat. To allow for a better understanding of cancer invasion plasticity, we have employed studies on 

cancer cells that adopt the proteolytically active, adhesion-dependent, elongated mesenchymal invasion 

mode, the protease-independent, low adhesion, rounded amoeboid invasion mode, or combination of 

both. To study invasion plasticity directly, we have established two model systems of the mesenchymal-

amoeboid transition (MAT) that allow for regulated induction of MAT in 3D in vitro environments. 

Using these systems, MAT was induced in HT1080 fibrosarcoma cells and the acquisition of a motile, 

invasive amoeboid phenotype was confirmed. We then observed the mesenchymal and amoeboid 

invasion strategies within 3D collagen in more detail using a digital holographic microscope. Further, 

HT1080 cells before and after MAT were subject to high throughput proteomic and transcriptomic 

studies. Comparison of gene expression and protein levels of mesenchymal and amoeboid cells disclosed 

an inflammatory-like signature of amoeboid cells. To validate this finding, we tested the effect  

of activation and inhibition of Jak/Stat signalling on melanoma cell invasion phenotypes by various 

approaches and confirmed a pro-amoeboid role of inflammation-associated signalling. Altogether, we 

present novel findings on the regulation of cancer invasion plasticity.  

 

Key words: metastasis, invasion plasticity, amoeboid, mesenchymal, MAT, 3D 
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Abstrakt 
 

Buňky si vyvinuly řadu mechanismů buněčného pohybu, od přesunu velkých buněčných kohort po 

specializovanou migraci jednotlivých buněk. Tuto širokou škálu invazivních fenotypů využily nádorové 

buňky ve svůj prospěch, čímž učinily metastatický proces těžko porazitelným. Pro lepší porozumění 

plasticitě invazivity nádorových buněk jsme studovali buňky využívající protáhlý, mesenchymální 

způsob migrace, který je závislý na proteolýze a adhezi, a buňky využívající kulatý, na proteázách  

a adhezivitě nezávislý améboidní pohyb i buňky využívající kombinaci obou. Pro přímé studium 

plasticity invazivity jsme zavedli dva modelové systémy mezenchymálně-améboidního přechodu 

(MAT), které umožňují regulovanou indukci MAT v 3D prostředí in vitro. S využitím těchto systémů 

jsme indukovali MAT v buňkách fibrosarkomové linie HT1080 a zároveň potvrdili přechod na funkční, 

invazivní améboidní fenotyp. Pomocí digitálního holografického mikroskopu jsme detailněji popsali 

mesenchymální i améboidní pohyb v 3D kolagenu. Dále jsme provedli proteomickou  

a transkriptomickou srovnávací analýzu HT1080 před a po MAT. Porovnání genové exprese a hladin 

proteinů v mezenchymálních a améboidních buňkách odhalilo aktivaci signalizace spojené se zánětem 

u améboidních buněk. Abychom toto zjištění potvrdili, testovali jsme účinek aktivace a inhibice Jak/Stat 

signalizace na invazivní fenotypy buněk melanomu různými přístupy a potvrdili jsme její pro-améboidní 

roli. V této disertační práci představuji námi získané nové poznatky o regulaci plasticity invazivity 

nádorových buněk. 

 

Klíčová slova: metastáze, plasticita invazivity, améboidní, mesenchymální, MAT, 3D 
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Introduction 
 

Cell migration: the good and the bad  
All forms of life are associated with movement, be it at organismal, multicellular, cellular level, or 

subcellular level.  In higher, multicellular organisms, the migration of cells is a highly controlled 

mechanism underlying development and homeostatic processes, mainly exemplified as tissue 

renewal, repair after injury, and immune surveillance. On the contrary, when deregulated, it is the 

cause of multiple non-physiological events such as abrogated embryonic development, impaired 

wound healing and tissue repair, malfunctional immune response, and unfortunately also metastatic 

cancer.  

To understand pathological states of cell migratory behaviour, it is important to perceive it also in 

its physiological state. Embryonic development represents the largest migratory event of cells,  

and as such, it is highly orchestrated and involves various migration strategies. Based on signalling 

cues, cells rearrange their mutual positions to establish novel structures, beginning with the 

formation of the three embryonic layers ectoderm, mesoderm and endoderm, and leading to the 

definite formation of tissues and organs. With respect to the diversity of these processes requiring 

cell motility, it should come as no surprise that multiple modes of cell migration have evolved, 

ranging from collective movement of cell cohorts and sheets to migration of individual, detached 

cells.  This diversity in invasion modes applies to tumour invasion as well, and metastasis can be 

therefore thought of as physiological migratory processes gone awry and misused by invasive 

cancer cells.   

In general, cell migration encompasses a series of steps that result in asymmetrical distribution of 

signalling molecules and cellular architecture in the direction of movement. This front-rear polarity, 

unlike apolar or apicobasal polarization of epithelial cells, leads to a distinct leading edge with the 

formation of cellular protrusions and a retracting cell rear. Spatial segregation of the front and rear 

enable cell body displacement along one axis, underlying directional persistence (Ridley et al., 

2003).  The repeating cycle of cell protrusion, adhesion, and rear contraction and retraction 

underlies the basic principle of cellular motility and is common to all invasion modes, albeit with 

modifications specific to particular invasion modes (Friedl and Wolf, 2003; Lauffenburger and 

Horwitz, 1996; Sheetz et al., 1999).   
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The metastatic cascade 
In the context of cancer, cell migration is often referred to as cell invasion and is an intrinsic feature 

of metastasis, a series of events resulting in cancer dissemination and formation of secondary 

tumours – metastases (Fig. 1)1. The cascade begins with cancer cells detaching from a primary 

tumour and is followed by their invasion through the tumour stroma and adjacent extracellular 

matrix, entering the bloodstream, extravasation, and final settlement at a secondary site. During this 

process, disseminated cancer cells must tackle the heterogeneous extracellular matrix (ECM), 

combat shear stress and anoikis, evade the immune system response and colonize the secondary site 

(Fares et al., 2020). The complexity of the individual steps renders this process largely ineffective, 

with only a tiny fraction, estimated to be less than 0,1% of all disseminated cells, completing the 

process (Chambers et al., 2002; Luzzi et al., 1998). The metastatic process thus selects for cancer 

cells with acquired resilience to multiple stress factors, which may underlie increased resistance of 

metastasis to therapy (Lambert et al., 2017). Moreover, the necessity to adapt to various 

environments, ranging from stiff tumour stroma to non-adhesive conditions within the bloodstream, 

may confer cells with invasion plasticity that would predispose them for successful invasion at 

secondary sites. 

 

 

 

 

 

 

 

 

Figure 1: Scheme of the metastatic cascade. The process of metastasis encompasses a series of steps  

(1-7) that lead to the establishment of secondary tumours. 1) Detachment from the primary tumour. 2) 

Invasion through the adjacent extracellular matrix. 3) Intravasation into blood or lymphatic vessels. 4) 

Circulation in the vessel. 5) Extravasation through the basement membrane of vessels. 6) Invasion at the 

secondary site. 7) Proliferation and establishment of secondary tumours.  

 
1 All drawings in this thesis were created using Inkscape or were hand-drawn and further processed using 
basic image tools. 
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Cytoskeleton in cell migration 
Cell motility is necessarily accompanied by changes in the cell shape, which are driven by 

reorganization of the cytoskeleton. The most dynamic and rapid changes are dependent on actin 

polymerization, which drives propagation of protrusions, and actomyosin contractility, which 

enables retraction of the cell rear and builds up the cell cortex. Master regulators of actin dynamics 

are small GTPases of the Rho (Ras homolog) family - the most profound examples are Rac1/2/3, 

Cdc42 and RhoA/B/C, which represent the main signalling hubs regulating actin nucleation, 

polarity and cell contractility, respectively. Their activity is dependent on the binding of GTP 

(guanosine triphosphate), and its hydrolysis to GDP (guanosine diphosphate) leads to their 

inactivation. Rho GTPases thus exist in both active and inactive forms, and their cycling among 

these states is balanced out by numerous regulatory proteins. Guanine nucleotide exchange factors 

(GEFs) promote the exchange of GDP for GTP activating downstream signalling (Schmidt and 

Hall, 2002). On the other hand, GTPase activating proteins (GAPs) catalyse GTP hydrolysis 

promoting transition to the inactive state (Diekmann et al., 1995). RhoGTPases may be further 

regulated spatiotemporally by sequestration by guanine nucleotide dissociation factors (Dovas and 

Couchman, 2005). Given the fact that more than eighty GEFs and over seventy GAPs have been 

described, it clear that the activation of RhoGTPase signalling is largely tuneable and adaptable 

(Boureux et al., 2007). 

Both Rac1 and Cdc42 are key regulators of actin polymerization at the leading edge and drive the 

formation of actin-based protrusions, such as broad lamellipodia or thin, finger-like filopodia, 

(Ridley, 2006). Cdc42 and Rac1 signal via the WASP (Wiskott-Aldrich syndrome protein)  

and WAVE (WASP family Verprolin-homologous protein)  protein complexes, respectively, 

leading to activation of Arp2/3 (Actin-related proteins 2/3 complex), which is a key actin nucleator 

(Eden et al., 2002; Rohatgi et al., 1999). 

On the other hand, RhoA signalling is tightly coupled to the formation of stress fibres  

and actomyosin contractility (Amano et al., 2010; Ridley and Hall, 1992). The main effector of 

RhoA is ROCK (Rho-associated protein kinase), which promotes actomyosin contractility directly 

by phosphorylation of MLC (myosin light chain) (Amano et al., 1996) and indirectly  

by phosphorylation of MLCP (myosin light chain phosphatase), leading to its inactivation (Kimura 

et al., 1996). Another effector protein of RhoA is the formin mDia (mammalian Diaphanous-

related), which is implicated in actin nucleation and polymerization (Watanabe et al., 1999). During 

cell migration, RhoA signalling is pre-dominantly activated at the cell rear, where contractile forces 

induce the retraction of the lagging end, although its activity is also detected at the leading edge 

preceding Rac1 and Cdc42 activation during membrane protrusion (Pertz et al., 2006).  

Interestingly, RhoA and Rac1 signalling form an interconnected network with negative feedback 

loops (Byrne et al., 2016; Nguyen et al., 2018). For example, Rac1-GTP blocks activation of RhoA 
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via p190RhoGAP (Arthur and Burridge, 2001), and reciprocally, RhoA-GTP prevents Rac1 

activation through FilGAP and ARHGAP22 (Sanz-Moreno et al., 2008).  

Altogether, Rho GTPase signalling governs actin dynamics, and modifying the balance between 

RhoA and Rac modulates cell contractile and protrusive forces, which is a key mechanism in 

invasion plasticity (Huang et al., 2014). 

Apart from actin filaments, also microtubules (MTs) aid cell motility, and both actin and MTs 

signalling converge on RhoGTPases (Bouchet and Akhmanova, 2017). For example, TRIO, a GEF 

protein for Rac1, binds the growing tips of MTs, and Tiam1, another Rac1-GEF interacts with MT-

associated proteins. Microtubules can regulate RhoA signalling through GEFH1, which is inactive 

when bound to MTs but becomes activated upon MT depolymerization leading to RhoA activation 

(Krendel et al., 2002). Reciprocally, RhoA can affect MT stabilization through mDia1 (Bartolini et 

al., 2008). Microtubules largely contribute to cell polarization, extending preferentially toward the 

leading edge, where they contribute to vesicular trafficking and localized delivery of cell migration-

associated cargo proteins, including Rho GTPases (Osmani et al., 2010). Moreover, MTs have been 

implicated in regulating cellular adhesions, mainly through the transport  

of adhesion receptors and recycling of their components, and the targeting of stable adhesions by 

microtubules enhances their turnover rate (Seetharaman and Etienne-Manneville, 2019). Thus, 

apart from their fundamental role in cell division, MTs are key for multiple aspects of cell migration, 

including cell polarity, vesicle trafficking, stabilization of protrusions and turnover of adhesions at 

the leading edge. 

While once considered largely static structural elements, it has recently become indisputable that 

also intermediate filaments (IFs) contribute to cell migration (Strouhalova et al., 2020). Vimentin, 

the most abundant IF, provides migrating cells with mechanical integrity necessary against 

compressive stress (Mendez et al., 2014) and protects the integrity of the nucleus by forming  

a cage-like structure around it (Patteson et al., 2019). Vimentin was shown to provide cells with 

stiffness, necessary for migration in dense environments (Messica et al., 2017) whereas its loss of 

promoted invasion through small pores (Patteson et al., 2019), pointing to a context-dependent role 

in migration. The exact mechanism remains to be elucidated, but it may involve GEFH1,  

as depletion of vimentin was shown to promote phosphorylation of GEFH1, resulting in the 

activation of RhoA (Jiu et al., 2017), a mechanism formerly described for MT depolymerization 

(Krendel et al., 2002).   
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Cell migration modes:  
Migrating cells can move collectively if they maintain cell-cell junctions (Haeger et al., 2015),  

or individually if cell-cell contacts are absent (Fig. 2). Although many intermediate migratory 

phenotypes exist, the prevailing classification distinguishes two individual invasion modes – 

amoeboid and mesenchymal. Amoeboid cells are often called “path-finding”, as these cells are not 

dependent on proteolytic degradation of the ECM, instead they actively deform their body and by 

enhancing contractility push through pores within the ECM, a process often accompanied by 

membrane blebbing. Conversely, mesenchymal invasion can be referred to as “path-generating”, 

because these cells require proteolytical degradation and adhesion to the ECM, resulting in more 

directional and persistent motility. The invasion modes, including underlying signalling, are 

described in more detail in the following chapters. 

 

Figure 2: Basic classification of cancer invasion modes. Collective invasion relies on cell-cell contact and 

cell-ECM contact, and requires proteolytical degradation of the extracellular matrix. Individually invading 

cells are generally classified as either mesenchymal, with profound cell-ECM contacts and ECM degradation, 

or amoeboid that do not require any stable contacts or proteolytical activity. 
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Epithelial-mesenchymal transition and collective invasion 
The translocation of cells during development often requires whole sheets or clusters of cells to 

move. This is enabled by maintaining cell-cell junctions within certain cells and disrupting them in 

others, whilst continuously preserving intercellular coordination (Haeger et al., 2015). To enable 

such reorganization, a specific programmatic switch, during which certain cells suppress epithelial 

features and gain mesenchymal characteristics, is activated. This process, tightly coupled to 

collective cell invasion, is termed the epithelial-mesenchymal transition (EMT) and is a crucial 

process during development, wound healing, and cancer (Baum et al., 2008; Kim et al., 2018).  

EMT is a result of reciprocal reprogramming of intracellular signalling of cells and biochemical 

and structural composition of the ECM. A common trigger of the EMT is transforming growth 

factor β (TGFβ) signalling, along with Wnt, Hedgehog, or Notch signalling pathways and activation 

of receptor tyrosine kinases, e.g. Ras, PI3K (phosphoinositide 3-kinase), and Src. These pro-

invasive signalling pathways synergize with alterations of the microenvironment, such as stiffening 

or change in ECM components (D’Angelo et al., 2020). The process of EMT is orchestrated by 

transcriptional activity of pro-mesenchymal transcription factors, such as Snail or Twist, resulting 

in the expression of pro-migratory, mesenchymal genes (Lamouille et al., 2013). For example, the 

exchange of E-cadherin for N-cadherin and keratins for vimentin are common hallmarks of EMT.  

During collective migration, only a subset of cells at the front undergoes the process of EMT, 

referred to as leader cells, while the remaining cell cohort is composed of so-called follower cells 

(Fig. 3). Leader cells lose apicobasal polarity typical of epithelial cells and transit to a front-rear 

organization. Furthermore, these cells typically display weakened cell-cell contacts, dynamic actin 

protrusions and secrete higher levels of membrane proteases capable of degrading the ECM 

(Nabeshima et al., 2000), creating space required for the forward movement of the cell cluster (Fig. 

3A). Strikingly, recent findings show that specifically leading cells accumulate mRNA of pro-

invasive molecules in the outmost region of their protrusions (Chrisafis et al., 2020). On the other 

hand, follower cells are tightly grouped due to intercellular contacts mediated by cadherins 

(Nabeshima et al., 1999) and these contacts are strong enough to keep the cell mass together when 

migrating through heterogeneous ECM (Vedula et al., 2014). The orchestration of leader cell 

invasive behaviour and compactness of following cells is common to all forms of collective 

invasion, although it is now evident that multiple hybrid phenotypes exist, where epithelial and 

mesenchymal markers are combined. This gives rise to the large variety of collectively migrating 

structures including sheets, strands and spherical clusters, which can greatly differ in cell numbers, 

ranging from a few cells to whole masses of cells (Fig. 3B-C). Recently, a hybrid collective 

amoeboid migration of cell clusters was described. It was shown that cells within the cluster may 

cooperate to form a supracellular actomyosin cortex around the cell cluster, which undergoes 

synchronized contraction at the rear that propels the cluster forward (Pagès et al., 2020).  
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Interestingly, during collective cancer cell migration, the leader cells are often replaced by cancer-

associated fibroblasts (CAFs) that ensure matrix degradation and remodelling (Gaggioli et al., 

2007). A different study showed that senescent cells can serve as leader cells and that their 

secretome enhances invasion (Kim et al., 2017). Overall, EMT leading to collective invasion is 

typical in carcinomas and histopathological analysis of patient samples suggests that collective 

migration is the prevalent mechanism for detachment of cancer cells from the tumour mass in solid 

tumours (Wang et al., 2016). 

 

 

Figure 3:  Overview of collective invasion. A) Leader cells (pink) secrete numerous pro-invasive molecules 

and secrete proteolytical enzymes, leading the way for follower cells (blue) that maintain cell-cell contacts 

and may contribute to the expansion of the cell sheet by proliferation. B-C) Wide-field image of strand-like 

(B) and sheet-like (C) collective invasion from cancer cell spheroids embedded in 3D collagen.  

Scale bars 100 um. 
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Mesenchymal invasion 
Mesenchymal invasion typically occurs in the presence of prominent cell-ECM adhesions but in 

the absence of intercellular adhesions. The cells’ elongated shape, similar to that of fibroblasts, is 

enabled by protrusive activity at the leading edge and proteolytic degradation of the ECM forming 

tunnel-like paths that allow passage of the whole cell body (Friedl and Wolf, 2008) (Fig. 4).  

Mesenchymally invading cells actively probe the ECM for adhesion sites by forming thin actin 

protrusions called filopodia, or actin bundles referred to as spikes (Jacquemet et al., 2015). Upon 

contact with the ECM, mesenchymal cells form adhesion structures, which serve to generate 

traction forces, anchor the cells and transmit signals from the ECM (Schwartz, 2010). The adhesions 

are mainly composed of integrins, which are coupled to the actin network, providing a structural 

link between the cell cytoskeleton and the ECM. Moreover, mesenchymal cells establish 

specialized adhesion structures that have ECM degrading ability, referred to as invadosomes. This 

term includes both podosomes formed by endothelial cells or monocytic cells and invadopodia, 

typical of cancer cells, which exhibit increased ECM degrading capacity (Linder et al., 2011). The 

degradation of the surrounding ECM is mediated by enzymes, both secreted and/or membrane-

bound, with proteolytic activity such as MMPs (matrix metalloproteinases), ADAMs (a disintegrin 

and metalloproteinase), cathepsin proteinases, and serine proteinases, such as urokinase-type 

plasminogen activator (Basbaum and Werb, 1996). 

 

Figure 4: Overview of mesenchymal invasion. A) A scheme depicting mesenchymal invasion through  

a fibrillar environment. B) A representative image of mesenchymal cells embedded in 3D collagen.  

C) A mesenchymal cell within collagen imaged by digital holography microscopy. Scale bars 10 um. 
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Adhesion and ECM proteolysis are defining characteristics of mesenchymal invasion and both 

represent rate-limiting steps, restraining the speed of invasion (Friedl and Alexander, 2011).  

An invasive advantage of mesenchymal cells is their directional persistence, which is higher 

compared to amoeboid cells (Bouchet et al., 2016; Čermák et al., 2020). The invasive persistence 

is promoted by a clear front-rear polarity and the ability to degrade tunnels in the ECM by 

proteolysis, favouring unidirectional movement. 

Amoeboid invasion 
Cells that do not degrade the ECM must navigate through the ECM to find pores large enough for 

the passage of the cell body, which requires dynamic cell shape plasticity (Fig. 5). The cell is 

propelled forward by contractile forces generated by the cortical actomyosin network, which builds 

up pressure leading to the formation of membrane blebs (Salbreux et al., 2012). The membrane 

blebs arise as a result of membrane detachment from the cell cortex, i.e., the cortical actomyosin 

network and associated proteins, and undergo expansion and retraction cycles. Importantly, the 

spatial distribution of membrane blebs dictates the directionality of invasion, which is regulated by 

the spatial distribution of the uropod proteins - ezrin, radixin and moesin (Lorentzen et al., 2011). 

Recently, a mechanism of membrane recycling by endocytosis at the cell rear and its trafficking to 

the leading front was described to drive adhesion-independent amoeboid migration (O’Neill et al., 

2018). 

 

Figure 5: Overview of amoeboid invasion. A) A scheme depicting amoeboid invasion through a fibrillar 

environment. B) A representative image of amoeboid cells embedded in 3D collagen.  

C-D) A blebby amoeboid C) and pseudopodal amoeboid D) cell within collagen imaged by digital holography 

microscopy. Scale bars 10 um.  
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Unlike mesenchymal cells, amoeboid cells do not form stable ECM contacts. Accordingly, they 

have low expression of β1-integrins. Instead, amoeboid cells can upregulate certain 

glycosaminoglycans that mediate low affinity, integrin independent ECM contacts (Schmidt and 

Friedl, 2010; Schmidt et al., 2020). As such, the formation of adhesions is not the rate-limiting step 

for amoeboid cells and they can migrate at the speed of 20 μm/min, which superior to mesenchymal 

invasion (Krakhmal et al., 2015). However, due to the downregulated or missing proteolytical 

activity, the ECM pore size can restrict the translocation of the cell nucleus and halt the invasion of 

amoeboid cells (Wolf et al., 2013), and thus, the efficiency of amoeboid invasion is largely context-

dependent. 

Various amoeboid phenotypes have been observed in cancer cells, depending on the level of 

adhesion and contractility (Petrie and Yamada, 2016). These include blebby amoeboid cells, 

typically less motile with a round morphology with multiple blebs, and pseudopodal amoeboid 

cells, with a more polarized phenotype and larger, directional blebs (Liu et al., 2015; Tolde et al., 

2018) (Fig. 5C-D). Further, in confining conditions and lack of adhesion, cells can transition to a 

fast migrating, stable bleb-based amoeboid mode. This type of amoeboid invasion is characterized 

by the formation of a single, large bleb, which is not rapidly retracted and instead persists as a result 

of a continuous flow of cortical actomyosin (Liu et al., 2015; Ruprecht et al., 2015).  

 

 

 

 

 

 

 

 

 

 

 

 

 



11 
 

Plasticity of cancer cell invasion 
The diversity of cancer invasion modes is further amplified by the fact that the cell invasion 

phenotypes are interconvertible, allowing cells to switch among them in order to adopt the most 

convenient mode in each situation. In addition to EMT, which drives the acquisition of a motile 

phenotype in originally epithelial cells, individually invading cells can promote their phenotype 

plasticity by switching between mesenchymal and amoeboid modes in transitions referred to as 

mesenchymal to amoeboid transition (MAT) and amoeboid to mesenchymal transition (AMT) 

(Friedl and Alexander, 2011; Gandalovičová et al., 2016; Panková et al., 2010). Cells can also 

regain epithelial traits in the so-called mesenchymal to epithelial transition, and there is ongoing 

debate as to whether this process is necessary for the establishment of secondary tumours (Jolly et 

al., 2017). Nevertheless, certain secondary metastases display increased epithelial markers 

compared to their paired primary tumours, suggesting that the process of re-differentiation may 

occur during secondary site colonization (Williams et al., 2019).    

Especially cancer cells have become masters of invasion plasticity enabling them to metastasize 

through mechanically heterogeneous environments, ranging from very stiff tissue of the bone to 

very soft tissues, such as those of the brain. Moreover, invasion plasticity allows them to tackle 

therapeutical intervention and is often the cause of drug escape mechanisms (Gandalovičová et al., 

2017). In cancer cell lines, there is a spontaneously large heterogeneity of cell invasion phenotypes, 

observed as varying cell morphologies within 3D environments, much larger than what is observed 

in 2D cultures. For example, melanoma cells can spontaneously acquire multiple phenotypes 

(Cooper et al., 2015). Importantly, the invasion modes are dynamically interconvertible, and 

phenotypic traits typical for either invasion mode may coexist within one cell. This was described 

in the case of rapid transitions between blebs, which are typical of amoeboid cells, and lamellipodia, 

which are associated with mesenchymal motility (Bergert et al., 2012). This rapid switching of 

membrane protrusions was later shown to be dependent on the degree of myosin II activity (Ghosh 

et al., 2021). Recently, a migration mode of breast cancer cells implementing both membrane blebs 

and integrin clustering was described (Guzman et al., 2017). Lobopodial migration is yet another 

example of a hybrid mode, characterized by blunt, cylindrical protrusions displaying both high 

actomyosin and high adhesion (Petrie et al., 2012). It is thus evident that cancer cells evolved 

various hybrid and transitionary invasive phenotypes to their advantage (Fig. 6). 
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Figure 6: Summary of cancer invasion modes. A wide range of cancer invasion modes has been described, 

including many hybrid phenotypes. In a simplified model, the invasion modes can be segregated according 

to three main traits – intercellular contact, adhesion to the ECM and the level of actomyosin contractility. a) 

collective amoeboid invasion; b) collective invasion with leader and follower cells; c) collective strand 

invasion; d-e) mesenchymal invasion with broad leading edge (d) or thin protrusions (e); f) hybrid mode with 

filopodia and blebs; g) lobopodial invasion; h) pseudopodal amoeboid invasion; i) blebby amoeboid invasion, 

j) leader-bleb based amoeboid invasion. 
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Plasticity governed by the cytoskeleton 
There are striking morphological differences between mesenchymal cells and amoeboid cells 

pointing to the distinctive involvement of the cytoskeletal components and associated proteins in 

either invasion mode. All three cytoskeletal systems have been implicated in cell invasion plasticity.  

There is a large difference in the dependence on MTs between mesenchymal and amoeboid 

invasion. During mesenchymal invasion, microtubules are required for persistent outgrowth of 

protrusions enabling cell elongation  (Bouchet et al., 2016), while amoeboid cells are not dependent 

on a stable microtubule network. In fact, drugs inhibiting MT polymerization such as vincristine or 

nocodazole induce the amoeboid phenotype (Belletti et al., 2010; Eitaki et al., 2012). Moreover, 

microtubule-associated proteins affecting MT stability and/or polymerization can drive invasion 

plasticity. In lymphoma cells, microtubule-associated GEFH1 is released in response to activation 

of Stat3 signalling, resulting in RhoA activation and increased amoeboid invasion (Pan et al., 2018). 

The overexpression of an active form of stathmin 1, a microtubule destabilizing protein, led to a 

morphological switch to the rounded amoeboid-like phenotype in fibrosarcoma cells (Belletti et al., 

2008). Accordingly, MT destabilization caused by the downregulation of mDia2 leads to amoeboid 

invasion (Hager et al., 2012).  Expectedly, intermediate filament distribution affects invasion 

plasticity as well, for example, loss of vimentin enhanced amoeboid leader bleb-based migration of 

confined cancer cells (Lavenus et al., 2020).  

Unsurprisingly, the transitions are mostly actin-dependent, driven by RhoGTPases. Multiple 

evidence shows that preferential activation of either Rho or Rac could be decisive for the 

establishment of either invasion mode. RhoA mediated contractility facilitates amoeboid invasion 

and activation of the Rho/ROCK pathway results in MAT (Rösel et al., 2008; Sahai and Marshall, 

2003). The downregulation of pro-mesenchymal factors also promotes transition to the amoeboid 

phenotype, as documented in the case of silencing Rac1 activators DOCK3 (dedicator of cytokinesis 

3) and NEDD9 (Neural Precursor Cell Expressed, Developmentally Down-Regulated 9) (Sanz-

Moreno et al., 2008), or Smurf, which drives proteasomal degradation of RhoA (Sahai et al., 2007). 

On the other hand, when contractility is blocked, for example by ROCK inhibitors, or if Rac1 is 

activated, cells favour mesenchymal invasion (Sanz-Moreno et al., 2008). Similarly, 

downregulation of the Rho pathway by silencing the glycoprotein NG2 (neuron-glial antigen 2) 

also induced AMT (Paňková et al., 2012). The pro-amoeboid role of RhoA and pro-mesenchymal 

role of Rac1 were also documented by the expression of dominant negative and constitutively active 

mutants with preferential binding of GDP and GTP, respectively (MacKay and Kumar, 2014). 

Collectively, there is multiple evidence showing that manipulating cytoskeletal dynamics alters 

invasion phenotype plasticity. 
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Plasticity governed by mechanical cues 
It is apparent that mechanical cues largely contribute to invasion plasticity.  Migrating cells respond 

to the physical properties of their surrounding environment, which is by no means possible to 

imitate in basic 2D culture conditions. Therefore, only 3D culture techniques should be considered 

for studying invasion plasticity. These include the use of fibrillar matrices, such as collagen, non-

fibrillar protein gels such as Matrigel, engineered hydrogels, and more advanced options such as 

decellularized ECM or even patient-derived ECM.  

There is growing evidence showing that the migration mode of cells is largely dictated by the 

characteristics of the surrounding environment, particularly by the rigidity and composition of the 

ECM, which determine its physical properties. Leukocyte motility is a prime example of ECM-

regulated invasion plasticity. In low-density fibrillar environments, they utilize the amoeboid 

invasion mode, whereas in high-density collagen they switch to the protease-dependent, 

mesenchymal invasion strategy (Čermák et al., 2018; Van Goethem et al., 2010).   

Mesenchymal and amoeboid cells have different requirements for the mechanical and chemical 

properties of the ECM, which determine its stiffness and pore size that in turn favour either 

mesenchymal invasion or amoeboid invasion (Geiger et al., 2019). If proteolytical degradation of 

the ECM is blocked by chemical inhibitors, mesenchymally invading cells can transit to the 

amoeboid phenotype, which enables navigation through the ECM without proteolytical 

degradation. However, amoeboid invasion is abrogated if pore sizes are smaller than 7µm2, which 

is limiting for nuclear passage (Wolf et al., 2003).   

Another defining property of the ECM is the availability of adhesion sites in the ECM recognized 

by cell adhesion receptors. The cell-ECM adhesion is a requirement for mesenchymal migration, 

and the lack of the binding sites within the ECM, or lack of integrins, which mediate ECM adhesion, 

hinders mesenchymal migration. In vitro, this has been shown by the use of integrin blocking 

antibodies (Carragher et al., 2006; Wolf et al., 2003) or cultivation of cells under conditions that do 

not support the formation of cellular adhesions, such as mixed collagen-agarose gels, in which cells 

adopt a round morphology (Cambria et al., 2020; Ulrich et al., 2010). In confining conditions with 

no adhesion sites, cells adopt amoeboid phenotypes (Liu et al., 2015; Ruprecht et al., 2015). 

Accordingly, cells spontaneously undergo MAT during invasion into non-adhesive confining 

channels (Holle et al., 2019). 

Overall, mesenchymal invasion is preferably used in environments with a higher density of ECM 

components, providing adhesion sites and demanding proteolytical degradation. On the other hand, 

amoeboid invasion is promoted in environments with low density, low adhesion or high 

confinement, in which cell deformability is advantageous.  
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Plasticity governed by signalling within the tumour stroma 
Cells constantly interact with the biochemical and mechanical nature of their surroundings. In 

tumours, the surrounding environment is referred to as the tumour microenvironment (TME), and 

consists, apart from cancer cells, of many non-cancer cells which are generally called stromal cells. 

There is rich dynamic and reciprocal interaction among these cells with cancer cells, promoting 

tumour growth and expansion (Lorusso and Rüegg, 2008). Moreover, the proximity of non-cancer 

cells can promote cancer invasion plasticity by direct interaction (Itoh et al., 2017), or indirectly, 

such as through re-modelling the surrounding matrix (Guiet et al., 2011). 

Typically, the TME shows lower pH due to high metabolic activity of tumour cells, intermittent 

inflammatory-like conditions as a result of high cytokine production and deficiency in nutrients. 

Moreover, the size and dimensionality of the growing tumour mass invariantly lead to unequal 

exposure to resources, resulting in oxygen and nutrient deprivation. These characteristics of the 

TME modulate invasion phenotypes of cancer cells as they need to adapt to such conditions. For 

example, hypoxic conditions promote EMT by direct HIF1 (hypoxia-inducible factor 1) mediated 

gene expression changes of EMT inducers, such as Twist and Snail (Saxena et al., 2020), stimulate 

cancer cell invasion  (Lewis et al., 2016) and promote phenotypic plasticity by inducing collective 

to amoeboid transition (Lehmann et al., 2017). This is in agreement with the finding that hypoxia 

induces RhoA and ROCK1 expression (Gilkes et al., 2014).   

An important component of the tumour environment are cytokines that are secreted by both cancer 

cells, and non-cancer cells present in the tumour stroma, and crosstalk of fibroblasts with metastatic 

cells further enhances the production of pro-invasive cytokines (Li et al., 2009). Cytokine signalling 

generally triggers cell invasion and can impact invasion strategies of cancer cells by activating 

multiple signalling pathways, including Jak (Janus kinase)/Stat (signal transducers and activators 

of transcription), Smad, MAPK (mitogen-activated protein kinase) or Rho signalling (Odenthal et 

al., 2016). Increased cytokine signalling has been generally associated with amoeboid invasion. For 

example, TGFβ was shown to promote amoeboid invasion of melanoma cells (Cantelli et al., 2015), 

as well as Wnt11 (Rodriguez-Hernandez et al., 2020), while Wnt5a is associated with the amoeboid 

phenotype of lymphoma cells (Linke et al., 2017). Moreover, conditioned media containing 

chemokines including TGFβ, or interleukins (IL) IL6 and IL8 promoted the amoeboid phenotype 

of osteosarcoma cells (Pietrovito et al., 2018). Accordingly, the downregulation of cytokines such 

as IL8, IL24 or TGFβ was detected after conversion to a pro-mesenchymal phenotype caused by 

overexpression of PEDF (pigment epithelium-derived factor), which is a secreted anti-

inflammatory factor in melanoma cells (Ladhani et al., 2011; Orgaz et al., 2011).  
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Inflammation in cancer invasion plasticity 
There is increasing evidence that inflammation, inherently present in the tumour stroma, modulates 

the invasive behaviour of cells (Coussens and Werb, 2002; Solinas et al., 2010). Metastatic cancer 

has been referred to as “a wound that never heals” due to the resemblance of the tumour stroma to 

wounded tissue (Dvorak, 1986). There are multiple pathways involved in inflammatory signalling, 

but only those with a described link to cancer invasion modes will be discussed further.  

Inflammation associated transcription factor NFκB (nuclear factor kappa-light-chain-enhancer of 

activated B cells) is activated mainly in response to secreted factors, such as TNF (tumor necrosis 

factor) or IL1β, and is implicated in regulating the expression of various cytokines. Interestingly, 

there is a direct link between Rho GTPases and the activation of NFκB (Tong and Tergaonkar, 

2014), and it was shown that the cell shape and the stiffness of the ECM can influence NFκB 

signalling, favouring its activation in well-spread cells and cells on a stiff substrate (Sero et al., 

2015). NFκB can promote mesenchymal traits by increased expression of proteolytic enzymes 

(Bond et al., 2001), but also has a direct link to amoeboid invasion. Amoeboid cells have been 

shown to secrete increased levels of cytokines, including high levels of IL1β, which leads to NFκB 

pathway activation that subsequently drives transcriptional upregulation of IL1β, promoting a self-

driven pro-invasive circuit (Georgouli et al., 2019).  

The Jak/Stat pathway has an utmost important role in inflammatory signalling and responds to a 

range of pleiotropic cytokines. Upon cytokine binding, receptors oligomerize and transmit signal 

through activation of Jak kinases that further activate transcription factors of the Stat family, which 

includes Stat1, Stat2 and Stat3, as well as less pronounced members, for example, Stat5 or Stat6. 

Stat3 is typically activated by cytokines of the IL6 family and various growth factors, while Stat1 

and Stat2 respond to interferon (IFN) signalling by forming Stat1-Stat2 heterodimers and Stat1 

homodimers in case of type I and type II IFN signalling, respectively  (Rawlings et al., 2004). The 

response is tuned by the multiformity of Stat transcription complexes, which may be composed of 

homodimers or heterodimers (Delgoffe and Vignali, 2013). In addition, the complexes have 

differing roles if formed by phosphorylated or unphosphorylated Stats, which mediate the 

immediate (in terms of minutes) and long-term (in terms of hours) response, respectively (Yang 

and Stark, 2008).  

The Stat3 pathway has been shown to promote amoeboid invasion through RhoA/ROCK enhanced 

actomyosin contractility (Sanz-Moreno et al., 2011). In this thesis, we present novel findings that 

show that also Stat1 and Stat2 are implicated in amoeboid invasion by sustaining an inflammatory 

state due to prolonged activity of ISGF3 (interferon stimulated gene factor 3), a complex composed 

of Stat1, Stat2 and adaptor protein IRF9 (interferon regulatory factor 9) (Gandalovičová et al., 

2020).  



17 
 

Migrastatic therapy 
Due to the fact that metastatic dissemination to adjacent tissues accounts for the majority of solid 

tumour-related deaths, there is an ongoing strive to identify anti-invasive therapies. However, the 

large plasticity of cancer cell invasion makes this task more challenging than previously expected, 

and even decades after declaring the “war on cancer” there is a lack of anti-metastatic strategies. 

Recently, substances able to interfere with cancer migration modes have been termed migrastatics 

(Gandalovičová et al., 2017). Identification of such compounds that would either directly, or in 

combination, target all invasion modes would increase the chance of preventing drug escape 

mechanisms, as previously experienced in the case of protease inhibitors or integrin blocking 

antibodies that cells evaded through the process of MAT (Wolf et al., 2003). So far, multi-kinase 

inhibitors of ROCK and protein kinase A and B have been shown to suppress both amoeboid and 

mesenchymal invasion in vitro and in vivo (Sadok et al., 2015). A different study showed that dual 

targeting of the RhoA and Rac1 pathway hinders invasion and metastasis of breast cancer in a 

mouse model (Jones et al., 2017).  

The need for anti-invasive therapy is also enhanced by the paradoxical observations that 

chemotherapy, despite targeting tumour proliferation, may promote metastatic behaviour of cells 

as an unsolicited bystander effect by selecting for more aggressive cells and by modulating 

signalling within the tumour stroma (D’Alterio et al., 2020). Yet still, clinical evaluation of anti-

cancer drugs follows a cytotoxic, antiproliferative paradigm, although this does not evaluate anti-

metastatic effects and may in fact lead to their enhancement, as mentioned above. Only recently 

have drugs that delay metastatic events been approved based on this endpoint (Fernandes et al., 

2019). Unlike treatment with cytotoxic drugs, migrastatics are not expected to result in the selection 

of resistant clones as in the case of cytotoxic therapies, and even if so, these would not have a 

proliferative advantage, thus not becoming primarily widespread (Rosel et al., 2019). Overall, the 

naming and description of anti-metastatic drugs as migrastatics has already gained an international 

response, which will help unite the effort of individual labs into a worldwide effort.  
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Search for invasion plasticity mechanisms- aims of this thesis 
The lack of efficient antimetastatic drugs reflects our incomplete understanding of cells’ invasive 

behaviour and justifies the need to conduct further research. Up till today, only a limited number of 

specific cancer cell markers have been described, out of which most are associated with a certain 

cancer type, such as prostate specific membrane antigen for prostate cancer or vascular endothelial 

growth factor for glioblastoma (Ghosh and Heston, 2004; Montano et al., 2016). The situation is 

even more discouraging in the case of pan-cancer markers of invasive cells, not to mention 

amoeboid or mesenchymal specific markers (Gerashchenko et al., 2019). The determination of the 

invasion mode is thus still mostly dependent on visual assessment of cell morphology and live-cell 

imaging, and thus assessment of the invasive potential of cancer from genetic profiling is largely 

remote. 

Our goal was to study invasion plasticity in 3D environments to expand our existing knowledge of 

this phenomenon, as current publicly available datasets are limited.  

The specific aims were to: 

1) Identify and establish reliable in vitro model systems of invasion plasticity;

2) Characterize changes in gene expression and protein levels before and after the induction

of invasion plasticity by high throughput methods;

3) Study and validate the significance of the identified signalling pathways in individual

invasion modes.

List of publications and author contribution 
The individual findings and novel observations on invasive behaviour of cancer cells obtained 

throughout the years of my PhD studies were summarized in publications accepted to impact 

journals. Three publications integral to this thesis are listed below with a brief commentary on my 

contribution to each work and are included in their full version. Other publications that were 

published during my PhD studies are listed, but not discussed further.  

(Please note that studies published before 2021 are listed under my maiden name, Gandalovičová). 
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Publication #1: Quantitative phase imaging unravels new insight into dynamics of 
mesenchymal and amoeboid cancer cell invasion 
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Q u a ntit ati v e p h a s e i m a gi n g 
u nr a v el s n e w i n si g ht i nt o d y n a mi c s 
of m e s e n c h y m al a n d a m o e b oi d 
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O b s er v ati o n  a n d  a n al y si s  of  c a n c er  c ell  b e h a vi o ur  i n 3 D  e n vir o n m e nt  i s e s s e nti al  f or f ull u n d er st a n di n g  
of  t h e m e c h a ni s m s  of  c a n c er  c ell  i n v a si o n. H o w e v er,  l a b el-fr e e i m a gi n g of  li v e c ell s  i n 3 D  c o n diti o n s  i s 
o pti c all y  m or e  c h all e n gi n g  t h a n i n 2 D.  Q u a ntit ati v e  p h a s e  i m a gi n g pr o vi d e d  b y  c o h er e n c e  c o ntr oll e d  
h ol o gr a p hi c mi cr o s c o p y pr o d u c e s i m a g e s wit h e n h a n c e d i nf or m ati o n c o m p ar e d t o or di n ar y li g ht 
mi cr o s c o p y  a n d,  d u e  t o i n h er e nt c o h er e n c e  g at e  e fi e ct,  e n a bl e s  o b s er v ati o n  of  li v e c a n c er  c ell s’  a cti vit y  
e v e n  i n s c att eri n g  mili e u  s u c h  a s  t h e 3 D  c oll a g e n  m atri x.  E x pl oiti n g  t h e d y n a mi c  p h a s e  di ff er e n c e s  
m et h o d,  w e  f or t h e fir st  ti m e d e s cri b e  d y n a mi c s  of  di fi er e n c e s  i n c ell  m a s s  di stri b uti o n  i n 3 D  mi gr ati n g  
m e s e n c h y m al  a n d  a m o e b oi d  c a n c er  c ell s,  a n d  al s o  d e m o n str at e  t h at c ert ai n  f e at ur e s ar e  s h ar e d  b y  
b ot h  i n v a si o n m o d e s.  W e  f o u n d t h at a m o e b oi d  Th br o s ar c o m a  c ell s’  m e m br a n e  bl e b bi n g  i s e n h a n c e d  
u p o n c o n stri cti o n a n d i s al s o o c c a si o n all y pr e s e nt i n m e s e n c h y m all y i n v a di n g c ell s ar o u n d c o n stri ct e d 
n u cl ei.  F urt h er,  w e  d e m o n str at e  t h at b ot h  l e a di n g pr otr u si o n s  a n d  l e a di n g p s e u d o p o d s  of  i n v a di n g 
Th br o s ar c o m a  c ell s  ar e  d e Th n e d  b y  hi g h er  c ell  m a s s  d e n sit y.  I n a d diti o n,  w e  dir e ctl y  d o c u m e nt  b u n dli n g  of  
c oll a g e n  Th br e s  b y  pr otr u si o n s  of  m e s e n c h y m al  Th br o s ar c o m a  c ell s.  T h u s,  s u c h  a  n o n-i n v a si v e  mi cr o s c o p y  
o ff er s  a  n o v el  i n si g ht i nt o c ell ul ar  e v e nt s  d uri n g  3 D  i n v a si o n.

C a n c er c ell i n v asi o n is t h e cr u ci al st e p i n t h e pr o c ess of m et ast asis f or m ati o n, w hi c h is r es p o nsi bl e f or 9 0 % of 
d e at hs i n p ati e nts wit h s oli d t u m o urs 1 . It is t h e o nl y h all m ar k, w hi c h disti n g uis h es b e ni g n a n d m ali g n t u m o urs2 . 
T o i n v a d e t hr o u g h t h e s urr o u n di n g e xtr a c ell ul ar e n vir o n m e nt, c a n c er c ells c a n utili z e c oll e cti v e or i n di vi d u al 
mi gr ati o n. C oll e cti v e i n v asi o n o c c urs w h e n c a n c er c ells m ai nt ai n c ell- c ell c o nt a cts a n d st a y i n pr o xi mit y wit h 
l e a di n g c ells t h at pr ot e ol yti c all y d e gr a d e t h e s urr o u n di n g m atri x, m a ki n g w a y f or t h e c ell c o h ort t o m o v e f or-
w ar d 3 . Ali k e f or c oll e cti v e mi gr ati o n, i n di vi d u all y i n v a di n g c ells utili zi n g t h e m es e n c h y m al i n v asi o n m o d e ar e 
c h ar a ct eri z e d b y t h eir d e p e n d e n c e o n p eri c ell ul ar pr ot e ol ysis, w hi c h e n a bl es c ells t o f or m t u n n els i n t h e e xtr a c el -
l ul ar m atri x ( E C M) f or m o v e m e nt4 . Th e y ar e t y pi c all y el o n g at e d wit h m a n y a cti n-ri c h pr otr usi o ns a n d c ell- E C M 
a d h esi o ns. C o n v ers el y, a m o e b oi d i n v asi o n d o es n ot r el y o n c ell- E C M a d h esi o ns or pr ot e ol yti c al d e gr a d ati o n of 
t h e E C M, i nst e a d a m o e b oi d c ells g e n er at e f or c e b y e n h a n c e d a ct o m y osi n c o ntr a ctilit y5  e n a bli n g t h e m t o s q u e e z e 
t hr o u g h t h e pr e- e xisti n g h ol es i n t h e E C M. Th e y ar e t y pi c all y m or e r o u n d e d a n d e x hi bit m e m br a n e bl e b bi n g d u e 
t o hi g h h y dr ost ati c pr ess ur e6 ,7 .

I m p ort a ntl y, all m o d es of c a n c er c ell i n v asi v e n ess ar e i nt er c o n v erti bl e a n d c o ul d b e e m pl o y e d b y c a n c er c ells 
i n c o m bi n ati o n8 – 1 0 . Th e a bilit y of c a n c er c ells t o s wit c h b et w e e n m o d es of i n v asi v e n ess is c all e d pl asti cit y a n d is a n 
i m p ort a nt iss u e r el at e d t o t h e d e v el o p m e nt of a nti-i n v asi v e a n d a nti- m et ast ati c t h er a pi es1 1 – 1 4 .

F or t h e a n al ysis of c a n c er c ell m ali g n a nt p ot e nti al, m a nif est e d b y i n v asi v e n ess a n d pl asti cit y, as w ell as f or t h e 
a n al ysis of t h e a bilit y of v ari o us i n hi bit ors t o i nt erf er e wit h t h es e pr o c ess es, it is criti c al t o o bs er v e t h e b e h a vi o ur 

1 D e p art m e nt of C ell Bi ol o g y, C h arl e s U ni v er sit y, Vi ni č n á 7, Pr a g u e, C z e c h R e p u bli c. 2 Bi ot e c h n ol o g y a n d Bi o m e di ci n e 
C e ntr e of t h e A c a d e m y of S ci e n c e s a n d C h arl e s U ni v er sit y ( BI O C E V), Pr ů m y sl o v á 5 9 5, 2 5 2 4 2, V e st e c u Pr a h y, C z e c h 
R e p u bli c. 3 C e ntr al E ur o p e a n I n stit ut e of T e c h n ol o g y, Br n o U ni v er sit y of T e c h n ol o g y, P ur k y ň o v a 6 5 6/ 1 2 3, 6 1 2 0 0, 
Br n o, C z e c h R e p u bli c. 4 I n stit ut e of P h y si c al E n gi n e eri n g, F a c ult y of M e c h a ni c al E n gi n e eri n g, Br n o U ni v er sit y of 
T e c h n ol o g y, T e c h ni c k á 2 8 9 6/ 2, Br n o, 6 1 6 0 0, C z e c h R e p u bli c. O n dř ej T ol d e a n d A n et a G a n d al o vi č o v á c o ntri b ut e d 
e q u all y t o t hi s w or k. C orr e s p o n d e n c e a n d r e q u e st s f or m at eri al s s h o ul d b e a d dr e s s e d t o J. B. ( e m ail: j a n. br a b e k @
n at ur. c u ni. c z )

R e c ei v e d: 2 M ar c h 2 0 1 8

A c c e pt e d: 1 7 J ul y 2 0 1 8
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of c a n c er c ells i n a 3 D e n vir o n m e nt. fi e m ost fr e q u e ntl y us e d bi ol o gi c all y d eri v e d 3 D m atri c es f or i n vitr o a n al y-
sis of c a n c er c ell i n v asi v e n ess ar e M atri g el a n d 3 D c oll a g e n g els 1 5 . B esi d e t h es e g el- b as e d m atri c es, m or e c o m pl e x 
lif e-li k e m atri x es d eri v e d fr o m tiss u es ar e als o us e d1 6 – 1 8 .

H o w e v er, t h er e ar e g e n er al pr o bl e ms wit h l o w er o pti c al tr a ns p ar e n c y a n d li g ht s c att eri n g i n all t h es e e n vi -
r o n m e nts. ff es e c a n b e o v er c o m e b y q u a ntit ati v e p h as e i m a gi n g ( Q PI) pr o vi d e d b y c o h er e n c e - c o nt r oll e d 
h ol o gr a p hi c mi cr os c o p y ( C C H M) d u e t o i n h er e nt c o h er e n c e g at e e ff e ct ( C G E), w hi c h m a k es p ossi bl e i m a gi n g 
t hr o u g h a fl o wi n g t ur bi d as w ell as st ati c s c att eri n g m e di u m. C G E is e n a bl e d b y t h e s p ati all y i n c o h er e nt li g ht 1 9  
us e d i n C C H M. C G E di ff er e nti at es a m o n g b allisti c a n d str o n gl y s c att er e d li g ht t o eli mi n at e t h e str o n gl y s c att er e d 
p h ot o ns fr o m c o ntri b uti n g t o t h e fi n al i m a g e as n ois e 2 0 – 2 2  (s e e S u p pl. Fi g.  S 1 a n d S u p pl e m e nt ar y t e xt f or d et ails). 
N ot a bl y, t h e t e c h ni q u e is n o n-i n v asi v e – n o d y es or l a b els ar e us e d – a n d t h er e is n o h al o art ef a ct pr es e nt, w hi c h 
t y pi c all y dist ur bs i m a gi n g i n Z er ni k e p h as e c o ntr ast mi cr os c o p y2 3 . I n a d diti o n, a c q uir e d i m a g es b y C C H M ar e 
q u a ntit ati v e, m a ki n g it p ossi bl e t o c al c ul at e c ell dr y m ass i n p g/ μ m 2  fr o m d et e ct e d p h as e s hi fis2 4 – 2 6 .

H er e, w e t a k e a d v a nt a g e of C C H M t o vis u ali z e i n d et ail d y n a mi cs of c a n c er c ell i n v asi v e b e h a vi o ur, wit h f o c us 
o n t h e i nt er a cti o n of c a n c er c ells wit h c oll a g e n fi br es, a n d utili z e t h e q u a ntit ati v e i nf or m ati o n c o nt ai n e d i n t h e 
a c q uir e d i m a g es f or a n al ysis of c ell ul ar m ass distri b uti o n a n d tr a nsl o c ati o n.

R e s ult s
E st a bli s h m e nt  of  a  c ell  m o d el  f or t h e st u d y  of  a m o e b oi d  a n d  m e s e n c h y m al  mi gr ati o n.   T o c o m -
p ar e f e at ur es of a m o e b oi d a n d m es e n c h y m al i n v asi o n, w e t o o k a d v a nt a g e of t h e p ossi bilit y t o i n d u c e t h e m es e n -
c h y m al- a m o e b oi d tr a nsiti o n b y a cti v ati o n of t h e R h o A- R O C K p at h w a y 2 7 – 2 9 . We us e d H T 1 0 8 0 fi br os ar c o m a c ells 
st a bl y e x pr essi n g d o x y c y cli n e-i n d u ci bl e c o nstit uti v el y a cti v e R h o A ( c a R h o A). U p o n e x pr essi o n of c a R h o A, t h e 
pri m aril y m es e n c h y m al c ells g ai n a r o u n d e d p h e n ot y p e wit h n u m er o us m e m br a n e bl e bs. fi eir mi gr ati o n i n 3 D 
c oll a g e n is u n a ff e ct e d i n t h e pr es e n c e of G M 6 0 0 1, a br o a d-s p e ctr u m m atri x m et all o pr ot ei n as e i n hi bit or, u nli k e 
mi gr ati o n of c o ntr ol m es e n c h y m al c ells t h at is st all e d i n s u c h c o n diti o ns ( S u p pl. Fi g.  S 2), w hi c h c orr es p o n ds t o 
e arli er d es cri pti o ns of a m o e b oi d a n d m es e n c h y m al mi gr ati o n, r es p e cti v el y 4 ,3 0 . Usi n g t his c ell m o d el, w e e m pl o y e d 
C C H M mi cr os c o p y t o d es cri b e i n d et ail f e at ur es of a m o e b oi d a n d m es e n c h y m al i n v asi o n.

M e s e n c h y m al  mi gr ati n g  c ell s  i nt er a ct wit h  s urr o u n di n g  E C M:  e x a m pl e s  of  r u Thi n g, b u n dli n g,  a n d   
bl e b bi n g.  M es e n c h y m al c ell mi gr ati o n t hr o u g h tiss u e b arri ers r e q uir es p eri c ell ul ar r e m o d elli n g of t h e E C M 
e x e c ut e d b y c ell-s urf a c e pr ot e as es, p arti c ul arl y m e m br a n e-t y p e- 1 m at ri x m et all o pr ot ei n as e ( M T 1- M M P). 
I n v asi v e H T 1 0 8 0 fi br os ar c o m a c ells w er e pr e vi o usl y s h o w n t o c o or di n at e m e c h a n otr a ns d u cti o n a n d fi brill ar c ol -
l a g e n r e m o d elli n g b y s e gr e g ati n g t h e a nt eri or f or c e- g e n er ati n g l e a di n g e d g e c o nt ai ni n g β 1-i nt e gri n, M T 1- M M P 
a n d F- a cti n fr o m a p ost eri or pr ot e ol yti c z o n e e x e c uti n g fi br e br e a k d o w n. D uri n g f or w ar d m o v e m e nt, st eri c all y 
i m p e di n g fi br es ar e s el e cti v el y r e ali g n e d3 1 ,3 2 . T o st u d y t h e i nt er a cti o n of m es e n c h y m al c ells wit h c oll a g e n fi br es, 
w e e m pl o y e d C C H M f or i m a gi n g of H T 1 0 8 0 c ells e m b e d d e d wit hi n a fi brill ar c oll a g e n m atri x. We o bs er v e d 
t h at d uri n g mi gr ati o n a m es e n c h y m al c ell f oll o w e d a t hi c k c oll a g e n fi br e a n d e vi d e ntl y p ull e d o n it (s e e Fi g.  1  
a n d S u p pl e m e nt ar y Vi d e os  V 1 – V 4). W h e n t h e m es e n c h y m al c ells w er e i m b e d d e d i n c oll a g e n of l o w er d e nsit y 
( 0. 5 m g/ ml), t h e p ulli n g o n c oll a g e n fi br es w as m or e pr o mi n e nt a n d h a d l ar g er i m p a ct o n t h e c oll a g e n ar c hit e c -
t ur e ( S u p pl. Vi d e o  V 3). I n a d diti o n, w e o bs er v e d t h at c ells’ ps e u d o p o di a-li k e pr otr usi o ns h ol d t o g et h er s e v er al 
t hi n n er fi br es ( Fi g. 2 , S u p pl. Vi d e os  V 4 a n d V 5). We r e c k o n t his b u n dli n g of fi br es is a n a cti v e pr o c ess s er vi n g t o 

Fi g u r e 1 . Mi gr ati o n of a m es e n c h y m al c ell wit hi n c oll a g e n m atri x. C ells w er e e m b e d d e d i n 3 D b o vi n e c oll a g e n 
( 1 m g/ ml) a n d mi gr ati o n w as o bs er v e d b y C C H M. R e pr es e nt ati v e i m a g es wit h i n di c at e d ti m es ar e s h o w n. It 
c a n b e n oti c e d t h at t h e c ell f oll o ws a t hi c k er fi br e (i n di c at e d b y a n arr o w) o n c e it g ets t o c o nt a ct wit h it. Th e 
t hi c k n ess of fi br es w as m e as ur e d usi n g I m a g eJ Pl ot Pr o fil e t o ol. Th e t hi c k fi br e h as a n a v er a g e v al u e 0. 6 6 µ m. fi e 
a v er a g e v al u e of t h e t hi n n er fi br es t h at ar e s urr o u n di n g t h e c ell i n a n y dir e cti o n or ar e i n c o nt a ct wit h t h e c ell, is 
0. 3 9  µ m ( m e di a n 0. 3 7  µ m; n  =  3 0). F or f ull s e q u e n c e s e e S u p pl. Vi d e o  V 1. S c al e b ar: 1 0  μ m.
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pr o vi d e a m or e st a bl e c o n n e cti o n t o t h e s urr o u n di n g m atri x, h o w e v er f urt h er e x p eri m e nts w o ul d b e n e e d e d f or 
c o n fir m ati o n. C C H M als o e n a bl e d o bs er v ati o n of d y n a mi c m e m br a n e r u ffl es at t h e c ell fr o nt ( S u p pl. Fi g.  S 3).

F urt h er m or e, w e o c c asi o n all y o bs er v e d d y n a mi c m e m br a n e bl e b bi n g of c ells utili zi n g t h e m es e n c h y m al i n v a -
si o n m o d e. fi e bl e b bi n g w as t e m p or ar y a n d o bs er v e d ar o u n d n u cl ei of c ells w h os e m o v e m e nt w as r estr ai n e d 
b y t h e s urr o u n di n g m atri x ( Fi g.  3  a n d S u p pl. Vi d e o  V 6), m a ki n g a n i m pr essi o n t h at t his bl e b bi n g s er v es t o p us h 
a w a y s urr o u n di n g m atri x a n d e n a bl e n u cl e ar tr a nsl o c ati o n.

C ell  m a s s  i s p ol ari z e d  a n d  d e ff n e s  l e a di n g pr otr u si o n s  i n m e s e n c h y m al  c ell s.   N e xt, w e f o c us e d 
o n c ell m ass distri b uti o n d uri n g m es e n c h y m al mi gr ati o n. We c o m p ut e d m e a n m ass d e nsiti es of m es e n c h y m al 
c ells a n d t h eir pr otr usi o ns. fi e m e a n m ass d e nsit y wit hi n t h e c ell b o d y w as si g ni fi c a ntl y hi g h er ( 0. 8 5  p g/ μ m 2 , 
p  <  0. 0 0 1) t h a n i n t h e pr otr usi o ns, r e fl e cti n g m ostl y t h e hi g h m ass d e nsit y of t h e n u cl e us a n d o v er all hi g h er t hi c k -
n ess of t h e c ell b o d y. N e v ert h el ess, t h e l e a di n g pr otr usi o ns h a v e si g ni fi c a ntl y hi g h er ( 0. 5 5  p g/ μ m 2 , p <  0. 0 4) m e a n 
m ass d e nsit y c o m p ar e d t o si d e pr otr usi o ns a n d r etr a cti n g pr otr usi o ns ( 0. 3 8  p g/ μ m 2  a n d 0. 3 2 p g/ μ m 2 , r es p e c-
ti v el y) ( Fi g. 4 ). fi es e r es ults s u g g est t h at distri b uti o n of c ell m ass di ff ers a m o n g i n di vi d u al pr otr usi o ns t o s p e cif y 
t h e l e a di n g pr otr usi o n, a n d i n r es ult d e fi n es t h e dir e cti o n of i n v asi o n.

M or e o v er, p ost pr o c essi n g of i m a g es a c q uir e d b y C C H M e n a bl es a n al ysis of d y n a mi c c h a n g es of c ell m ass dis -
tri b uti o n i n mi gr ati n g c ells b y c al c ul ati n g t h e d y n a mi c p h as e di ff er e n c es ( D P D) b et w e e n c o ns e q u e nt i m a g es (s e e 
M et h o ds f or m or e d et ail). Th e a d v a nt a g es of t his m et h o d w er e d e m o nstr at e d pr e vi o usl y 3 3 . A n al ysis of c ell m ass 
di ff er e n c es d uri n g m es e n c h y m al i n v asi o n hi g hli g ht e d t h e d y n a mi cs of m e m br a n e pr otr usi o ns at t h e c ell fr o nt a n d 
r e v e al e d a l ar g e i n fl u x of c ell m ass i nt o t h e l e a di n g e d g e, cl e arl y d e m o nstr ati n g t h e p ol ari z ati o n of t h e c ell, w hi c h 
c orr es p o n ds t o dir e cti o n alit y of c ell mi gr ati o n ( Fi g.  5 ).

V ari o u s a m o e b oi d c ell s p h e n ot y p e s c a n b e di sti n g ui s h e d b y c ell m a s s di stri b uti o n.  T o st u d y 
a m o e b oi d c a n c er c ell b e h a vi o ur i n 3 D c oll a g e n, w e i n d u c e d e x pr essi o n of c o nstit uti v el y a cti v e R h o A i n H T 1 0 8 0 
c ells, w hi c h r es ult e d i n t h e g ai n of t h e a m o e b oi d p h e n ot y p e. It is w ell k n o w n t h at v ari o us a m o e b oi d p h e n ot y p es 
c a n b e e m pl o y e d, d e p e n di n g o n t h e l e v el of a ct o m y osi n c o ntr a ctilit y a n d a d h esi o n 3 4 ,3 5 . B y vis u ali zi n g 3 D mi gr a-
ti o n of H T 1 0 8 0 c ells wit h c a R h o A usi n g C C H M, w e n oti c e d t h at bl e b bi n g i nt e nsit y is n ot c o nst a nt a n d c a n b e 
tr a nsi e ntl y r e pl a c e d b y f or m ati o n of ps e u d o p o di a, d e n oti n g t h at v ari o us a m o e b oi d st at es ar e a c q uir e d. We f urt h er 
d es cri b e t h es e a m o e b oi d p h e n ot y p es i n m or e d et ail.

We o bs er v e d e n h a n c e d d y n a mi c bl e b bi n g i n a m o e b oi d c ells p artl y li mit e d i n m o v e m e nt, pr es u m a bl y d u e t o 
E C M c o nstri cti o n. This p h e n ot y p e r es e m bl es t h e bl e b b y- a m o e b oi d p h e n ot y p e, d uri n g w hi c h n u m er o us s m all 
m e m br a n e bl e bs f or m d u e t o i n cr e as e d i ntr a c ell ul ar pr ess ur e. As o bs er v e d b y D P D, m ass distri b uti o n i nsi d e t h e 
c ell b o d y d uri n g mi gr ati o n is l ess p ol ari z e d c o m p ar e d t o m es e n c h y m al c ells ( Fi g.  6  a n d S u p pl. Vi d e o  V 7).

Bl e b bi n g i nt e nsit y d e cr e as es w h e n t h e c ells s wit c h t o ps e u d o p o d al- a m o e b oi d mi gr ati o n. C ells of t his a m o e -
b oi d p h e n ot y p e ar e l ess r o u n d e d wit h s e v er al ps e u d o p o di a, r es ulti n g i n a m or e m otil e st at e. C orr es p o n di n gl y, c ell 
m ass distri b uti o n is m or e p ol ari z e d c o m p ar e d t o bl e b b y- a m o e b oi d c ells, wit h e vi d e nt i n fl u x of c ell m ass i nt o t h e 

Fi g u r e 2 . B u n dli n g of c oll a g e n fi br es b y a m es e n c h y m al c ell. C ells w er e e m b e d d e d wit hi n 3 D b o vi n e c oll a g e n 
( 1 m g/ ml) a n d i m a g es of mi gr ati n g c ells w er e a c q uir e d b y C C H M. F or b ett er vis u ali z ati o n of t h e fi br e b u n dli n g, 
a sit u ati o n w h e n t h e c ell r etr a cts its ps e u d o p o di u m, t h us r el a xi n g t h e fi br es, is d e m o nstr at e d. L e Th: W h ol e c ell 
i m a g e, arr o w i n di c at es t h e dir e cti o n of c ell’s m o v e m e nt. S c al e b ar: 1 0 μ m Ri g ht: A s e q u e n c e of r e pr es e nt ati v e 
i m a g es wit h i n di c at e d ti m e i nt er v als c orr es p o n di n g t o t h e S u p pl. Vi d e o  V 4. U p p er a n d b ott o m r o w s h o w t h e 
s a m e i m a g es, i n t h e b ott o m r o w t h e t hr e e s e p ar at e fi br es ar e m ar k e d b y di ff er e nt c ol o urs. S e v er al fi br es ar e 
a p p ar e ntl y cl ust er e d b y t h e c ell pr otr usi o n, a n d a pr o mi n e nt dis pl a c e m e nt of t h es e fi br es is w ell s e e n a Th er t h e 
pr otr usi o n is r etr a ct e d a n d t h e fi br es r et ur n t o t h eir r el a x e d p ositi o ns. S c al e b ar 5  μ m. C o ntr ast w as a dj ust e d t o 
hi g h er d e gr e e i n t h e i ns et.
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Fi g u r e 3 . P eri n u cl e ar bl e b bi n g d uri n g m es e n c h y m al i n v asi o n. M es e n c h y m al c ells e m b e d d e d i n 3 D b o vi n e 
c oll a g e n ( 1  m g/ ml) w er e i m a g e d usi n g C C H M. Arr o ws p oi nt t o w ar ds m e m br a n e bl e bs f or m e d ar o u n d t h e 
n u cl e us. ( A ) I m a g e s e q u e n c e t a k e n fr o m S u p pl. Vi d e o  V 6, w hi c h s h o ws t h e d y n a mi cs of bl e b bi n g. F or f ull 
s e q u e n c e s e e S u p pl. Vi d e o  V 4. (B ) A s e c o n d e x a m pl e of p eri n u cl e ar bl e b bi n g d uri n g m es e n c h y m al i n v asi o n. 
S c al e b ar: 1 0  μ m.

Fi g u r e 4 . A n al ysis of m e a n m ass d e nsit y i n pr otr usi o ns of mi gr ati n g m es e n c h y m al c ells. I m a g es of m es e n c h y m al 
c ells e m b e d d e d i n 3 D b o vi n e c oll a g e n ( 1  m g/ ml) w er e a n al ys e d t o c o m p ut e m e a n m ass d e nsiti es i n w h ol e c ells 
a n d i n di vi d u al pr otr usi o ns. Q u a nti fi c ati o n r es ults ar e e x pr ess e d as b o x a n d w his k ers ( mi ni m u m t o m a xi m u m) of 
1 0 di ff er e nt c ells. C ells w er e m e as ur e d t w o t o fi v e ti m es wit h ti m e i nt er v al b et w e e n m e as ur e m e nts l o n g e n o u g h 
f or c ells t o s u bst a nti all y c h a n g e d t h eir m or p h ol o g y. C ell b o d y ( n =  2 2), l e a di n g ( n  =  2 0), r etr a cti n g ( n  =  1 6), si d e 
( n =  5 0). St atisti c al si g ni fi c a n c e w as d et er mi n e d b y o n e- w a y A N O V A f oll o w e d b y T u k e y’s p ost- h o c t est.
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l e a di n g fr o nt of t h e c ell ( Fi g. 7 ). M or e o v er, as d e m o nstr at e d f or l e a di n g pr otr usi o ns of m es e n c h y m al c ells, hi g h er 
m e a n m ass d e nsit y als o d e fi n es t h e l e a di n g ps e u d o p o di u m d uri n g ps e u d o p o d al- a m o e b oi d i n v asi o n. I n f a ct, t h e 
m e a n m ass d e nsit y di ff er e nti at es t h e l e a di n g ps e u d o p o di u m fr o m t h e l at er al ps e u d o p o di u m e arli er t h a n its si z e 
or w ei g ht i n di vi d u all y ( S u p pl. Fi g.  S 4). F urt h er m or e, w e dir e ctl y o bs er v e d t h at ps e u d o p o d al- a m o e b oi d c ells c a n 
pr o m ot e tr a nsi e nt c o nt a cts wit h s urr o u n di n g fi br es ( Fi g.  8 ).

T o f urt h er c h ar a ct eri z e t h e t w o a m o e b oi d p h e n ot y p es, w e c o m p ut e d m e a n m ass d e nsiti es of i n di vi d u al c ells, 
bl e bs a n d ps e u d o p o di a f r o m a c q uir e d i m a g e s e q u e n c es ( Fi g.  9 ). fi e m e a n m ass d e nsit y of bl e b b y- a m o e b oi d 
c ells is si g ni fi c a ntl y hi g h er t h a n of ps e u d o p o d al- a m o e b oi d c ells ( 1. 4 5  p g/ μ m 2  a n d 1. 1 8 p g/ μ m 2 , r es p e cti v el y; 
p  <  0. 0 0 1). ffis c orr es p o n ds t o t h e m or e r o u n d e d c ell b o d y of bl e b b y- a m o e b oi d a n d m or e el o n g at e d b o d y of 
ps e u d o p o d al- a m o e b oi d c ells. I nt er esti n gl y, t h e m e a n m ass d e nsit y of a m o e b oi d ps e u d o p o di a is 0. 5 1  p g/ μ m 2 , 
w hi c h is v er y si mil ar t o ps e u d o p o di a of m es e n c h y m al c ells ( 0. 5 5  p g/ μ m 2 ). fi e m e a n m ass d e nsiti es of bl e bs w er e 
n ot si g ni fi c a ntl y di ff er e nt i n c as e of bl e b b y- a m o e b oi d c ells a n d ps e u d o p o d al- a m o e b oi d c ells ( 0. 4 1  p g/ μ m 2  a n d 
0. 3 3  p g/ μ m 2 , r es p e cti v el y) a n d w er e 2. 8 x l o w er t h a n m e a n m ass d e nsiti es i n c ell b o di es i n b ot h c as es. O v er all, t h e 
v ari a n c e of m e a n m ass d e nsiti es i n bl e bs w as m u c h l o w er ( c o e ffi ci e nt of v ari ati o n ( C v ) 3 0 %) c o m p ar e d t o v ari a n c e 
of bl e b ar e a ( C v  6 5 %) or w ei g ht ( Cv  9 2 %).

fi e pl asti cit y of a m o e b oi d c ells is pr o vi d e d b y hi g h d ef or m a bilit y of t h e c ell b o d y, w hi c h is li mit e d b y sti ff n ess 
of t h e c ell n u cl e us 3 6 ,3 7 . Th er ef or e, w e w er e i nt er est e d i n c ell m ass distri b uti o n wit hi n a n a m o e b oi d c ell t h at u n d er-
g o es l ar g e d ef or m ati o n of its b o d y a n d n u cl e us w hil e o v er c o mi n g a c o nstri cti o n i n t h e E C M ( S u p pl. Vi d e o  V 8). T o 
p ass t hr o u g h t h e n arr o w c o nstri cti o n, t h e c ell i niti all y f or m e d a l ar g e m e m br a n e bl e b pr otr u di n g t hr o u g h t h e p or e 
i n t h e c oll a g e n m atri x. Th e bl e b l at er tr a nsf or m e d i nt o a st a bl e ps e u d o p o di u m, w hi c h i n cr e as e d i n si z e u ntil t h e 
r e m ai ni n g c ell b o d y w as a bl e t o pr o c e e d. As d e m o nstr at e d b y D P D, t h e tr a nsl o c ati o n of t h e n u cl e us is li miti n g f or 
tr a nsl o c ati o n of t h e w h ol e c ell, si n c e t h e l ar g est i n fl u x of c ell m ass o c c urs a Th er t h e n u cl e us is a bl e t o p ass ( Fi g. 1 0 ).

Fi g u r e 5 . A n al ysis of c ell m ass d uri n g m es e n c h y m al c ell mi gr ati o n. I m a g e s e q u e n c e a c q uir e d b y C C H M of 
a mi gr ati n g m es e n c h y m al c ell. F or f ull s e q u e n c e s e e S u p pl. Vi d e o  V 1. D P D s h o w m ass fl u ct u ati o ns b et w e e n 
pr e c e di n g a n d f oll o wi n g i m a g es. Th e s e q u e n c e d e m o nstr at es p ol ari z e d c ell m ass distri b uti o n i n a m otil e 
m es e n c h y m al c ell wit h a l ar g e i n fl u x of c ell m ass at c ell fr o nt. S c al e b ar: 1 0  μ m.
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Ta k e n t o g et h er, o ur r es ults d e m o nstr at e t h e a bilit y of C C H M t o n ot o nl y vis u ali z e f e at ur es of c ell i n v asi o n i n 
d et ail, b ut als o dir e ctl y a n al ys e c ell m ass d e nsiti es a n d distri b uti o n.

Di s c u s si o n a n d C o n cl u si o n s
N o ni n v asi v e q u a ntit ati v e p h as e i m a gi n g t hr o u g h s c att eri n g m e di a is a n i m p ort a nt t as k i n bi o m e di c al r es e ar c h 
a n d dr a ws t h e i n vitr o m o d el a p pli c ati o ns n e ar er t o r e al sit u ati o ns i n li vi n g or g a nis ms. D et ail e d vis u ali z ati o n of 
li v e c ells i n 3 D c oll a g e n as r e p ort e d h er e w as e n a bl e d b y c o h er e n c e g at e e ff e ct, w hi c h is c h ar a ct eristi c of q u a nti-
t ati v e p h as e i m a gi n g i n t h e s p ati all y i n c o h er e nt li g ht. Ta ki n g a d v a nt a g e of t h e C C H M w e i n v esti g at e d i n d et ail 
t h e f e at ur es of c a n c er c ells utili zi n g eit h er t h e a m o e b oi d or m es e n c h y m al i n v asi o n m o d e a n d a n al ys e d c ell m ass 
distri b uti o n c h a n g es wit hi n t h e mi gr ati n g c a n c er c ell.

First, w e o bs er v e d t h e d y n a mi c i nt er a cti o n of c a n c er c ells wit h s urr o u n di n g fi br es. We dir e ctl y d o c u m e nt e d 
mi gr ati o n of a m es e n c h y m al c ell t o w ar d a t hi c k er fi br e i n 3 D c oll a g e n. ff e t e n d e n c y of c ells t o f oll o w t hi c k er 

Fi g u r e 6 . D y n a mi c c ell bl e b bi n g o bs er v e d i n bl e b b y- a m o e b oi d c ells. I m a g e s e q u e n c e a c q uir e d b y C C H M of a n 
a m o e b oi d c ell c o nstri ct e d i n 3 D r at-t ail c oll a g e n ( 1  m g/ ml), w hi c h l e d t o e n h a n c e d bl e b bi n g. D P D s h o w m ass 
fl u ct u ati o ns b et w e e n pr e c e di n g a n d f oll o wi n g i m a g es. It is cl e arl y visi bl e t h at t h e c ell m ass is u n p ol ari z e d. F or 
f ull s e q u e n c e, s e e S u p pl. Vi d e o  V 7. S c al e b ar: 1 0 μ m.
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fi br es w as s h o w n pr e vi o usl y 1 7 ,3 8 ,3 9 , m or e o v er it w as s p e c ul at e d t h at t hi c k c oll a g e n fi br es s er v e as a mi gr ati o n hi g h-
w a ys f or c a n c er c ells wit hi n tiss u es 4 0 . A n i nt er esti n g o bs er v ati o n vis u ali z e d b y C C H M w as b u n dli n g of s e v er al 
c oll a g e n fi br es t o g et h er b y ps e u d o p o di a-li k e pr otr usi o ns of a m es e n c h y m al c ell ( Fi g.  2 ). We c a n s p e c ul at e t h at 
t h e b u n dli n g s er v es t o e ns ur e a m or e st a bl e c o n n e cti o n t o t h e s urr o u n di n g m atri x b y pr o vi di n g f o c al/ fi brill ar 
a d h esi o n sit es or b y alt er n ati v e str at e gi es, s u c h as f or mi n g cl at hri n/ a d a pt or pr ot ei n 2 l atti c es 4 1 .

F urt h er, w e o bs er v e d d y n a mi c fil o p o di a at t h e l e a di n g e d g e of m es e n c h y m al c ells ( S u p pl. Fi g.  S 3). Fil o p o di a 
c a n a ct al o n e or i n c o m bi n ati o n wit h bl e bs, l o b o p o di a or l a m elli p o di a i n 2 D a n d 3 D e n vir o n m e nts 4 2 . We ass u m e 
t h at t h es e d y n a mi c fil o p o di a ar e c o m p o n e nts of m e m br a n e r u ffl es - str u ct ur es i niti all y d es cri b e d i n d et ail i n 
2 D, b ut pr o v e n t o f or m i n 3 D e n vir o n m e nts as w ell usi n g ot h er mi cr os c o p y t e c h ni q u es 4 2 – 4 4 . P eri p h er al r u ffl es 
ass e m bl e at t h e l e a di n g e d g e of m otil e c ells, w h er e fil o p o di a a ct t o s e ns e t h e l o c al mi cr o e n vir o n m e nt 4 5 . It w as 
s h o w n t h at a cti v at e d β 1 i nt e gri ns ar e l o c ali z e d t o t h e ti ps of fil o p o di a al o n g t h e l e a di n g e d g e 4 6 , as w ell as ot h er 

Fi g u r e 7 . A n al ysis of c ell m ass d uri n g ps e u d o p o d al- a m o e b oi d c ell mi gr ati o n. I m a g e s e q u e n c e a c q uir e d b y 
C C H M of a mi gr ati n g a m o e b oi d c ell. F or f ull s e q u e n c e s e e S u p pl. Vi d e o  V 7. D P D s h o w m ass fl u ct u ati o ns 
b et w e e n pr e c e di n g a n d f oll o wi n g i m a g es. fi e s e q u e n c e d e m o nstr at es p ol ari z e d c ell m ass distri b uti o n i n 
a ps e u d o p o d al- a m o e b oi d c ell, si mil ar t o c ell m ass p ol ari z ati o n i n m es e n c h y m al c ells (s e e S u p pl. Fi g.  S 3). 
C o m p ar e wit h u n p ol ari z e d m ass distri b uti o n d uri n g d y n a mi c bl e b bi n g ( Fi g.  6 ). S c al e b ar: 1 0 μ m.
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c o m p o n e nts of f o c al a d h esi o ns 4 7 . A cti n- b as e d m o v e m e nt of pri m e d i nt e gri ns al o n g t h e l e a di n g e d g e s u g g ests a 
“sti c k y fi n g ers” m e c h a nis m t o pr o b e f or n e w a d h esi o n sit es a n d dir e ct mi gr ati o n 4 6 . fi us, w e ass u m e t h at f or m a-
ti o n of 3 D r u ffl es, as vis u ali z e d b y C C H M, s h ar e a si mil ar f u n cti o n as t h eir 2 D e q ui v al e nts.

N ot a bl y, c ell- E C M c o nt a ct w as o bs er v e d als o i n c as e of a m o e b oi d mi gr ati o n ( Fi g.  8 ), w hi c h is o ff e n c o nsi d er e d 
t o b e i n d e p e n d e nt of E C M a d h esi o ns4 8 – 5 0 . A d h esi o ns of a m o e b oi d c ells di ff er fr o m t h os e of m es e n c h y m al c ells 
- t h e y ar e o fi e n d e pl et e d of i nt e gri ns a n d i nst e a d f or m e d b y alt er n ati v e a d h esi v e m ol e c ul es s u c h as c ell s urf a c e 
r e c e pt ors 4 9 . O ur o bs er v ati o ns of tr a nsi e nt c ell- E C M fi br es c o nt a cts c orr es p o n d wit h pr e vi o us r e p orts t h at s h o w 
t h at a m o e b oi d c ells e m pl o y o nl y s h ort-li v e d c o nt a cts wit h c oll a g e n fi br es t h at d o n ot r es ult i n fi br e cl e a v a g e 4  a n d 
e n a bl e r a pi dl y a d a pti v e mi gr ati o n 5 1 .

Fi g u r e 8 . I nt er a cti o n of a n a m o e b oi d c ell wit h c oll a g e n fi br es. I m a g e s e q u e n c e a c q uir e d b y C C H M of a 
mi gr ati n g a m o e b oi d c ell e m b e d d e d i n 3 D r at-t ail c oll a g e n ( 1  m g/ ml). Tr a nsi e nt c o nt a cts wit h s urr o u n di n g 
fi br es ar e visi bl e i n b ot h i ns et 1 a n d 2. N oti c e t h at fil o p o di a-li k e str u ct ur es c a n f or m at t h e s a m e sit e as bl e bs. 
C o ntr ast w as a dj ust e d t o hi g h er d e gr e e i n t h e i ns ets. F or f ull s e q u e n c e, s e e S u p pl. Vi d e o  V 7. S c al e b ar: 1 0  μ m.

Fi g u r e 9 . A m o e b oi d c ell bl e b m e as ur e m e nts. I m a g es of a m o e b oi d c ells e m b e d d e d i n 3 D r at-t ail c oll a g e n ( 1  m g/
ml) a c q uir e d b y C C H M w er e a n al ys e d t o c o m p ut e m e a n m ass d e nsiti es of c ell b o di es, ps e u d o p o di a a n d bl e bs i n 
c o nt e xt of t h e o bs er v e d a m o e b oi d p h e n ot y p es. O v er all, 1 0 c ells a n d t h eir ps e u d o p o di a a n d bl e bs w er e m e as ur e d 
r e p e at e dl y wit h ti m e i nt er v al b et w e e n m e as ur e m e nts l o n g e n o u g h f or c ells t o s u bst a nti all y c h a n g e d t h eir 
m or p h ol o g y. C ell b o d y ( n  =  1 0), ps e u d o p o di u m ( n  =  1 5), bl e b ( n  =  8 8). Q u a nti fi c ati o n r es ults ar e e x pr ess e d 
as b o x a n d w his k ers ( mi ni m u m t o m a xi m u m). St atisti c al si g ni fi c a n c e w as d et er mi n e d b y o n e- w a y A N O V A 
f oll o w e d b y T u k e y’s p ost- h o c t est.
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I m a gi n g t y pi c al f e at ur es of m es e n c h y m al a n d a m o e b oi d c ells u n v eil e d t h at t h es e el e m e nts c a n b e s h ar e d 
a m o n g all i n di vi d u all y i n v a di n g c a n c er c ells. As m e nti o n e d a b o v e, w e o bs er v e d c ell- E C M c o nt a ct, t y pi c al of 
m es e n c h y m al c ells, als o i n a m o e b oi d c ells. M or e o v er, w e r e p e at e dl y o bs er v e d d y n a mi c m e m br a n e bl e b bi n g of 
a m o e b oi d c ells a n d, s ur prisi n gl y als o m es e n c h y m al c ells, at sit es w h er e E C M c o nstri cti o ns i m p e d e f urt h er m o v e -
m e nt ( Fi gs  3 , 6 , S u p pl. Vi d e o  V 6 a n d V 7). We h y p ot h esi z e t h at t h e p ur p os e of t his e n h a n c e d bl e b bi n g is t o p us h 
a w a y s urr o u n di n g m at eri al t o u nr a v el a p at h wi d e e n o u g h f or t h e sti ff est p art of t h e c ell t o tr a nsl o c at e- its n u cl e us. 
B e c a us e t his p h e n o m e n o n w as o bs er v e d als o i n m es e n c h y m al c ells t h at pr o d u c e E C M- d e gr a di n g e n z y m es, w e 
ass u m e t h at u n d er c ert ai n c o n diti o ns, t e m p or all y e n h a n c e d bl e b bi n g is pr ef err e d o v er E C M pr ot e ol ysis. fiis p h e -
n o m e n o n w as alr e a d y o bs er v e d i n mi gr ati n g m a cr o p h a g es 5 2 , b ut t o w h at e xt e nt it f a cilit at es c a n c er c ell i n v asi o n 
r e m ai ns t o b e cl ari fi e d.

ff e q u a ntit ati v e c h ar a ct er of C C H M i m a g es all o ws t o m e as ur e m e a n c ell m ass d e nsiti es. We s h o w t h e m et h o d 
is a p pli c a bl e f or m e as ur e m e nts of c ells i nsi d e a 3 D e n vir o n m e nt a n d c a n b e us e d t o d et er mi n e m e a n m ass d e nsi-
ti es of i n di vi d u al c ell r e gi o ns. Ot h er m et h o ds utili z e d f or c ell m ass m e as ur e m e nts, s u c h as c a ntil e v er m ass s e ns ors 
or mi cr o fl ui di c c h a n n els, o nl y p erf or m w h ol e c ell m e as ur m e nts 5 3 – 5 5 .

F or a n al ysis of c ell m ass tr a nsl o c ati o n d uri n g c a n c er c ell i n v asi o n, w e a p pli e d D P D m et h o d t h at r e v e als i n fl u x 
or d e cr e as e of m ass fr o m s u bs e q u e nt i m a g es. I n mi gr ati n g m es e n c h y m al c ells, c ell m ass i n cr e as es t o w ar ds t h e 
l e a di n g e d g e a n d o v er all m ai nt ai ns t his p ol ari z e d distri b uti o n d uri n g i n v asi o n ( Fi g. 5 ). We als o s h o w t h at m e a n 
m ass d e nsiti es ar e hi g h er i n l e a di n g pr otr usi o ns t h a n si d e or r etr a cti n g pr otr usi o ns, w hi c h c a n s er v e t o d e fi n e t h e 
dir e cti o n of i n v asi o n ( Fi g.  4 ).

O n t h e ot h er h a n d, a m o e b oi d c ells dis pl a y d y n a mi c c h a n g es i n c ell m ass distri b uti o n. D uri n g bl e b b y- a m o e b oi d 
i n v asi o n, t h e c ell m ass tr a nsl o c ati o n is l ar g el y u n p ol ari z e d i nsi d e t h e c ell ( Fi g. 6  a n d S u p pl. Vi d e o  V 7). fi e g ai n 
of a ps e u d o p o d al- a m o e b oi d p h e n ot y p e r es ults i n m or e p ol ari z e d c ell m ass, wit h m e a n m ass d e nsit y i n cr e asi n g 
i n t h e l e a di n g pr otr usi o n ( Fi g. 7 , S u p pl. Fi g.  S 4 a n d S u p pl. Vi d e o  V 7). ffis i n di c at es t h at i n cr e as e d c ell m ass 
r e distri b uti o n t o t h e l e a di n g pr otr usi o n is a c h ar a ct eristi c c o m m o n f or b ot h m es e n c h y m al a n d a m o e b oi d c ells.

Fi g u r e 1 0 . A n al ysis of c ell m ass of a n a m o e b oi d c ell d uri n g tr a nsl o c ati o n t hr o u g h a n arr o w p or e. I m a g e 
s e q u e n c e a c q uir e d b y C C H M of a n a m o e b oi d c ell tr a nsl o c ati n g t hr o u g h a n arr o w p or e i n 3 D r at-t ail c oll a g e n 
( 1 m g/ ml). T o i n v a d e t hr o u g h t h e p or e, t h e c ell d y n a mi c all y d ef or ms its c ell b o d y a n d n u cl e us. D P D d e pi ct m ass 
fl u ct u ati o ns b et w e e n pr e c e di n g a n d f oll o wi n g i m a g es. As s h o w n b y D P D, t h e l ar g est i n fl u x of c ell m ass o c c urs 
b et w e e n ti m e 0 1: 1 2: 0 0 a n d 0 1: 1 5: 0 0, c orr es p o n di n g t o t h e ti m e of n u cl e ar tr a nsl o c ati o n. F or f ull s e q u e n c e s e e 
S u p pl. Vi d e o  V 8. S c al e b ar: 1 0  μ m.
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N ot a bl y, m e a n m ass d e nsit y i n bl e bs d o es n ot c h a n g e c o nsi d er a bl y wit h i n cr e asi n g bl e b si z e a n d m ai nt ai ns 
a v al u e a p pr o xi m at el y 2. 8 x l o w er t h a n t h e m e a n m ass d e nsit y of t h e w h ol e c ell i n c as e of b ot h bl e b b y- a n d 
ps e u d o p o d al- a m o e b oi d mi gr ati o n ( Fi g.  9 ). We als o d e m o nstr at e, t h at c ell m ass is u n e q u all y distri b ut e d d uri n g 
i n v asi o n of a c ell t hr o u g h a n arr o w p or e u ntil t h e n u cl e us its elf is a bl e t o p ass ( Fi g. 1 0 ).

fi es e r es ults c o n fir m t h e p ot e nti al of C C H M t o r e v e al n o v el c h ar a ct eristi cs of c a n c er c ell i n v asi o n a n d c o n -
tri b ut e t o o ur u n d erst a n di n g of i n v asi v e m e c h a nis ms. N e v ert h el ess, Q PI t e c h ni q u es h a v e alr e a d y yi el d e d s e v er al 
fi n di n gs of c ell ul ar b e h a vi o ur 5 6 . F or e x a m pl e, d y n a mi c p h as e di ff er e n c es w er e e m pl o y e d f or t h e vis u ali z ati o n of 
c h a n g es i n distri b uti o n of c ell dr y m ass u p o n n utriti o n al str ess 5 7 , a n a p pr o a c h, w hi c h w as l at er el a b or at e d as a n 
e v al u ati o n m et h o d 3 3 . Q PI als o p er mits t o di ff er e nti at e b et w e e n c ell d e at h c a us e d b y a p o pt osis a n d o n c osis5 8  or 
r e v e al n e cr osis 5 9 . F urt h er, it e n a bl e d t o o bs er v e e nt osis as a w a y of c a n c er c ell s ur vi v al u n d er str ess6 0 . C C H M 
a n al ysis of pri m ar y c ells d eri v e d fr o m h e a d a n d n e c k s q u a m o us c ell c ar ci n o m a bi o ps y pr o p os e d a d y n a mi c p h e -
n ot y p e of c ar ci n o m a c ells t o b e a crit eri o n f or t h e r e c o g niti o n of c a n c er w hil e still ali v e i n pri m ar y c ult ur e 6 1 . S u c h 
r e c o g niti o n w as a c hi e v e d b y e x pl oit ati o n of t h e p ossi bilit y t o si m ult a n e o usl y m e as ur e c ell mi gr ati o n a n d gr o wt h 
b y e v al u ati n g g ai n of c ell dr y m ass. A di ff er e nt st u d y d e m o nstr at es t h at di git al h ol o gr a p hi c mi cr os c o p y c a n dis -
ti n g uis h t h e m et ast ati c p ot e nti al of m el a n o m a c ells6 2 .

R e c e ntl y, a n e w c at e g or y of a g e nts f o c us e d o n c a n c er m et ast asis pr e v e nti o n w as pr o p os e d a n d n a m e d mi gr a -
st ati cs1 4 . ff e s e ar c h f or mi gr ast ati cs will r e q uir e t o t est t h e e ff e ct of c a n di d at e a g e nts o n t h e b e h a vi o ur of c ells i n 
3 D e n vir o n m e nts. A c c or di n g t o r es ults o bt ai n e d fr o m b ot h 2 D c ult ur es 6 1  a n d h er e i n 3 D, w e pr o p os e C C H M as a 
s uit a bl e a p pr o a c h f or t h e e arl y st a g es of p ot e nti al mi gr ast ati c dr u gs ass ess m e nt, m ai nl y d u e t o its a bilit y t o cl e arl y 
vis u ali z e c ell i n v asi o n wit h o ut a n y n e e d of l a b elli n g.

H o w e v er, hi g h-t hr o u g h p ut a n al ysis of c ell i n v asi v e b e h a vi o ur r e q uir es t h e est a blis h m e nt of a n a ut o m at e d 
e v al u ati o n m et h o d 6 3 . A ut o m ati c cl assi fi c ati o n of c ells b as e d o n Q PI h as alr e a d y s h o w n t o b e p ossi bl e i n 2 D e n vi-
r o n m e nts 6 4 . fi e q u est is n o w t o e n a bl e si mil ar e v al u ati o n i n 3 D. Wit h t h e i n c or p or ati o n of D P D m et h o d a n d 
d e v el o p m e nt of pr o p er m a c hi n e l e ar ni n g al g orit h ms, it is c o nsi d er e d f e asi bl e. O ur r es ults s u g g est t h at m es e n c h y -
m al c ells m ai nt ai n p ol ari z e d c ell m ass d uri n g mi gr ati o n, w h er e as a m o e b oi d c ells s wit c h a m o n g t h e l ess- p ol ari z e d 
( bl e b b y- a m o e b oi d) a n d m or e- p ol ari z e d ( ps e u d o p o d al- a m o e b oi d) st at es. M or e o v er, a m o e b oi d c ells f or m n u m er -
o us m e m br a n e bl e bs i n b ot h st at es, w hil e m es e n c h y m al c ells f or m bl e bs o nl y t e m p or all y. fi us, a n al g orit h m a bl e 
t o i n cl u d e b ot h Q PI a n d D P D p ar a m et ers c o ul d di ff er e nti at e a m o n g t h e v ari o us i n v asi o n m o d es gi v e n i m a g es 
wit h s u ffi ci e nt ti m e r es ol uti o n ar e pr o vi d e d. I n a d diti o n, D P D e n a bl es t o e asil y d et er mi n e t h e dir e cti o n of c ell 
m o v e m e nt b y a n al ysis of m ass p ol ari z ati o n a n d c a n m o nit or t h e mi gr at or y pr o c ess, r e pr es e nt e d b y c y cl es of hi g h 
a n d l o w m ass c h a n g es d uri n g r e ar r etr a cti o n ( S u p pl. Fi g.  S 5).

Alt o g et h er, w e t o o k a d v a nt a g e of t h e c o h er e n c e g at e e ff e ct pr o d u c e d b y c o h er e n c e - c o ntr oll e d h ol o gr a p hi c 
mi cr os c o p y t o st u d y i n v asi v e b e h a vi o ur of c a n c er c ells i n 3 D c oll a g e n. O bs er v ati o ns pr es e nt e d h er e usi n g C C H M 
d e m o nstr at e t h at c a n c er c ells c a n t e m p or all y a n d d y n a mi c all y utili z e c h ar a ct eristi cs of b ot h t h e a m o e b oi d a n d 
m es e n c h y m al p h e n ot y p e a n d a dj ust t h eir m o d es of i n v asi o n a c c or di n g t o c urr e nt c o n diti o ns. It is e vi d e nt t h at 
C C H M is a v al u a bl e t o ol f or st u d yi n g t h e pl asti cit y of c a n c er c ell i n v asi o n.

M et h o d s
C ell s,  c ult ur e  a n d  m at eri al.   H u m a n fi br os ar c o m a c ells H T 1 0 8 0 a n d H T 1 0 8 0 wit h c o nstit uti v el y a cti v e 
R h o A ( R h o A G 1 4 V) st a bl e c ell li n e w er e r o uti n el y c ult ur e d i n st a n d ar d c o n diti o ns ( 3 7  ° C, h u mi di fi e d at m os p h er e 
wit h 5 % C O 2 ) i n f ull D M E M m e di u m ( Lif e Te c h n ol o gi es) wit h 4. 5 g/l L- gl u c os e, L- gl ut a mi n e, a n d p yr u v at e, s u p -
pl e m e nt e d wit h 1 0 % f et al b o vi n e s er u m ( Si g m a Al dri c h) a n d 0. 1 % ci pr o fl o x a ci n ( Si g m a Al dri c h). Th e H T 1 0 8 0 
R h o A G 1 4 V st a bl e c ell li n e w as pr e p ar e d a n d pr o vi d e d b y Vl a di mír Č er m á k, P h D.

Mi cr o s c o p y.  Q u a ntit ati v e p h as e i m a gi n g ( Q PI) w as p erf or m e d usi n g Q- P H A S E ( T E S C A N Br n o, s.r. o.) a 
m ulti m o d al h ol o gr a p hi c mi cr os c o p e b as e d o n C C H M t e c h n ol o g y. A h al o g e n l a m p a n d i nt erf er e n c e filt er wit h 
a c e ntr al w a v el e n gt h 6 5 0  n m a n d 1 0  n m F W H M w er e e m pl o y e d as a li g ht s o ur c e. F or o bs er v ati o ns Ni k o n Pl a n 
1 0 × / 0. 3, Ni k o n Pl a n Fl u or 2 0× / 0. 5 a n d Ni k o n Pl a n A p o 4 0× / 0. 9 5 o bj e cti v es w er e us e d. Th e h ol o gr a m w as t a k e n 
b y a si n gl e s h ot wit h a C C D c a m er a ( XI M E A M R 4 0 2 1 M C). Q u a ntit ati v e p h as e i m a g e w as c o m p ut e d i n r e al ti m e 
b y i m pl e m e nt e d Q- P H A S E c o ntr ol s o Th w ar e. F or m or e i nf or m ati o n s e e S u p pl e m e nt ar y t e xt.

3 D  c oll a g e n  m atri x.   C ells w er e tr y psi ni z e d, c e ntrif u g e d a n d r es us p e n d e d at c o n c e ntr ati o n 1  ×  1 0 6  c ells/
ml i n p h e n ol r e d fr e e D M E M s u p pl e m e nt e d wit h 1 0 % F B S. B u ff er e d s ol uti o n ( c o m p os e d of 1 x D M E M, 0. 3 7 5 % 
N a H C O 3 , 8. 5 m M N a O H, 1 5  m M H e p es, 0. 1 % ci pr o fl o x a ci n a n d 1  m M f oli c a ci d fi n al c o n c e ntr ati o n) w as mi x e d 
wit h d d H 2 O a n d c oll a g e n ( C ultr e x; r at t ail or Bi o c hr o m; b o vi n e; b ot h 4  m g/ ml) d e p e n di n g o n fi n al c oll a g e n 
c o n c e ntr ati o n. C ell s us p e nsi o n w as a d d e d i n r ati o 1: 1 0. F or t h e a n al ysis of m es e n c h y m al i n v asi o n w e us e d 1  m g/
ml b o vi n e c oll a g e n s ol uti o n ( u nl ess st at e d ot h er wis e), w hi c h l e d t o cl e arl y visi bl e t hi c k er fi br es. R at-t ail c oll a g e n 
1  m g/ ml w as e m pl o y e d f or t h e a n al ysis of a m o e b oi d i n v asi o n.

T h e mi xt ur e w as pl a c e d eit h er i n a µ - Sli d e A n gi o g e n esis w ell (I bi di) or a c ust o m- m a d e c h a m b er cr e at e d 
fr o m M att e k dis h es. G el s oli di fi c ati o n w as p erf or m e d at 3 7 ° C f or at l e ast 1 h o ur, a Th er w hi c h t h e I bi di µ - Sli d e or 
c ust o m- m a d e c h a m b er w as fill e d e ntir el y wit h m e di u m ( p h e n ol r e d fr e e D M E M s u p pl e m e nt e d wit h 1 0 % F B S, 
1 0  m M B E S b u ff er, a n d 7. 5  m M H e p es b u ff er) a n d c o v er e d wit h a c o v er sli p ( 2 2  ×  4 0  m m), or c h a m b er li d, r es p e c -
ti v el y, t o a v oi d t h e f or m ati o n of a m e nis c us t h at w o ul d disr u pt t h e i nt erf er e n c e a n d q u alit y of t h e p h as e i m a g e. Pri or 
t o o bs er v ati o n, t h e c h a m b ers w er e tr a nsf err e d t o t h e Q- P H A S E mi cr os c o p e pl a c e d i n a b o x t e m p er e d t o 3 7 ° C.

I m a g e pr o c e s si n g.   I m a g es a n d li v e c ell vi d e os w er e o bt ai n e d usi n g Q- P H A S E c o ntr ol s o Th w ar e ( T E S C A N 
Br n o, s.r. o.). ff es e q u a ntit ati v e p h as e i m a g es c o nt ai n i nf or m ati o n a b o ut c ell dr y m ass d e nsit y i n e a c h pi x el. Th e 
t ot al m ass of t h e c ell is gi v e n as a s u m of pi x el v al u es i n t h e ar e a of t h e c ell, t h e m e a n c ell m ass d e nsit y is c al c ul at e d 
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as a s u m of i n di vi d u al pi x el v al u es i n t h e c ell di vi d e d b y t h e ar e a of t h e c ell. F or t h e a n al ysis of m e a n m ass d e nsit y 
v al u es of di ff er e nt r e gi o ns, a c q uir e d i m a g es w er e a n al ys e d i n I m a g eJ. E a c h r e gi o n of i nt er est ( c ell, bl e b, pr otr u -
si o n) w as m ar k e d m a n u all y a n d m e as ur e d. M e a n v al u es i n p g/ μ m 2  w er e pl ott e d i nt o gr a p hs.

F or st e p b y st e p a n al ysis of c ell m ass c h a n g es, t h e di ff er e n c e i n m ass distri b uti o n b et w e e n t w o i m a g es w as c al -
c ul at e d b y d y n a mi c p h as e di ff er e n c es ( D P D) 3 3 . Bri e fl y, D P D vis u ali z es t h e di ff er e n c e b et w e e n s el e ct e d s u bs e q u e nt 
i m a g es, w hi c h is c al c ul at e d b y s u btr a cti n g t h e pr e vi o us fr o m t h e f oll o wi n g i m a g e. fi e r es ulti n g pl us di ff er e n c e 
i n di c at es pr o p orti o n all y t h e m ass g ai n i n r e d c ol o ur, w hil e t h e mi n us di ff er e n c e d e pi cts m ass l oss i n bl u e c ol o ur. 
S m all di ff er e n c es ar e i n di c at e d as n ois e ar o u n d z er o v al u e, w hi c h is ill ustr at e d i n li g ht gr e e n c ol o ur. B e c a us e t h e 
c h a n g es of c ell m ass ar e disti n ctl y hi g h er t h a n t h os e of t h e s urr o u n di n g c oll a g e n, t h e y a p p e ar i n r e d or bl u e c ol -
o urs, w h er e as t h e c oll a g e n mili e u is r e pr es e nt e d i n li g ht gr e e n c ol o ur.

F or pr es e nt ati o n p ur p os es o nl y, t h e c o ntr ast of q u a ntit ati v e p h as e i m a g es w as e n h a n c e d b y n o n-li n e ar filtr a -
ti o n i n A C C ( A d a pti v e C o ntr ast C o ntr ol © s o ff w ar e b y S O F O).

P ost pr o c essi n g f or vis u alis ati o n of m e m br a n e r u ffl es w as p erf or m e d b y I m a g eJ. Ps e u d o- c ol o ur e d i m a g es w er e 
pr e p ar e d usi n g a m a cr o. I n bri ef, pi x els wit h gr e y v al u e a b o v e a m a n u all y s et t hr es h ol d w er e c o pi e d t o a n e w c h a n -
n el a n d c ol o ur e d usi n g L U T. S u bs e q u e ntl y, a t hr es h ol d w as us e d f or m ar ki n g t h e pi x els o n t h e c ell ´s p eri p h er y a n d 
o bt ai n e d m as ks w er e s a v e d as bi n ar y i m a g es. fi e ass e m bl y a n d c ol o uri n g of l a y ers w er e p erf or m e d i n P h ot os h o p.

St ati sti c al a n al y si s.  St atisti c al a n al ysis of si g ni fi c a n c e w as d o n e i n Pris m 6 s o fi w ar e ( Gr a p h P a d S o Th w ar e, 
I n c.). F or a n al y sis of m e a n m ass d e nsiti e s o n e- w a y A N O V A f oll o w e d b y T u k e y’s p o st- h o c t e st w as us e d. 
C o e ffi ci e nts of v ari ati o n w er e c al c ul at e d st a n d ar dl y as r ati o of st a n d ar d d e vi ati o n t o m e a n v al u e a n d ar e e x pr ess e d 
as p er c e nt a g e.
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C z e c h R e p u bli c  

4 I n stit ut e of P h y si c al E n gi n e eri n g, F a c ult y of M e c h a ni c al E n gi n e eri n g, Br n o U ni v er sit y of T e c h n ol o g y, T e c h ni c ká  
2 8 9 6/ 2, Br n o 6 1 6 0 0, C z e c h R e p u bli c  

# T h es e a ut h ors c o ntri b ut e d e q u all y t o t h e w or k.  

* C orr es p o n d e n c e: j a n. br a b e k @ n at ur. c u ni. c z (J a n Brá b e k)  

 

S u p pl e m e nt ar y t e xt:  
C C H M s et u p  

I n l a y m a n’s t er ms, c o h er e n c e g at e eff e ct p er mit s o nl y t h e u s e of i m a g e i nf or m ati o n c arr yi n g 

p h ot o n s, w hi c h ar e t h e b allisti c ( u n -s c att er e d ) or s n a k e-li k e (sli g htl y s c att er e d) p h ot o n s f or 

i m a g e f or m ati o n b y i nt erf er e n c e.  E a c h of t h e m ori gi n at es fr o m si n gl e e mitti n g at o m m a ki n g 

t h e si n gl e ill u mi n ati n g r a y u ntil it is s plit ( B S i n Fi g. S 1)  i nt o t h e r ef er e n c e a n d o bj e ct r a ys, t h e 

c o h er e nt t wi n s ( y ell o w a n d bl u e r a ys r e s p e cti v el y, i n Fi g. S 1).  T h u s, t h e y c a n c o ntri b ut e t o 

b uil di n g t h e fi n al i m a g e o nl y b y i nt erf eri n g wit h t h e t wi n p art n er pr o vi d e d t h e y m e et at 

d et e ct or l e v el ( D i n Fi g. S 1) wi t hi n t h e c o h er e n c e v ol u m e. T h e c o h er e n c e v ol u m e is v er y s m all 

i n p arti all y c o h er e nt s yst e ms c o m p ar e d t o it s l ar g e si z e i n c o h er e nt (l as er dri v e n) s yst e ms i n 

w hi c h e v er y r a y c a n i nt erf er e wit h a n y ot h er r a y. Str o n gl y s c att er e d r a ys (r e d r a ys i n Fi g. S 1) 

c a n n ot c o ntri b ut e t o i m a g e f or m ati o n as t h e y miss t h e c o h er e n c e v ol u m e a n d s o t h eir t wi n 

r ef er e n c e p art n ers f or i nt erf er e n c e g et l ost. I n r e s ult, n o dist ur b a n c e of t h e fi n al i m a g e b y 

n ois e g e n er at e d b y str o n gl y s c att er e d r a ys, as it h a p p e n s i n c o h er e nt s yst e m s, o c c urs.     
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S u p pl e m e nt ar y Fi g ur e s wit h l e g e n d s  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

  

Fi g ur e S 1. D et ail e d d e s cri pti o n of c o h er e n c e -c o ntr oll e d h ol o gr a p hi c mi cr o s c o p e q u a ntit ati v e p h a s e 

i m a gi n g wit h c o h er e n c e g at e eff e ct. 

T h e li g ht fr o m s o ur c e S p ass es t hr o u g h a n a p ert ur e A a n d i nt erf er e n c e filt er I F. T h e b e a m s plitt er B S 

di vi d es it i nt o t w o s e p ar at e d o pti c al p at hs - t h e o bj e ct ar m ( bl u e) a n d t h e r ef er e n c e ar m ( y ell o w) of 

t h e i nt erf er o m et er. B ot h ar m s c o nsist of c o n d e ns er C, o bj e cti v e O a n d o ut p ut l e ns O L. T h e s a m pl e wit h 

s c att eri n g m e di u m is pl a c e d i n t h e o bj e ct ar m, o nl y t h e r ef er e n c e o bj e ct wit h o ut s c att eri n g m e di u m is 

i n t h e r ef er e n c e ar m. T h e diffr a cti o n gr ati n g D G i s l o c at e d i n t h e r ef er e n c e ar m. T h e r ef er e n c e b e a m 

a n d t h e o bj e ct b e a m t h at i n cl u d e o nl y b allisti c ( u n -s c att er e d) li g ht r e c o m bi n e i n t h e o ut p ut pl a n e a n d 

cr e at e a n i nt erf er e n c e fri n g es p att er n. T h e pri m ar y b e a m, r ef er e n c e b e a m a n d c orr es p o n di n g o bj e ct 

b e a m ar e d e pi ct e d i n bl a c k, y ell o w a n d bl u e c ol o ur, r es p e cti v el y. Gr e e n i nt erf er e n c e fri n g es ar e 

pr o d u c e d b y c o m bi n ati o n of y ell o w r ef er e n c e b e a m wit h bl u e b allisti c o bj e ct b e a m. Str o n gl y s c att er e d 

li g ht (r e d c ol o ur i n t h e fi g ur e) d o es n ot c o ntri b ut e t o t h e i nt erf er e n c e b e c a us e it h as n o c orr es p o n di n g 

( m ut u all y c o h er e nt) r ef er e n c e b e a m t o i nt erf er e wit h (s e e d et ail at t h e b ott om ri g ht). C a m er a D 

c a pt ur es t h e i nt erf er e n c e fri n g es p att er n as h ol o gr a m s. T h e u p p er d et ail s h o ws t h e f or m ati o n of 

str o n gl y s c att er e d li g ht at a n E C M fi br e.  
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Fi g ur e S 2. Mi gr at or y di st a n c e s of H T 1 0 8 0 c ell s of t h e m e s e n c h y m al a n d a m o e b oi d p h e n ot y p e.  

H T 1 0 8 0 c ells a n d H T 1 0 8 0 c ells e x pr essi n g c o nstit uti v el y a cti v e R h o A w er e e m b e d d e d i n r at -t ail 

c oll a g e n ( 1 m g/ ml) wit h or wit h o ut G M 6 0 0 1. 1 2 h o urs l at er, mi gr ati o n of c ells of t h e m es e n c h y m al 

p h e n ot y p e ( H T 1 0 8 0) a n d a m o e b oi d p h e n ot y p e ( H T 1 0 8 0 c a R h o A) w as m o nit or e d b y wi d e -fi el d 

mi cr o s c o p y f or 1 5 h. T hr e e i n d e p e n d e nt e x p eri m e nts w er e e v al u at e d. A) Tr a c k pl ot s w er e g e n er at e d 

usi n g C h e m ot a xis T o ol i n I m a g eJ. F or e a c h c o n diti o n, o n e r e pr es e nt ati v e tr a c k pl ot is s h o w n. B) 

Q u a ntifi c ati o n of r el ati v e mi gr a t or y dist a n c es.   
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Fi g ur e S 3. M e m br a n e r uffl e s i n 3 D c oll a g e n. I m a g e s e q u e n c e a c q uir e d b y C C H M of a mi gr ati n g 

m es e n c h y m al c ell s h o wi n g m e m br a n e r uffl es at t h e c ell´s fr o nt. A: R e pr es e nt ati v e i m a g es ar e t a k e n 

fr o m S u p pl e m e nt ar y vi d e o V 1 wit h ti m e p oi nts c orr es p o n di n g t o t h e vi d e o. Arr o ws p oi nts t o w ar ds 

pr es u m e d m e m br a n e r uffl es, a n e nri c h m e nt of fil o p o di a at t h e c ell‘s l e a di n g e d g e. B: T h e d y n a mi cs of 

m e m br a n e fil o p o di a pr otr usi o ns at t h e c ell´s fr o nt vis u aliz e d i n c ol o urs. T h e r ai n b o w c ol o urs r e pr es e nt 

c ell p eri p h er y at diff er e nt ti m e p oi nts ( 1 4 i n t ot al) i n c hr o n ol o gi c al or d er, wit h vi ol et r e pr es e nti n g t h e 

p eri p h er y fr o m t h e e arli est fr a m e a n d r e d t h e l at est. P s e u d o -c ol o ur e d r e pr es e nt ati o n hi g hli g hts t h e 

m ost d y n a mi c ar e as of c ell p eri p h er y t h at c orr es p o n d t o t h e fil o p o di a r uffl es i n di c at e d i n A. S c al e b ar: 

1 0 μ m  
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Fi g ur e S 4.  A n al y si s of m e a n c ell m a s s i n ps e u d o p o di a d uri n g a m o e b oi d c ell mi gr ati o n. I m a g es 

a c q uir e d b y C C H M of a n a m o e b oi d c ell e m b e d d e d i n 3 D c oll a g e n m atri x w er e a n al ys e d t o c o m p ut e 

m e a n c ell m ass d e nsiti es i n w h ol e c ells a n d e a c h ps e u d o p o d i u m. A: A n al ys e d i m a g e s e q u e n c e. B: T h e 

v al u es f or e a c h ps e u d o p o di u m ar e pl ott e d as p er c e nt a g e of t h e v al u es m e as ur e d i n t h e w h ol e c ell. T h e 

si z e (i) a n d w ei g ht (ii) diff er e nti at es t h e l e a di n g ps e u d o p o di u m ( L) fr o m t h e si d e ps e u d o p o di u m ( S) at 

ti m e 2 5 mi n, m e a n m as s d e nsit y (ii) alr e a d y at ti m e 2 0 mi n. S c al e b ar: 1 0 μ m.  
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Fi g ur e S 5:  C ell mi gr ati o n d y n a mi c s d e m o n str at e d b y D P D . D y n a mi c p h as e diff er e n c es w er e c al c ul at e d 

f or a n i m a g e s e q u e n c e of a mi gr ati n g m es e n c h y m al c ell. It c a n b e n oti c e d t h at t h e c ell u n d er g o e s c y cl es 

of r e ar r etr a cti o n, h er e cl e arl y d e pi ct e d b y d ar k bl u e c ol o ur. T h e r e ar r etr a cti o n s u c c e e ds a l ess 

d y n a mi c p h as e wit h l o w er m ass tr a nsl o c ati o n, h er e s h o w n as t hi n a n d t hi c k arr o ws. S c al e b ar: 1 0 μ m.  
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S u p pl e m e nt ar y vi d e o s  

S u p pl e m e nt ar y vi d e o V 1. A mi gr ati o n of m e s e n c h y m al c ell wit hi n c oll a g e n m atri x. C ells w er e 

e m b e d d e d wit hi n b o vi n e c oll a g e n g el ( 1 m g/ ml) a n d o bs er v e d usi n g C C H M. Gr e y v al u es w er e a dj ust e d 

f or b est fi br e c o ntr ast. 

S u p pl e m e nt ar y vi d e o V 2. A mi gr ati o n of m e s e n c h y m al c ell wit hi n c oll a g e n m atri x. C ells w er e 

e m b e d d e d wit hi n b o vi n e c oll a g e n g el ( 1 m g/ ml) a n d o bs er v e d usi n g C C H M. Gr e y v al u es w er e a dj ust e d 

f or b est fi br e c o ntr ast. T his vi d e o s h o ws a si mil ar sit u ati o n as S u p pl. Vi d e o V 1. 

S u p pl e m e nt ar y vi d e o V 3. A mi gr ati o n of  m e s e n c h y m al c ell wit hi n l o w d e n sit y c oll a g e n m atri x. C ells 

w er e e m b e d d e d i n 0. 5  m g/ ml  b o vi n e c oll a g e n. T h e c ell m o v e m e nt wit hi n l o w d e nsit y c oll a g e n aff e cts 

t h e o v er all ar c hit e ct ur e of c oll a g e n fi br e m atri x t o hi g h er d e gr e e t h e n i n hi g h er d e nsit y c oll a g e n  

( c o m p ar e wit h vi d e o V 1, V 2). Gr e y v al u es w er e a dj ust e d f or b est fi br e c o ntr ast. 

S u p pl e m e nt ar y vi d e o V 4. Cl u st eri n g of c oll a g e n fi br e s b y a m e s e n c h y m al c ell. C ells w er e e m b e d d e d 

wit hi n b o vi n e c oll a g e n g el ( 1 m g/ ml) a n d o bs er v e d usi n g C C H M. N ot e t h at t h e v es i c ul ar m at eri al 

( bl a c k s p ots) is dir e ct e d t o w ar ds t h e v er y fr o nt ps e u d o p o di u m, a n d a t e m p or al a p p e ar a n c e of bl e bs 

ar o u n d n u cl e us w h er e is t h e c ell c o nstri ct e d (s e e als o S u p pl e m e nt ar y vi d e o V 6).  

S u p pl e m e nt ar y vi d e o V 5. Cl u st eri n g of c oll a g e n fi br e s b y a m e s e n c h y m al c ell. T his vi d e o is a d et ail 

fr o m vi d e o V 4. F or d et ails s e e t e xt a n d Fi g. 2. 

S u p pl e m e nt ar y vi d e o V 6. P eri n u cl e ar bl e b bi n g d uri n g m e s e n c h y m al i n v a si o n. T his vi d e o is a d et ail 

fr o m vi d e o V 4. M e m br a n e bl e b bi n g c a n b e o bs er v e d ar o u n d t h e n u cl e us at si t es of c o nstri cti o n.  

S u p pl e m e nt ar y vi d e o V 7. C ell m a s s di stri b uti o n d uri n g a m o e b oi d i n v a si o n. A n a m o e b oi d c ell 

e m b e d d e d i n r at-t ail c oll a g e n ( 1 m g/ ml) w as o bs er v e d usi n g C C H M. D P D w er e c al c ul at e d d uri n g p ost -

pr o c essi n g. T h e l eft a n d ri g ht p art s h o w t h e a c t u al a n d s u bs e q u e nt i m a g e, r es p e cti v el y, D P D ar e 

s h o w n i n t h e mi d dl e.  

S u p pl e m e nt ar y vi d e o V 8. Tr a n sl o c ati o n of a n a m o e b oi d c ell t hr o u g h a n arr o w p or e. A n a m o e b oi d 

c ell e m b e d d e d i n r at-t ail c oll a g e n ( 1 m g/ ml) w as o bs er v e d usi n g C C H M. T his vi d e o d e m o nstr at e s t h e 

d y n a mi c c ell b o d y d ef or m ati o n d uri n g i n v asi o n t hr o u g h a n arr o w p or e.  
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w w w. n a t ur e. c o m/ s ci e n tifi c d a t a

Hi g h-t hr o u g h p ut tr a n s cri pt o mi c 
a n d pr ot e o mi c pr o fili n g of 
m e s e n c h y m al- a m o e b oi d tr a n siti o n 
i n 3 D c oll a g e n
Vl a di mír  Č e rm á k 1, 2, 4 , A n et a G a n d a lo v ič o v á 1, 2, 4 , L a di sl a v M e rta 1, 2, 4 , K ar el H a ra n t 2, 3 , 
D a ni el  R ö s e l1, 2  & J a n B rá b e k   1, 2   ✉

T h e pl a sti cit y of c a n c er c ell i n v a si o n r e pr e s e nt s s u b st a nti al hi n dr a n c e f or e ff e cti v e a nti- m et a st ati c 
t h er a p y. T o b ett er u n d er st a n d t h e c a n c er c ell s’ pl a sti cit y, w e p erf or m e d c o m pl e x tr a n s cri pt o mi c a n d 
pr ot e o mi c pr o fili n g of H T 1 0 8 0 fi br o s ar c o m a c ell s u n d er g oi n g m e s e n c h y m al- a m o e b oi d tr a n siti o n 
( M A T). A s a m o e b oi d mi gr at or y p h e n ot y p e c a n f ull y m a nif e st o nl y i n 3 D c o n diti o n s, all e x p eri m e nt s 
w er e p erf or m e d wit h 3 D c oll a g e n- b a s e d c ult ur e s. T w o pr e vi o u sl y d e s cri b e d a p pr o a c h e s t o i n d u c e M A T 
w er e u s e d: d o x y c y cli n e-i n d u ci bl e c o n stit uti v el y a cti v e R h o A e x pr e s si o n a n d d a s ati ni b tr e at m e nt. R N A 
s e q u e n ci n g w a s p erf or m e d wit h ri b o- d e pl et e d t ot al R N A. Pr ot ei n s a m pl e s w er e a n al y s e d wit h t a n d e m 
m a s s t a g ( T M T)- b a s e d m a s s s p e ctr o m etr y. T h e d at a pr o vi d e u n pr e c e d e nt e d i n si g ht i nt o tr a n s cri pt o m e 
a n d pr ot e o m e c h a n g e s a c c o m p a n yi n g M A T i n tr u e 3 D c o n diti o n s.

B a c k gr o u n d & S u m m ar y
C a n c er is t h e r es ult of d er e g ul ati o n of c ell ul ar pr o c ess es, n a m el y of c ell pr olif er ati o n, di ff er e nti ati o n, s ur vi v al/
a p o pt osis, m et a b olis m a n d mi gr ati o n 1 . A b err a nt i n v asi v e b e h a vi o ur of c a n c er c ells c a n r es ult i n m et ast asis, a pr o-
c ess r es p o nsi bl e f or t u m o ur diss e mi n ati o n a n d r el at e d m ort alit y, a c c o u nti n g f or a p pr o x. 9 0 % d e at hs fr o m c a n c er. 
Usi n g a n ci e nt, e v ol uti o n ar y c o ns er v e d m e c h a nis ms, c a n c er c ells i n v a d e t h e e xtr a c ell ul ar m atri x ( E C M) eit h er as 
c ell cl ust ers or s h e ets, d es cri b e d as c oll e cti v e i n v asi o n, or alt er n ati v el y, mi gr at e as i n di vi d u al c ells 2 . W h e n mi gr at-
i n g i n di vi d u all y, c ells c a n a d o pt eit h er t h e pr ot e as e- d e p e n d e nt m es e n c h y m al m o d e or t h e pr ot e as e-i n d e p e n d e nt 
a m o e b oi d m o d e. I n g e n er al, m es e n c h y m all y i n v a di n g c ells dis pl a y a fi br o bl ast-li k e m or p h ol o g y wit h a disti n ct 
l e a di n g a n d tr aili n g e d g e3 . Th e y f or m a cti n-ri c h pr otr usi o ns t h at e n g a g e i n st a bl e c ell- E C M c o nt a cts m e di at e d 
m ostl y b y i nt e gri ns 4 . M es e n c h y m al c ells f urt h er f or m i n v asi v e str u ct ur es, s u c h as i n v a d o p o di a a n d p o d os o m es, 
t h at pr o d u c e pr ot e ol yti c all y a cti v e e n z y m es, m ost c o m m o nl y m atri x m et all o pr ot ei n as es5 ,6 . Th e s e cr eti o n of s u c h 
e n z y m es s er v es t o di g est t h e s urr o u n di n g E C M a n d f or m tr a c ks l ar g e e n o u g h f or c ell b o d y tr a nsl o c ati o n 7 .

U nli k e m es e n c h y m al i n v asi o n, a m o e b oi d i n v asi o n d o es n ot f ull y d e p e n d o n pr ot e ol yti c di g esti o n a n d f or m a -
ti o n of st a bl e c ell- E C M a d h esi o ns. Th e c ells r at h er t a k e a d v a nt a g e of pr e- e xisti n g p or es i n t h e E C M a n d d y n a mi-
c all y c h a n g e t h eir c ell b o d y t o s q u e e z e t hr o u g h 8 ,9 . A m o e b oi d c ells m a y dis pl a y e n h a n c e d a ct o m y osi n c o ntr a ctilit y 
d u e t o p ersist e nt a cti v ati o n of t h e R h o A/ R O C K p at h w a y, l e a di n g t o i n cr e as e d h y dr ost ati c pr ess ur e t h at dri v es 
f or m ati o n of m e m br a n e bl e bs1 0 ,1 1 . H o w e v er, a f e w di ff er e nt s u bt y p es of t h e a m o e b oi d mi gr at or y p h e n ot y p e h a v e 
b e e n d es cri b e d a n d di v ers e t h e ori es e x pl ai ni n g t h e p h ysi c al m e c h a nis m of c ell tr a nsl o c ati o n i n a m o e b oi d c ells 
h a v e b e e n s u g g est e d 1 2 . S o f ar, n o s p e ci fi c bi o c h e mi c al m ar k er of t h e p h e n ot y p e h as b e e n s h o w n t o b e a u ni v er-
s al f e at ur e of a m o e b oi d c ells arisi n g fr o m di ff er e nt c ell t y p es. I m p ort a ntl y, c a n c er c ell i n v asi o n is r es p o nsi v e t o 
s urr o u n di n g c o n diti o ns a n d tr a nsiti o ns b et w e e n t h e i n di vi d u al m o d es c a n o c c ur. Th e m es e n c h y m al- a m o e b oi d 
( M A T) or a m o e b oi d- m es e n c h y m al ( A M T) tr a nsiti o ns c a n b e i n d u c e d b y m o d ul ati n g t h e a cti vit y of k e y si g -
n alli n g h u bs, s u c h as t h e R h o G T P as es, or b y t ar g eti n g n e c ess ar y m e c h a nis ms of eit h er i n v asi o n m o d e 1 3 ,1 4 . Th e 
pl asti cit y of i n v asi o n is pr es u m a bl y t h e m ai n r e as o n w h y cli ni c all y us a bl e a nti- m et ast ati c tr e at m e nt str at e gi es ar e 

1 D e p art m e nt of C ell Bi ol o g y, C h arl e s U ni v er sit y, Vi ni č n á 7, Pr a g u e, C z e c h R e p u bli c. 2 Bi ot e c h n ol o g y a n d Bi o m e di ci n e 
C e ntr e of t h e A c a d e m y of S ci e n c e s a n d C h arl e s U ni v er sit y ( BI O C E V), Pr ů m y sl o v á 5 9 5, 2 5 2 4 2, V e st e c u Pr a h y, C z e c h 
R e p u bli c. 3 Pr ot e o mi c s C or e F a cilit y, F a c ult y of S ci e n c e, C h arl e s U ni v er sit y, Pr a g u e, C z e c h R e p u bli c. 4 T h e s e a ut h or s 
c o ntri b ut e d e q u all y: Vl a di mír Č er m á k, A n et a G a n d al o vi č o v á, L a di sl a v M ert a. ✉ e- m ail: j a n. br a b e k @ n at ur. c u ni. c z
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still u n a v ail a bl e 1 5 . D es pit e t h e l ar g e e ff ort t o r e v e al si g n alli n g u n d erl yi n g i n v asi v e b e h a vi o ur of c ells, u n d erst a n d-
i n g of c a n c er c ell i n v asi o n pl asti cit y is still i ns u ffi ci e nt, m ai nl y d u e t o t h e s c ar cit y of r es ults o bt ai n e d fr o m m or e  
i n vi v o-li k e 3 D c ell c ult ur e c o n diti o ns. T o d at e, t h er e ar e o nl y t hr e e p u blis h e d w or ks r e p orti n g g e n e e x pr essi o n 
pr o fili n g of a m o e b oi d c ells 1 6 – 1 8 . W hil e t h es e d at a pr o vi d e d t h e first i nsi g ht i nt o t h e tr a ns cri pt o m e of a m o e b oi d 
c ells, t h e y w er e n ot o bt ai n e d f r o m t hr e e- di m e nsi o n al ( 3 D) c ult ur es, a n ess e nti al r e q uir e m e nt t o g et t h e m ost 
r el e v a nt r es ults.

T o g ai n m or e i nsi g ht i nt o m ol e c ul ar l e v el a d a pt ati o n of c a n c er c ells t o t h e a m o e b oi d st at e, w e p erf or m e d 
l ar g e s c al e tr a ns cri pt o mi c a n d pr ot e o mi c pr o fili n g of H T 1 0 8 0 fi br os ar c o m a c ells a fi er M A T i n 3 D c ell c ult ur e 
( Fi g. 1 ). I n or d er t o dis c er n t r e at m e nt-s p e cifi c eff e cts, w e us e d t w o e x p eri m e nt al t r e at m e nts t h at ar e s uffi -
ci e ntl y e ff e cti v e i n i n d u ci n g M A T a n d c o m p ati bl e wit h c ell vi a bilit y i n 3 D c oll a g e n g els. ff e first tr e at m e nt w as 
d o x y c y cli n e-i n d u ci bl e c o nstit uti v el y a cti v e R h o A (i c a R h o A) g e n e e x pr essi o n; R h o A- R O C K p at h w a y is k n o w n t o 
pl a y a k e y r ol e i n a m o e b oi d mi gr ati o n 1 3 ,1 9  a n d c o nstit uti v el y a cti v e R h o A e x pr essi o n h as b e e n s h o w n t o i n d u c e 
a m o e b oi d m or p h ol o g y i n gli o bl ast o m a c ells a n d e ff e cti v e M A T i n H T 1 0 8 0 3 ,2 0 . fi e s e c o n d, v er y di ff er e nt tr e at-
m e nt w as t h at wit h d as ati ni b, a Sr c ki n as e i n hi bit or, t h at h as b e e n pr e vi o usl y als o s h o w n t o i n d u c e M A T 2 1 ,2 2 . fi e 
c ells w er e k e pt f or 4 8  h o urs i n 3 D c oll a g e n wit h o ut or wit h t h e M A T-i n d u ci n g tr e at m e nt a n d t h e n t h e w h ol e 
s a m pl es i n cl u di n g t h e c oll a g e n a n d a n y e xtr a c ell ul ar m at eri al w er e h o m o g e ni z e d a n d f urt h er pr o c ess e d f or R N A 
s e q u e n ci n g or m ass s p e ctr o m etr y a n al ysis. T ot al R N A w as d e pl et e d of r R N A, c o n v ert e d i nt o a str a n d e d c D N A 
li br ar y a n d s e q u e n c e d wit h Ill u mi n a Hi S e q s e q u e n c er. Pr ot ei n l ys at es w er e tr y psi n- di g est e d, T M T-l a b ell e d, fr a c-
ti o n at e d a n d a n al ys e d o n Th er m o Or bitr a p F usi o n m ass s p e ctr o m et er.

O v er all, o ur w or k pr o vi d es d at a f or a n u n pr e c e d e nt e d c o m p aris o n of p ar all el m es e n c h y m al a n d a m o e b oi d 
tr a ns cri pt o m es a n d pr ot e o m es o bt ai n e d fr o m 3 D c o n diti o ns t o r e v e al n e w d et ails of t h e tr a nsiti o n r e g ul ati o n, t h e 
i m p a ct of t h e tr a nsiti o n o n bi ol o gi c al pr o p erti es of t h e c ells i n t er ms of g e n e e x pr essi o n a n d pr ot ei n a b u n d a n c e, 
a n d p ossi bl y dis c o v er p ot e nti al n e w t h er a p e uti c o p p ort u niti es.

M et h o d s
c ell s, D N A c o n str u ct s a n d tr a n sf e cti o n.  H T 1 0 8 0 c ells w er e m ai nt ai n e d i n D M E M ( 4. 5  g/l gl u c os e, p yr u -
v at e) s u p pl e m e nt e d wit h 1 0 % f et al b o vi n e s er u m a n d 5 0  μ g/ ml g e nt a mi ci n ( all fr o m Si g m a) at 3 7  ° C i n h u mi di fi e d 
at m os p h er e wit h 5 % C O 2 . Th e c ult ur es w er e r e g ul arl y t est e d f or m y c o pl as m a c o nt a mi n ati o n. 3 D c ell c ult ur e 
e x p eri m e nts w er e p erf or m e d wit h r at t ail c oll a g e n ( S E R V A) at c o n c e ntr ati o n 1  m g/ ml a n d D M E M s u p pl e m e nt e d 
wit h 1 % f et al b o vi n e s er u m, 1 5  m M H E P E S a n d 5 0  μ g/ ml g e nt a mi ci n. St a bl y tr a nsf e ct e d c ells w er e pr e p ar e d b y 
l e nti vir al tr a ns d u cti o n usi n g t h e s e c o n d- g e n er ati o n p a c k a gi n g s yst e m ( p L V X c o nstr u cts, Tet- O n A d v a n c e d G e n e 
e x pr essi o n s yst e m, Cl o nt e c h). Th e D N A tr a nsf e cti o ns w er e p erf or m e d wit h p ol y et h yl e ni mi n e ( P ol ys ci e n c es, I n c.). 
All p o p ul ati o ns of st a bl y tr a nsf e ct e d c ells w er e f urt h er e nri c h e d f or t h e r es p e cti v e e n c o d e d fl u or es c e n c e wit h a 

Fi g. 1  S c h e m ati c o v er vi e w a n d e x p eri m e nt al d esi g n of t h e st u d y.
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c ell s ort er. C ells b e ari n g i n d u ci bl e c o nstr u cts w er e tr a nsi e ntl y i n d u c e d wit h d o x y c y cli n e b ef or e t h e s orti n g. I n all 
e x p eri m e nts, c ells st a bl y tr a nsf e ct e d wit h t h e d o x y c y cli n e-i n d u ci bl e E G F P- R h o A G 1 4 V f usi o n c o nstr u ct w er e 
tr e at e d wit h 2 5 0 n g/ ml d o x y c y cli n e ( Si g m a). I n d as ati ni b e x p eri m e nts, H T 1 0 8 0 c ells st a bl y e x pr essi n g Lif e A ct-
m C h err y e x o g e n e 2 3  (f urt h er r ef er e n c e d j ust as H T 1 0 8 0) w er e tr e at e d wit h 1 μ M d as ati ni b ( L C L a b or at ori es) i n 
D M S O or e q ui v al e nt v ol u m e of D M S O o nl y ( 0. 1 % fi n al c o n c e ntr ati o n). All pl as mi ds us e d i n t h e st u d y w er e 
c o nstr u ct e d i n t h e l a b wit h st a n d ar d m ol e c ul ar cl o ni n g pr o c e d ur es; d et ails as w ell as t h e pl as mi ds t h e ms el v es ar e 
a v ail a bl e u p o n r e q u est.

Ti m e-l a p s e mi cr o s c o p y i n 3 D c oll a g e n m atri x.  T o r e c or d c ell i n v asi o n i n 3 D c oll a g e n, c o ntr ol a n d 
d o x y c y cli n e- a n d d as ati ni b-tr e at e d c ells wit h or wit h o ut pr ot e as e i n hi bit or G M 6 0 0 1 ( 1 0  µ M) w er e i m a g e d e v er y 
5  mi n ut es usi n g J u LI F L, a n i n-i n c u b at or mi cr os c o p e ( N a n o E n Te k I n c.). F or di git al h ol o gr a p hi c mi cr os c o p y, c ells 
w er e e m b e d d e d i n c oll a g e n as st at e d a b o v e a n d l e fi t o a dj ust t o 3 D c o n diti o ns f or at l e ast 1 2  h o urs. I m a g es w er e 
a c q uir e d a ut o m ati c all y i n 8 0 – 9 0  s e c o n d i nt er v als. C ells w er e i m a g e d usi n g Q P H A S E ( T E S C A N Br n o, s.r. o.) a 
m ulti m o d al h ol o gr a p hi c mi cr os c o p e b as e d o n C C H M t e c h n ol o g y as d es cri b e d pr e vi o usl y 3 .

c ell m or p h ol o g y i n 3 D c oll a g e n m a tri x.  1 0 0, 0 0 0 c ells w er e s e e d e d i n 2 5 0  μ l of c oll a g e n m at ri x i n a 
4 8- w ell pl at e. H o ff m a n m o d ul ati o n c o ntr ast mi cr os c o p y i m a g es w er e t a k e n 4 8  h o urs l at er fr o m a p pr o x. 2 0 pl a n es 
al o n g z- a xis. C ell m or p h ol o g y w as ass ess e d b y m e as uri n g t h e r ati o of t h e m a xi m u m l e n gt h a n d m a xi m u m wi dt h 
m a n u all y usi n g Fiji s o ff w ar e 2 4 . At l e ast 3 0 0 c ells w er e a n al ys e d f or e a c h c o n diti o n.

R N A e x tr a c ti o n a n d s e q u e n ci n g.  O n e milli o n H T 1 0 8 0 c ells w e r e c ult u r e d i n a 5 0 0  μ l 3 D c oll a g e n 
g el f or 4 8  h o urs i n a 2 4- w ell pl at e. G els f r o m t w o w ells w er e tr a nsf err e d i nt o o n e 2  ml t u b e a n d h o m o g e ni z e d 
wit h Tiss u e Te ar or ( Bi o S p e c Pr o d u cts) i n 6 0 0  μ l of R N A e xtr a cti o n s ol uti o n ( 6 0 % v/ v w at er-s at ur at e d p h e n ol, 
3. 2 5  M g u a ni di n e t hi o c y a n at e, 4 0 0  m M s o di u m a c et at e b u ff er p H 4. 0, 0. 4 % w/ v N-l a ur o yls ar c osi n e, 1 6 0  m M 
2- m er c a pt o et h a n ol) pl us 1 0 0  μ l of 6. 1 M s o di u m c hl ori d e. 2 0 0  μ l of c hl or o p h or m w as a d d e d t o a p pr o x. 1 ml of 
t h e l ys at e a n d t h e mi xt ur e w as v ort e x e d vi g or o usl y f or 1 0 s e c o n ds. A fi er 3 0- mi n ut e c e ntrif u g ati o n at 1 8, 0 0 0  g at 
4  ° C, t h e p ol ar u p p er p h as e w as tr a nsf err e d t o a n e w t u b e, v ol u m e a dj ust e d t o 8 0 0  μ l wit h R N as e-fr e e w at er, R N A 
w as pr e ci pit at e d wit h 6 0 0  μ l of is o pr o p a n ol a n d r e c o v er e d b y c e ntrif u g ati o n at 1 8, 0 0 0 g f or 3 0  mi n at 4  ° C. fi e 
R N A p ell et w as w as h e d t hr e e ti m es wit h 6 0 0  μ l of 7 5 % et h a n ol a n d air- dri e d. N e xt, t h e R N A w as tr e at e d wit h 
D N As e I t o r e m o v e a n y p ossi bl e g e n o mi c D N A c o nt a mi n ati o n. T o t his e n d, t h e p ell et w as dir e ctl y diss ol v e d i n 
1 0 0  μ l of s ol uti o n c o nt ai ni n g 4 u nits of D N As e I ( Th er m o Fis h er S ci e nti fi c) i n m a n uf a ct ur er- pr o vi d e d r e a cti o n 
b u ff er a n d i n c u b at e d at 3 7  ° C f or 3 0 mi n. A Th er t h at, t h e R N A w as r e- p uri fi e d wit h R N e as y Pr ot e ct Mi ni Kit 
( Qi a g e n) a c c or di n g t o t h e m a n uf a ct ur er’s i nstr u cti o ns a n d el ut e d i n 5 0  μ l of R N as e-fr e e w at er. Str a n d e d, Ill u mi n a 
Hi S e q- c o m p ati bl e li br ar y w as c o nstr u ct e d wit h S cri pt S e q C o m pl et e ( H u m a n/ M o us e/ R at) li br ar y pr e p ar ati o n kit 
( E pi c e ntr e) a c c or di n g t o t h e m a n uf a ct ur er’s i nstr u cti o ns. Th e q u alit y a n d si z e distri b uti o n of s e q u e n ci n g li br ari es 
w as a n al ys e d wit h A gil e nt Bi o A n al y z er 2 1 0 0. A n e q ui m ol ar p o ol of 6 s a m pl e li br ari es w as s e q u e n c e d o n o n e 
w h ol e l a n e of Ill u mi n a Hi S e q 2 0 0 0/ 2 5 0 0 s eri es s e q u e n c er i n hi g h o ut p ut, p air e d m o d e ( 2  ×  1 0 0 c y cl es i n c as e 
of t h e i n d u ci bl e c a R h o A c ells a n d 2  ×  1 2 5 c y cl es i n c as e of t h e D M S O/ d as ati ni b tr e at e d c ells). R a w r e a ds w er e 
tri m m e d of a d a pt er s e q u e n c es wit h C ut a d a pt2 5  ( v ersi o n 1. 1 5), q u alit y- c h e c k e d wit h f ast q c a n d m a p p e d t o h u m a n 
g e n o m e v ersi o n G R C h 3 8. 9 1 wit h t h e S T A R s h ort r e a d ali g n er 2 6  v ersi o n 2. 5. 4 b wit h d ef a ult s etti n gs a n d o ut p ut 
e xt e n d e d wit h r e a d c o u nts p er g e n e. C o m pl et e a d a pt er-tri m m e d f ast q d at a ar e a v ail a bl e fr o m t h e Arr a y E x pr ess 
d at a b as e at E M B L- E BI u n d er a c c essi o n n u m b er E- M T A B- 6 8 2 3 2 7 . Th e s a m pl es a n d r el at e d fil es ar e s u m m ari z e d 
i n Ta bl e 1 .

Hi g h-t hr o u g h p ut pr ot e o mi c pr o Thli n g.  O n e milli o n H T 1 0 8 0 c ells w er e c ult ur e d i n a 5 0 0  μ l 3 D c oll a g e n 
g el f or 4 8  h o urs i n a 2 4- w ell pl at e. G els f r o m t w o w ells w er e tr a nsf err e d i nt o o n e 2  ml t u b e, mi x e d wit h e q u al 
v ol u m e of 2 x T E A B b u ff er ( 2 0 0  m M tri et h yl a m m o ni u m bi c ar b o n at e p H 8. 5, 4 % s o di u m d e o x y c h ol at e, b ot h fr o m 
Si g m a) a n d h o m o g e ni z e d wit h Tiss u e Te ar or ( Bi o S p e c Pr o d u cts). A ft er 1 5- mi n ut e c e ntrif u g ati o n at 1 8, 0 0 0  g at 
4  ° C, s u p er n at a nt w as tr a nsf err e d i nt o a n e w t u b e a n d k e pt fr o z e n at − 8 0  ° C b ef or e f urt h er pr o c essi n g. Pr ot ei n 
s a m pl es w er e tr y psi n- di g est e d, T M T-l a b el e d, fr a cti o n at e d a n d a n al ys e d o n Or bitr a p F usi o n m ass s p e ctr o m et er 
( Th er m o Fis h er S ci e nti fi c) as d es cri b e d pr e vi o usl y 2 8 – 3 0 . S p e ci fi c all y, s a m pl e v ol u m e c o nt ai ni n g 1 0 0 μ g of pr o -
t ei ns w as pr e ci pit at e d b y f o ur v ol u m es of c ol d a c et o n e ( o v er ni g ht at − 2 0  ° C). A ft er c e ntrif u g ati o n t h e p ell ets 
w er e w as h e d wit h 8 0 % a c et o n e a n d l et dr y. S a m pl es w er e r es us p e n d e d i n 1 0 0  m M T E A B ( Tri et h yl a m m o ni u m 
bi c ar b o n at e, Th er m o # 9 0 1 1 4) r e d u c e d wit h 5  m M T C E P ( Tris( 2- c ar b o x y et h yl) p h os p hi n e h y dr o c hl ori d e, Si g m a 
# 4 7 0 6) f or 3 0  mi n at 6 0  ° C a n d al k yl at e d wit h 1 0 m M M M T S ( S- M et h yl m et h a n et hi os ulf o n at e, Si g m a # 6 4 3 0 6) f or 
1 0  mi n at r o o m t e m p er at ur e. Pr ot ei ns w er e di g est e d wit h tr y psi n (tr y psi n: pr ot ei n r ati o 1: 5 0) o v er ni g ht at 3 7  ° C. 
T M T l a b el w as a d d e d a c c or di n g t o m a n uf a ct ur er pr ot o c ol. A ft er 6 0  mi n, t h e l a b elli n g r e a cti o n w as st o p p e d b y 
a d diti o n of h y dr o x yl a mi n e. All s a m pl es w er e p o ol e d a n d v a c u u m dri e d. S a m pl es w er e d es alt e d o n Mi c hr o m C 1 8 
O pti Tr a p M a cr o ( O pti mi z e Te c h n ol o gi es 1 0- 0 4 8 1 8- T N). P e pti d es w er e fr a cti o n at e d as f oll o ws. 1 0 0  μ l v ol u m e 
of a s a m pl e c o nt ai ni n g a p pr o x. 2 5 0  μ g of p e pti d es w as i nj e ct e d o nt o a C 1 8 c ol u m n ( ki n et e x 1. 7 μ m, E V O C 1 8, 
1 5 0  ×  2. 1  m m) a n d s e p ar at e d wit h li n e ar gr a di e nt fr o m 0 % A ( 2 0  m M a m m o ni u m f or m at e, 2 % a c et o nitril e p H 1 0) 
t o 5 0 % B ( 2 0 m M a m m o ni u m f or m at e, 8 0 % a c et o nitril e p H 1 0) i n 3 2  mi n wit h fl o w r at e 3 0 0  μ l/ mi n 3 2 fr a cti o ns 
w er e c oll e ct e d a n d p o ol e d i nt o 8 fr a cti o ns. R es ulti n g fr a cti o ns w er e dri e d a n d r es us p e n d e d i n 2 0  μ l of 1 % T F A. 
N a n o r e v ers e d p h as e c ol u m n ( E A S Y- S pr a y c ol u m n, 5 0  c m  ×  7 5 μ m I D, P e p M a p C 1 8, 2 μ m p arti cl es, 1 0 0  Å p or e 
si z e) w as us e d f or L C/ M S a n al ysis. M o bil e p h as e b u ff er A w as c o m p os e d of w at er, 2 % a c et o nitril e a n d 0. 1 % f or -
mi c a ci d. M o bil e p h as e b u ff er B w as c o m p os e d of 8 0 % a c et o nitril e i n w at er a n d 0. 1 % f or mi c a ci d. S a m pl es w er e 
l o a d e d o nt o t h e tr a p c ol u m n ( A c cl ai m P e p M a p 3 0 0, C 1 8, 5 μ m, 3 0 0  Å wi d e p or e, 3 0 0 μ m  ×  5  m m) at a fl o w r at e 
of 1 5  μ l/ mi n. L o a di n g b u ff er w as c o m p os e d of w at er, 2 % a c et o nitril e a n d 0. 1 % tri fl u or o a c eti c a ci d. P e pti d es w er e 
el ut e d wit h gr a di e nt of B fr o m 2 % t o 6 0 % o v er 2 4 0  mi n at a fl o w r at e of 3 0 0  nl/ mi n. El uti n g p e pti d e c ati o ns w er e 
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c o n v ert e d t o g as- p h as e i o ns b y el e ctr os pr a y i o ni z ati o n a n d a n al y z e d o n a fi er m o Or bitr a p F usi o n ( Q- O T- qI T, 
ff er m o) m ass s p e ctr o m et er. S p e ctr a w er e a c q uir e d wit h 4  s e c o n ds d ut y c y cl e. F ull M S s p e ctr a w er e a c q uir e d 
i n or bitr a p wit hi n m ass r a n g e 3 5 0 – 1, 4 0 0 m/ z wit h r es ol uti o n 1 2 0, 0 0 0 at 2 0 0  m/ z a n d m a xi m u m i nj e cti o n ti m e 
5 0  ms. M ost i nt e ns e pr e c urs ors w er e is ol at e d b y q u a dr u p ol e wit h 1. 6  m/ z is ol ati o n wi n d o w a n d fr a g m e nt e d usi n g 
CI D wit h c ollisi o n e n er g y s et t o 3 0 %. Fr a g m e nt i o ns w er e d et e ct e d i n i o n tr a p wit h s c a n r a n g e m o d e s et t o n or -
m al a n d s c a n r at e s et t o r a pi d wit h m a xi m u m i nj e cti o n ti m e 5 0  ms. Fr a g m e nt e d pr e c urs ors w er e e x cl u d e d fr o m 
fr a g m e nt ati o n f or 6 0 s e c o n ds. F or q u a nti fi c ati o n i nf or m ati o n of a T M T l a b el 1 0 m ost i nt e ns e fr a g m e nts w er e 
is ol at e d (si m ult a n e o us pr e c urs or s el e cti o n) a n d fr a g m e nt e d i n H C D o n 6 5 % e n er g y, m a xi m u m a c c u m ul ati o n 
ti m e 1 4 0 ms, a n d fr a g m e nts w er e m e as ur e d i n or bitr a p o n 6 0  K r es ol uti o n. R a w d at a w er e pr o c ess e d i n Pr ot e o m e 
Dis c o v er er 2. 1. T M T r e p ort er i o ns r ati os w er e us e d f or esti m ati o n of r el ati v e a m o u nt of e a c h pr ot ei n. S e ar c h es 
w er e d o n e wit h t h e H u m a n U ni pr ot r ef er e n c e d at a b as e a n d a c o m m o n c o nt a mi n a nt d at a b as e. M o di fi c ati o n w er e 
s et: p e pti d e N t er mi n us, l ysi n e ( u ni m o d # 7 3 7) a n d c yst ei n ( u ni m o d # 3 9) as st ati c, a n d m et hi o ni n e o xi d ati o n 
( u ni m o d # 1 3 8 4) a n d pr ot ei n N-t er mi n us a c et yl ati o n ( u ni m o d # 1) as v ari a bl e. R a w d at a ar e a v ail a bl e fr o m t h e 
P RI D E d at a b as e 3 1  u n d er i d e nti fi er P X D 0 1 0 4 2 53 2 . fi e s a m pl es a n d r el at e d fil es ar e s u m m ari z e d i n Ta bl e 2 .

im m u n o bl otti n g.  O n e milli o n c ells w er e c ult ur e d i n a 5 0 0  μ l 3 D c oll a g e n g el f or 4 8 h o urs i n a 2 4- w ell pl at e. 
G els fr o m t w o w ells w er e tr a nsf err e d t o t u b es c o nt ai ni n g 5 0 0  μ l of 2 x S D S l ysis b u ff er ( 2 % S D S, 2 0 % gl y c er ol, 
1 2 0  m M Tris, p H  =  6. 8) a n d h o m o g e ni z e d usi n g Tiss u e Te ar or ( Bi o S p e c Pr o d u cts). A fi er 1 0- mi n ut e c e ntrif u -
g ati o n ( 1 8, 0 0 0 r cf, 1 0  ° C) 9 0 0 ul of t h e s ol uti o n w as tr a nsf err e d t o a f r es h t u b e a n d pr ot ei n c o n c e ntr ati o n i n 
t h e l ys at e w as d et er mi n e d usi n g t h e D C T M Pr ot ei n Ass a y ( Bi o- R a d L a b or at ori es). Th e l ys at es i n e a c h s eri es 
w er e a dj ust e d t o t h e s a m e pr ot ei n c o n c e ntr ati o n wit h 1 x S D S l ysis b u ff er. D T T ( fi n al c o n c e ntr ati o n 5 0  m M) 
a n d br o m o p h e n ol bl u e ( fi n al c o n c e ntr ati o n 3 0  μ M) w er e a d d e d, a n d t h e s a m pl es w er e i n c u b at e d at 9 5  ° C f or 
1 0  mi n. S a m pl es w er e s e p ar at e d o n 1 0 % or 1 2 % S D S- p ol y a cr yl a mi d e g els a n d tr a nsf err e d o nt o nitr o c ell ul os e 
m e m br a n e. N o n-s p e ci fi c bi n di n g w as bl o c k e d b y i n c u b ati o n of t h e m e m br a n es f or 6 0  mi n at r o o m t e m p er at ur e 
i n Tris- b u ff er e d s ali n e ( T B S) c o nt ai ni n g 4 % B S A or 5 % n o n-f at dr y mil k. Th e m e m br a n es w er e i n c u b at e d wit h 
a pri m ar y a nti b o d y i n 4  ° C o v er ni g ht, w as h e d t hr e e ti m es i n Tris- b u ff er e d s ali n e wit h T w e e n- 2 0 ( T B S T) a n d 
i n c u b at e d f or 7 5 mi n wit h H R P- c o nj u g at e d s e c o n d ar y a nti b o d y at r o o m t e m p er at ur e. M e m br a n es w er e w as h e d 
wit h T B S T t w o ti m es, wit h T B S o n e ti m e a n d d e v el o p e d usi n g A m ers h a m T M  I m a g er 6 0 0 ( G E H e alt h c ar e) a n d 

S a m pl e C ells Tr e at m e nt P r ot o c ols E N A Bi o S D

1 H T 1 0 8 0-i c a R h o A n o n e P- M T A B- 7 5 2 0 6 t o P- M T A B- 7 5 2 1 1 E R S 2 5 1 5 9 6 7 S A M E A 4 6 9 5 7 9 1

2 H T 1 0 8 0-i c a R h o A d o x y c y cli n e P- M T A B- 7 5 2 0 6 t o P- M T A B- 7 5 2 1 1 E R S 2 5 1 5 9 6 4 S A M E A 4 6 9 5 7 8 8

3 H T 1 0 8 0-i c a R h o A n o n e P- M T A B- 7 5 2 0 6 t o P- M T A B- 7 5 2 1 1 E R S 2 5 1 5 9 6 8 S A M E A 4 6 9 5 7 9 2

4 H T 1 0 8 0-i c a R h o A d o x y c y cli n e P- M T A B- 7 5 2 0 6 t o P- M T A B- 7 5 2 1 1 E R S 2 5 1 5 9 6 6 S A M E A 4 6 9 5 7 9 0

5 H T 1 0 8 0-i c a R h o A n o n e P- M T A B- 7 5 2 0 6 t o P- M T A B- 7 5 2 1 1 E R S 2 5 1 5 9 6 9 S A M E A 4 6 9 5 7 9 3

6 H T 1 0 8 0-i c a R h o A d o x y c y cli n e P- M T A B- 7 5 2 0 6 t o P- M T A B- 7 5 2 1 1 E R S 2 5 1 5 9 6 5 S A M E A 4 6 9 5 7 8 9

7 H T 1 0 8 0- Lif e A ct- m C h err y D M S O P- M T A B- 7 5 2 0 6 t o P- M T A B- 7 5 2 1 1 E R S 2 5 1 5 9 6 2 S A M E A 4 6 9 5 7 8 6

8 H T 1 0 8 0- Lif e A ct- m C h err y d as ati ni b P- M T A B- 7 5 2 0 6 t o P- M T A B- 7 5 2 1 1 E R S 2 5 1 5 9 6 0 S A M E A 4 6 9 5 7 8 4

9 H T 1 0 8 0- Lif e A ct- m C h err y D M S O P- M T A B- 7 5 2 0 6 t o P- M T A B- 7 5 2 1 1 E R S 2 5 1 5 9 6 3 S A M E A 4 6 9 5 7 8 7

1 0 H T 1 0 8 0- Lif e A ct- m C h err y d as ati ni b P- M T A B- 7 5 2 0 6 t o P- M T A B- 7 5 2 1 1 E R S 2 5 1 5 9 5 8 S A M E A 4 6 9 5 7 8 2

1 1 H T 1 0 8 0- Lif e A ct- m C h err y D M S O P- M T A B- 7 5 2 0 6 t o P- M T A B- 7 5 2 1 1 E R S 2 5 1 5 9 6 1 S A M E A 4 6 9 5 7 8 5

1 2 H T 1 0 8 0- Lif e A ct- m C h err y d as ati ni b P- M T A B- 7 5 2 0 6 t o P- M T A B- 7 5 2 1 1 E R S 2 5 1 5 9 5 9 S A M E A 4 6 9 5 7 8 3

Ta bl e 1 . S u m m ar y of R N A s e q u e n ci n g d at a.

S a m pl e C ells Tr e at m e nt P RI D E R A W fil e

R 1 H T 1 0 8 0-i c a R h o A n o n e D 1 _ 1 7 0 1 0 7 1 5 2 2 2 3

R 2 H T 1 0 8 0-i c a R h o A d o x y c y cli n e D 2 _ 1 7 0 1 0 7 1 9 5 5 3 6

R 3 H T 1 0 8 0-i c a R h o A n o n e D 3 _ 1 7 0 1 0 8 0 0 2 8 4 7

R 4 H T 1 0 8 0-i c a R h o A d o x y c y cli n e D 4 _ 1 7 0 1 0 7 1 0 4 9 1 4

R 5 H T 1 0 8 0-i c a R h o A n o n e D 5 _ 1 7 0 1 0 8 0 5 0 2 0 0

R 6 H T 1 0 8 0-i c a R h o A d o x y c y cli n e D 6 _ 1 7 0 1 0 8 0 9 3 5 1 4

D 1 H T 1 0 8 0- Lif e A ct- m C h err y D M S O R 1 _ 1 7 0 1 1 0 1 4 5 5 4 6

D 2 H T 1 0 8 0- Lif e A ct- m C h err y d as ati ni b R 2 _ 1 7 0 1 1 0 1 9 2 8 5 7

D 3 H T 1 0 8 0- Lif e A ct- m C h err y D M S O R 3 _ 1 7 0 1 1 1 0 0 0 2 0 8

D 4 H T 1 0 8 0- Lif e A ct- m C h err y d as ati ni b R 4 _ 1 7 0 1 1 1 0 4 3 5 1 9

D 5 H T 1 0 8 0- Lif e A ct- m C h err y D M S O R 5 _ 1 7 0 1 1 1 0 9 0 8 3 0

D 6 H T 1 0 8 0- Lif e A ct- m C h err y d as ati ni b R 6 _ 1 7 0 1 1 1 1 3 4 1 4 1

Ta bl e 2 . S u m m ar y of m ass s p e ctr o m etr y pr ot e o mi c d at a.

https://doi.org/10.1038/s41597-020-0499-2


5S ci e n ti fi c  D a t a  |           ( 2 0 2 0) 7: 1 6 0  | htt p s:// d oi. or g/ 1 0. 1 0 3 8/ s 4 1 5 9 7- 0 2 0- 0 4 9 9- 2

w w w. n a t ur e. c o m/ s ci e n tifi c d a t aw w w. n a t ur e. c o m/ s ci e n tifi c d a t a/

S u p er Si g n al T M  F e mt o M a xi m u m S e nsiti vit y S u bstr at e ( fi er m o Fis h er S ci e nti fi c) or West er n Bri g ht T M E C L 
( A d v a nst a) H R P s u bstr at es. F or pr o bi n g t h e t ot al pr ot ei n l e v el a ff er a p h os p h o pr ot ei n d et e cti o n a n d f or l o a di n g 
c o ntr ol ( G A P D H) d et e cti o n, m e m br a n es w er e stri p p e d i n stri p pi n g b u ff er ( 2 0 0  m M N a O H) at 4 2  ° C f or 1 0 mi n. 
fi e pri m ar y a nti b o di es us e d w er e as f oll o ws: G A P D H ( fi er m o Fis h er S ci e nti fi c M A 5- 1 5 7 3 8), C as p as e- 3 ( C ell 
Si g n ali n g Te c h n ol o g y # 9 6 6 2), Fr a- 1 ( D e v el o p m e nt al St u di es H y bri d o m a B a n k P C R P- F O S L 1- 1 E 3), C/ E B P β  
( A b c a m A b 3 2 3 5 8), R h o A ( C ell Si g n ali n g Te c h n ol o g y # 2 1 1 7), G D F 1 5 ( Th er m o Fis h er S ci e nti fi c P A 5- 1 7 0 6 5) a n d 
M X 1 ( C ell Si g n ali n g Te c h n ol o g y # 3 7 8 4 9). Q u a nti fi c ati o n of b a n d si g n als w as p erf or m e d usi n g M ulti G a u g e s o Th -
w ar e ( F uji fil m, T o k y o, J a p a n). B a n d i nt e nsiti es of s p e ci fi c pr ot ei ns w er e n or m ali z e d t o t h e G A P D H pr ot ei n si g n al. 
L o g-tr a nsf or m e d si g n al v al u es fr o m at l e ast t hr e e e x p eri m e nts w er e a n al y z e d wit h p air e d St u d e nt’s t-t est. Th e 
r es ults w er e pr es e nt e d as g e o m etri c m e a ns of f ol d c h a n g e v al u es wit h r es p e ct t o c o ntr ol s a m pl es a n d t h e u n c er -
t ai nt y w as e x pr ess e d as g e o m etri c st a n d ar d err ors.

a cti v at e d R h o a  d et e cti o n. O n e milli o n c ells w er e c ult ur e d i n a 5 0 0  μ l 3 D c oll a g e n g el f or 4 8 h o urs i n a 
2 4- w ell pl at e. G els fr o m t w o w ells w er e tr a nsf err e d t o t u b es c o nt ai ni n g 5 0 0  μ l of 2 x Trit o n- X 1 0 0 l ysis b u ff er ( 2 % 
Trit o n X- 1 0 0, 1 0 0  m M Tris, 3 0 0  m M N a Cl, p H  =  7. 1, pr ot e as e i n hi bit ors) a n d h o m o g e ni z e d usi n g Tiss u e Te ar or 
( Bi o S p e c Pr o d u cts) o n i c e. A Th er 1 0- mi n ut e c e ntrif u g ati o n ( 1 8, 0 0 0  g, 1 0  ° C) 8 0 0 μ l of t h e s ol uti o n w as tr a nsf err e d 
t o a f r es h t u b e, pr ot ei n c o n c e ntr ati o n i n t h e l ys at e w as d et er mi n e d usi n g t h e D C T M Pr ot ei n Ass a y ( Bi o- R a d 
L a b or at ori es) a n d a dj ust e d t o t h e s a m e v al u e i n e a c h s eri es wit h 1 x Trit o n X- 1 0 0 l ysis b u ff er. 5 0  μ l of t h e l ys at e 
w as tr a nsf err e d t o a fr es h t u b e (t ot al l ys at e c o ntr ol) a n d t h e r est w as i n c u b at e d wit h r h ot e ki n- b o u n d G S T- b e a ds 
at 4  ° C f or 4 5 mi n. B e a ds w er e s e p ar at e d b y bri ef c e ntrif u g ati o n a n d w as h e d t w o ti m es wit h 1 x Trit o n X- 1 0 0 l ysis 
b u ff er. Fi n all y, b e a ds w er e r es us p e n d e d i n 1 x L a e m mli s a m pl e b u ff er ( 0. 3 5  M Tris- H Cl, p H  =  6. 8, 1 0 % S D S, 4 0 % 
gl y c er ol, 0. 0 1 2 % br o m o p h e n ol bl u e) wit h D T T ( 5 0  m M) a n d i n c u b at e d at 9 5  ° C f or 1 0 mi n ut es. S a m pl es w er e 
f urt h er pr o c ess e d a c c or di n g t o t h e i m m u n o bl otti n g pr ot o c ol d es cri b e d a b o v e.

a
H T 1 0 8 0-i c a R h o A H T 1 0 8 0

c
o
nt

r
o
l

d
ox

yc
yc

li
n
e

D
M

S
O

d
as

ati
ni

b

H T 1 0 8 0-
i c a R h o A

H T 1 0 8 0

b

G T P- R h o A

R h o A

G A P D H

D M S O D A S

LRTC XOD

E G F P- c a R h o A

R h o A

G A P D H

c
H T 1 0 8 0-i c a R h o A

H T 1 0 8 0

LRTC XOD

H T 1 0 8 0-i c a R h o A

D M S O D A S

H T 1 0 8 0

Pr o c a s p a s e- 3

C a s p a s e- 3

G A P D H

H T 1 0 8 0-i c a R h o A H T 1 0 8 0

D
M

S
O

d
as

ati
ni

b

c
o
nt

r
o
l

d
ox

yc
yc

li
n
e

E G F P F - a cti n

E G F P F - a cti n

F- a cti n

F- a cti n

d e

n. s.

n. s.n. s.

n. s.

p = 0. 0 3 9 5

p = 0. 0 3 0 3

- 2. 2 4 ( 1. 1 5)

2. 1 9 ( 1. 1 7)

n. s.

( a cti v e)

C T R L D O X D M S O D A S
0

2

4

6

8

1 0

1 2

1 4

1 6

1 8

l
e
n
gt

h/
wi

dt
h

* * * * ** > 1 0 0

Fi g. 2  C h ar a ct eri z ati o n of H T 1 0 8 0 c ells i n d u c e d t o u n d er g o M A T. ( a ) R e pr es e nt ati v e wi d e- fi el d i m a g es 
of c ells i n 3 D c oll a g e n wit h o ut or wit h i n d u cti o n of M A T. ( b ) C o nf o c al mi cr os c o p y of c ells st ai n e d wit h 
fl u or es c e ntl y l a b ell e d p h all oi di n. ( c)  Q u a nti fi c ati o n of c ell m or p h ol o g y i n 3 D c oll a g e n ( St u d e nt’s t-t est, p- v al u es: 
* * * p  <  0. 0 0 1, * * p  <  0. 0 1, * p  <  0. 0 5). ( d ) I m m u n o bl otti n g d et e cti o n of R h o A pr ot ei n i n c ell l ys at es. I n c ells 
tr e at e d wit h D M S O or d as ati ni b, t h e a cti v e, G T P- b o u n d R h o A w as s e p ar at e d usi n g G S T- R h ot e ki n 1 R B D 
p ull d o w n. N u m b ers n e xt t o bl ots i n di c at e a v er a g e f ol d c h a n g e, st a n d ar d err or ( b ot h g e o m etri c) a n d p- v al u e 
of p air e d t-t est. ( e ) I m m u n o bl otti n g d et e cti o n of C as p as e- 3 i n c ell l ys at es. All r es ults c o m e fr o m 4 8- h o ur 
e x p eri m e nts. S c al e b ar 2 0 μ m i n all c as es. A b br e vi ati o ns: C T R L – c o ntr ol, D O X – d o x y c y cli n e, D A S – d as ati ni b, 
n.s. – n ot si g ni fi c a nt.
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w w w. n a t ur e. c o m/ s ci e n tifi c d a t aw w w. n a t ur e. c o m/ s ci e n tifi c d a t a/

s t ati sti c al a n al y si s. T o esti m at e di ff er e nti al g e n e e x pr essi o n fr o m R N A s e q u e n ci n g d at a a w or k fl o w b as e d o n 
t h e S T A R ali g n er a n d D E S e q 2 R p a c k a g e w as us e d as d es cri b e d pr e vi o usl y1 8 . M ass s p e ctr o m etr y d at a pr e- pr o c ess e d 
wit h Pr ot e o m e Dis c o v er er 2. 1 w er e i m p ort e d i nt o R e n vir o n m e nt, i m p ut e d a n d n or m ali z e d wit h t h e M S n b as e 
p a c k a g e 3 3 . Di ff er e n c es i n pr ot ei n l e v els w er e esti m at e d wit h m o d er at e d t-t est st atisti cs usi n g t h e li m m a p a c k a g e3 4 .
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Fi g. 3  Q u a ntit ati v e a n al ysis of c ell mi gr ati o n. H T 1 0 8 0-i c a R h o A c ells a n d H T 1 0 8 0 c ells w er e e m b e d d e d i n r at-
t ail c oll a g e n ( 1 m g/ ml) wit h or wit h o ut G M 6 0 0 1. 1 2  h o urs l at er, mi gr ati o n of c ells of t h e m es e n c h y m al p h e n ot y p e 
( H T 1 0 8 0-i c a R h o A C T R L, H T 1 0 8 0 D M S O) a n d a m o e b oi d p h e n ot y p e ( H T 1 0 8 0-i c a R h o A D O X, H T 1 0 8 0 D A S) 
w as m o nit or e d b y wi d e- fi el d mi cr os c o p y f or 1 5  h o urs. Tr a c k pl ots w er e g e n er at e d usi n g C h e m ot a xis T o ol i n 
I m a g eJ. Di ff er e n c es i n t h e m e a n l e n gt h of t h e tr a c ks w er e a n al ys e d wit h t w o-t ail e d St u d e nt’s t-t est, α  =  0. 0 5, 
n  =  9 – 1 3. Err or b ars – st a n d ar d d e vi ati o n. R e pr es e nt ati v e r es ults of t hr e e i n d e p e n d e nt e x p eri m e nts.
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D at a R e c or d s
Ti m e-l a ps e m o vi es d o c u m e nti n g mi g r at or y p h e n ot y p es of t h e c ells, u n cr o p p e d i m m u n o bl ot i m a g es, ot h er 
s u p p orti n g d at a r ef er e n c e d i n t h e t e xt, a n d c o m pl et e r es ults of di ff er e nti al tr a ns cri pt a n d pr ot ei n l e v el a n al ys es 
w er e d e p osit e d i n t h e Fi gs h ar e 3 5  r e p osit or y. A d a pt er-tri m m e d R N A s e q u e n ci n g d at a h a v e b e e n d e p osit e d i n t h e 
Arr a y E x pr ess d at a b as e at E M B L- E BI 2 7 . R a w pr ot e o mi c d at a h a v e b e e n d e p osit e d i n t h e P RI D E d at a b as e vi a t h e 
Pr ot e o m e X c h a n g e C o ns orti u m 3 2 . B esi d es t h e d es cri b e d d at a, t h e P RI D E r e c or d c o nt ai ns als o a s eri es of d at a-
s ets o bt ai n e d fr o m H T 1 0 8 0-i c a R h o A c ells c ult ur e d o n 2 D c oll a g e n (t hr e e p airs of d o x y c y cli n e- u ntr e at e d/tr e at e d 
c ells).

T e c h ni c al V ali d ati o n
I n d u cti o n of i c a R h o A i n ot h er wis e m es e n c h y m all y mi gr ati n g H T 1 0 8 0 fi br os ar c o m a i n d u c e d e ff e cti v e M A T, 
i. e. c ell r o u n di n g, m e m br a n e bl e b bi n g a n d a m o e b oi d mi g r ati o n r esist a nt t o e xt r a c ell ul ar pr ot e as e i n hi bit or 
( G M 6 0 0 1) i n 3 D c oll a g e n i n t h e v ast m aj orit y of t h e c ell p o p ul ati o n ( Fi gs. 2 a – c , 3  a n d a d diti o n al fil es a v ail a bl e 
fr o m Fi gs h ar e3 5 : ti m e-l a ps e M o vi es  1 a n d 2). Tr e at m e nt of H T 1 0 8 0 c ells wit h 1 µ M d as ati ni b pr o d u c e d v er y si mi -
l ar e ff e cts ( Fi gs. 2 a – c , 3  a n d ti m e-l a ps e M o vi es  1 a n d 3 pl us t h e fil es “ Sr c a cti vit y i n M A T-i n d u c e d c ells” all a v ail a-
bl e fr o m Fi gs h ar e 3 5 ). We als o t est e d t h e e ff e ct of ot h er Sr c i n hi bit ors a n d f o u n d t h at t h e y w er e m u c h w e a k er M A T 
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Fi g. 4  Tr a ns cri pt o mi c a n d pr ot e o mi c pr o fili n g of H T 1 0 8 0 c ells of m es e n c h y m al a n d a m o e b oi d mi gr at or y 
p h e n ot y p e. ( a ) P er b as e s e q u e n c e q u alit y of R N A s e q u e n ci n g r e a ds e x pr ess e d as P hr e d s c or e b y p ositi o n, 
H T 1 0 8 0-i c a R h o A c o ntr ol s a m pl e 1, first r e a ds. ( b ) S a m e as (a ), H T 1 0 8 0 D M S O c o ntr ol s a m pl e 1. (c ) Pri n ci p al 
c o m p o n e nt a n al ysis of g e n e e x pr essi o n a n d pr ot ei n a b u n d a n c e pr o fil es. fi e n or m ali z e d e x pr essi o n a b u n d a n c e 
of m R N As a n d pr ot ei ns w as us e d. P oi nt s h a p es i n di c at e tr e at m e nt; p oi nt c ol o urs m ar k i n di vi d u al p airs of 
bi ol o gi c al r e pli c at es.
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i n d u c ers t h a n d as ati ni b (s e e t h e fil e “ Sr c i n hi bit ors c o m p aris o n” a v ail a bl e fr o m Fi gs h ar e3 5 ). fi e di ff er e nt p ot e nti al 
of t h e Sr c i n hi bit ors t o i n d u c e M A T c o ul d b e attri b ut e d t o t h eir di ff er e nt e ff e ct o n Sr c str u ct ur e a n d l o c ali z ati o n 3 6 . 
ff e i n d u cti o n of t h e E G F P- R h o A G 1 4 V f usi o n pr ot ei n i n H T 1 0 8 0-i c a R h o A c ells w as v eri fi e d wit h i m m u n o bl ot -
ti n g ( Fi g. 2 d ). A cti v ati o n of R h o A – a n e x p e ct e d f e at ur e of t h e a m o e b oi d p h e n ot y p e – i n d as ati ni b-tr e at e d c ells 
w as c o n fir m e d wit h G S T- R h ot e ki n 1 R h o bi n di n g d o m ai n ( R B D)- b as e d p ull d o w n ass a y ( Fi g.  2 d , s e e als o t h e fil e 
“ R h o A a cti vit y i n M A T-i n d u c e d c ells” a v ail a bl e fr o m Fi gs h ar e 3 5 ). T o v erif y t h at t h e o bs er v e d m e m br a n e bl e b-
bi n g is n ot d u e t o i niti ati o n of a p o pt osis, w e d et e ct e d C as p as e- 3 i n pr ot ei n l ys at es fr o m t h e c ells i n 3 D c oll a g e n. 
W hil e w e e asil y d et e ct e d t h e n o n- cl e a v e d pr o-f or m i n all s a m pl es, o nl y a f ai nt si g n al of t h e a cti v e, cl e a v e d f or m of 
C as p as e- 3 c o ul d b e d et e ct e d a fi er a v er y l o n g bl ot e x p os ur e i n all s a m pl es wit h n o si g ni fi c a nt di ff er e n c es ( Fi g.  2 e ).

R N A s e q u e n ci n g of c o ntr ol a n d M A T-i n d u c e d s a m pl es (t hr e e p airs of i n d e p e n d e nt bi ol o gi c al r e pli c at es f or 
e a c h tr e at m e nt) yi el d e d 3 1 – 4 6 milli o n p air e d- e n d r e a ds p er s a m pl e. R a w r e a ds tri m m e d of a d a pt er s e q u e n c es 
w er e q u alit y- c h e c k e d wit h F ast Q C s o fi w ar e 3 7 . F ast Q C’s pl ots of P hr e d s c or es (t h e st a n d ar d m e as ur e of p ositi o n 
r e a di n g c o n fi d e n c e) b y p ositi o n ( Fi g. 4 a, b ) s h o w e d t y pi c al hi g h- q u alit y pr o fil es wit h d e cr e asi n g q u alit y t o w ar ds 
t h e e n ds of r e a ds. N ot e t h at t h e i n d u ci bl e c a R h o A s eri es s a m pl es w er e s e q u e n c e d wit h 2 ×  1 0 0 c y cl es w hil e t h e 
d as ati ni b tr e at m e nt s eri es s a m pl es w er e s e q u e n c e d l at er wit h i m pr o v e d v ersi o n of t h e s e q u e n ci n g c h e mistr y e n a -
bli n g l o n g er r e a d l e n gt h ( 2  ×  1 2 5 c y cl es). Th e m a p pi n g m etri cs of S T A R ali g n er s h o w e d a n a v er a g e p air e d r e a d 
l e n gt h of 1 9 1 b as es f or i n d u ci bl e c a R h o A s a m pl es a n d 2 3 5 b as es f or d as ati ni b tr e at m e nt s eri es s a m pl es. I n a v er-
a g e, t h e ali g n er u ni q u el y m a p p e d 9 0. 7 % of t h e fr a g m e nts t o h u m a n g e n o m e, 5. 3 % fr a g m e nts w er e m ulti- m a p p e d, 
a n d 3. 7 % fr a g m e nts w er e e x cl u d e d as t o o s h ort. Th e c o m pl et e m a p pi n g m etri cs is list e d i n Ta bl e  3 .

M ass s p e ctr o m etr y s a m pl e q u alit y w as c h e c k e d wit h t h e ai d of Pr e vi e w ™  s o Th w ar e, v ersi o n 2. 2. 9 fr o m Pr ot ei n 
M etri cs I n c. Th e e ff e cti v e n ess of tr y pti c di g esti o ns w as v eri fi e d b ef or e T M T l a b elli n g. N e xt, w e c h e c k e d f or c o m -
pl et e n ess of t h e l a b elli n g pr o c e d ur e. All c h e c ks w er e d o n e as s h ort 3 0- mi n ut e gr a di e nt wit h r o u g hl y 2 5 0  n g p e p -
ti d e i nj e cti o ns. Missi n g cl e a v a g e w as u n d er 1 0 % of all p e pti d es a n d a p pr o x. 9 5 % of all N t er mi ni a n d 1 0 0 % of all 
l ysi n es w er e s u c c essf ull y l a b ell e d wit h T M T t a gs. We i d e nti fi e d 5, 6 8 7 pr ot ei ns i n t h e i c a R h o A s eri es s a m pl es a n d 
6, 4 7 7 pr ot ei ns i n t h e d as ati ni b s eri es s a m pl es. A m o n g t h e m t h er e w er e 1 0 1 a n d 1 0 5 b o vi n e pr ot ei ns, r es p e cti v el y, 
c o mi n g fr o m t h e f et al b o vi n e s er u m us e d i n t h e c ell c ult ur e. F or f urt h er a n al ysis, w e e x cl u d e d t h es e b o vi n e pr o -
t ei ns a n d all pr ot ei ns wit h m or e t h a n o n e missi n g i nt e nsit y v al u e i n t h e s a m pl e s eri es l e a di n g t o 4, 6 3 7 a n d 5, 8 8 0 
pr ot ei ns, r es p e cti v el y us a bl e f or di ff er e nti al pr ot ei n a b u n d a n c e a n al ysis.

Pri n ci pl e c o m p o n e nt a n al ysis of n or m ali z e d g e n e e x pr essi o n a n d pr ot ei n a b u n d a n c e pr o fil es s h o w e d t h at t h e 
tr e at m e nts, b ut als o t h e bi ol o gi c al r e pli c ati o n ar e s o ur c es of si g ni fi c a nt v ari ati o n ( Fi g. 4 c ). Th e p air e d c h ar a ct er of 
t h e d at a t h us h as t o b e r e fl e ct e d i n a li n e ar m o d el d esi g n f or m ul a i n or d er t o o bt ai n t h e m ost a c c ur at e r es ults fr o m 
t h e st atisti c al a n al ys es of di ff er e nti al g e n e e x pr essi o n or di ff er e nti al pr ot ei n a b u n d a n c e.

Di ff er e nti al g e n e e x pr essi o n a n al ysis wit h D E S e q 2 3 8  i d e nti fi e d 8 9 4 o ut of 1 2, 0 3 0 g e n es ( 7. 4 %) si g ni fi c a ntl y 
c h a n g e d ( wit h a dj ust e d P- v al u e  <  0. 1) a ft er i n d u cti o n of c a R h o A. D as ati ni b tr e at m e nt c h a n g e d t h e e x pr essi o n of 
9 9 6 o ut of 1 2, 6 3 7 ( 8. 1 %) g e n es. Di ff er e nti al pr ot ei n a b u n d a n c e wit h li m m a R p a c k a g e 3 4  r e v e al e d 4 1 0 o ut of 4, 6 3 7 
( 8. 8 %) pr ot ei ns si g ni fi c a ntl y c h a n g e d wit h a dj ust e d P- v al u e <  0. 2 a Th er i n d u cti o n of c a R h o A. D as ati ni b tr e at m e nt 
c h a n g e d t h e a b u n d a n c e of 6 7 4 o ut of 5, 8 8 0 wit h a dj ust e d P- v al u e  <  0. 0 5 ( 1 1. 5 %) pr ot ei ns. N ot e t h at w e us e d a 
stri ct er a dj ust e d P- v al u e c ut- o ff o n t h e d as ati ni b d at a as t h e bi ol o gi c al r e pli c at es w er e m or e u nif or m pr o vi di n g 
s m all er P- v al u es o v er all ( wit h t h e o p p osit e f or t h e i c a R h o A d at a). ft e di ff er e nti al g e n e a n d pr ot ei n e x pr essi o n 
a n al ysis r es ults ar e s u m m ari z e d wit h v ol c a n o pl ots i n Fi g.  5 a . C o m pl et e r es ults ar e a v ail a bl e fr o m Fi gs h ar e3 4  as 
“ di ff er e nti al _ e x pr essi o n _ a n al ys es. xls x” s pr e a ds h e et fil e. Th e fil e als o pr es e nts lists of g e n es a n d pr ot ei ns c o n c or d -
a ntl y a ff e ct e d b y b ot h M A T-i n d u ci n g tr e at m e nts i n s e p ar at e s h e ets. J oi nt hi er ar c hi c al cl ust eri n g of a ff e ct e d g e n es 
a cr oss b ot h tr e at m e nt s a m pl e s eri es s h o w e d a hi g h si mil arit y i n t h e o v er all i m p a ct of M A T o n g e n e e x pr essi o n 
( Fi g. 5 b ).

T o v ali d at e t h e r es ults of t h e hi g h-t hr o u g h p ut a n al ys es, w e p erf or m e d i m m u n o bl otti n g e x p eri m e nts wit h 
i n d e p e n d e nt bi ol o gi c al s a m pl es ( di ff er e nt fr o m t h os e us e d f or t h e hi g h-t hr o u g h p ut a n al ys es) t o m e as ur e di ff er-
e n c es i n pr ot ei n a b u n d a n c e of f o ur pr ot ei ns – C/ E B P β , G D F 1 5, M X 1 a n d Fr a- 1 t h at w er e s el e ct e d fr o m t h os e 
i d e nti fi e d wit h b ot h tr a ns cri pt o mi c a n d pr ot e o mi c pr o fili n g t o b e c o n c or d a ntl y a ff e ct e d b y b ot h e x p eri m e nt al 

S a m pl e C ells Tr e at m e nt
R e a ds p ai rs 
t ot al

A v e r a g e r e a d 
i n p ut l e n gt h % m a p p e d

% m ulti-
m a p p e d

% t o o 
s h o rt

1 H T 1 0 8 0-i c a R h o A n o n e 3 6, 6 3 9, 8 2 5 1 9 2 8 9. 9 0 5. 4 0 4. 2 0

2 H T 1 0 8 0-i c a R h o A d o x y c y cli n e 3 6, 1 6 5, 8 7 1 1 8 9 9 0. 5 5 4. 9 2 3. 8 8

3 H T 1 0 8 0-i c a R h o A n o n e 3 0, 9 1 9, 3 9 3 1 8 9 9 0. 6 2 4. 9 5 3. 8 5

4 H T 1 0 8 0-i c a R h o A d o x y c y cli n e 3 6, 6 6 4, 1 2 6 1 9 3 8 8. 9 1 5. 7 5 4. 9 3

5 H T 1 0 8 0-i c a R h o A n o n e 3 6, 5 0 6, 5 9 5 1 8 9 8 9. 5 8 3. 8 9 6. 2 3

6 H T 1 0 8 0-i c a R h o A d o x y c y cli n e 3 7, 3 3 6, 0 3 5 1 9 1 9 2. 3 2 3. 1 8 4. 2 0

7 H T 1 0 8 0- Lif e A ct- m C h err y D M S O 3 9, 1 6 7, 7 9 9 2 4 5 9 5. 1 8 2. 8 3 1. 8 5

8 H T 1 0 8 0- Lif e A ct- m C h err y d as ati ni b 3 5, 6 4 4, 1 7 1 2 3 5 9 0. 2 1 6. 6 7 2. 8 4

9 H T 1 0 8 0- Lif e A ct- m C h err y D M S O 4 1, 4 8 8, 1 9 5 2 3 2 9 0. 5 4 6. 3 2 2. 8 8

1 0 H T 1 0 8 0- Lif e A ct- m C h err y d as ati ni b 4 2, 4 1 2, 2 6 4 2 3 5 9 1. 8 9 4. 9 8 2. 9 2

1 1 H T 1 0 8 0- Lif e A ct- m C h err y D M S O 4 2, 7 4 2, 4 0 3 2 3 2 8 8. 9 4 7. 7 2 3. 0 2

1 2 H T 1 0 8 0- Lif e A ct- m C h err y d as ati ni b 4 5, 8 4 6, 6 8 0 2 3 1 8 9. 7 1 6. 8 7 3. 0 8

Ta bl e 3 . R N A s e q u e n ci n g r a w d at a a n d m a p pi n g m etri cs.
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tr e at m e nts (s e e “ Tar g ets s el e ct e d f or v eri fi c ati o n” o n Fi gs h ar e3 5  f or t h e d et e ct e d f ol d c h a n g es a n d c orr es p o n di n g 
a dj ust e d P- v al u es). fi e bl ots c o n fir m e d r e pr o d u ci bl e di ff er e n c es i n all f o ur pr ot ei ns i n a gr e e m e nt wit h t h e d at a 
( Fi g. 5 c ).

l og 2  f ol d c h a n g el o g2  f ol d c h a n g e

-l
o
g 1

0
 

P-
v
al

u
e

-l
o
g 1

0
 

P-
v
al

u
e

6 0

5 0

4 0

3 0

2 0

1 0

0

- 2 40 2 4- 40 22- 6

1 0 0

8 0

6 0

4 0

2 0

0

0 11- 2- 2 3 0 11- 2 3

5

4

3

2

1

0

6

5

4

3

2

1

0

a

b c

R
N

A-
s
e
q

M
as

s 
s
p
ec

tr
o

m
et

ry

H T 1 0 8 0-i c a R h o A d o x y c y cli n e v s. c o ntr o l HT 1 0 8 0 d a s ati ni b v s. D M S O

M X 1

G A P D H

C/ E B P- b et a L A P

C/ E B P- b et a LI P

G A P D H

Fr a- 1

G A P D H

G A P D H

G D F 1 5

H T 1 0 8 0

R o w Z- S c or e

D
O

X
1

D
O

X
2

D
O

X
3

D
M

S
O

2

D
M

S
O

3

C
T

R
L

1

C
T

R
L

2

D
A

S
1

D
A

S
2

D
A

S
3

D
M

S
O

1

C
T

R
L

3

- 2 - 1 0 1 2

p = 0. 0 1 1 1

2 2. 1 ( 1. 3 9)

p = 0. 0 4 6 4

3 0. 0 ( 2. 1 4)

p = 0. 0 4 1 1

1. 4 0 ( 1. 0 7)

p = 0. 0 0 9 6

4. 8 8 ( 1. 3 1)

p = 0. 0 1 9 3

9. 2 9 ( 1. 3 7)

p = 0. 0 2 2 3

3 4. 8 ( 1. 7 2)

p = 0. 0 1 2 8

8. 8 7 ( 1. 5 0)

p = 0. 0 0 0 8

- 2 9. 5 ( 1. 2 7)

p = 0. 0 0 9 2

- 2. 9 7 ( 1. 11)

n. s.

SADOSMDLRTC XOD

H T 1 0 8 0-i c a R h o A

Fi g. 5  A n al ysis a n d v ali d ati o n of tr a ns cri pt o mi c a n d pr ot e o mi c r es ults. ( a ) V ol c a n o pl ots of tr a ns cri pts a n d 
pr ot ei ns a ff e ct e d b y M A T i n e a c h tr e at m e nt gr o u p. Verti c al li n es m ar k − 1. 5 a n d 1. 5-f ol d c h a n g e, r es p e cti v el y. 
H ori z o nt al li n e m ar ks st atisti c al t est P- v al u e 0. 0 5. ( b ) U ns u p er vis e d hi er ar c hi c al cl ust eri n g of g e n es t h at ar e 
di ff er e nti all y e x pr ess e d a ff er M A T i n b ot h tr e at m e nt gr o u ps ( P  <  0. 0 5). fi e y ell o w c ol o ur s c al e r e pr es e nts a 
hi g h er e x pr essi o n l e v el, a n d t h e p ur pl e c ol o ur s c al e r e pr es e nts a l o w er e x pr essi o n l e v el. ( c ) I m m u n o bl otti n g 
v ali d ati o n of di ff er e nti al pr ot ei n a b u n d a n c e a n al ysis r es ults. G A P D H w as us e d as a l o a di n g c o ntr ol i n all 
e x p eri m e nts. R e pr es e nt ati v e r es ults of t hr e e i n d e p e n d e nt e x p eri m e nts. N u m b ers n e xt t o bl ots i n di c at e a v er a g e 
f ol d c h a n g e, st a n d ar d err or ( b ot h g e o m etri c) a n d p- v al u e of p air e d t-t est.
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Publication #3: Sustained inflammatory signalling through Stat1/Stat2/IRF9 is associated 
with the amoeboid phenotype of melanoma cells 
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utili z e v a ri o u s i n v a si o n m o d e s w h e n s p r e a di n g t h r o u g h t h e b o d y. H e r e, w e st u di e d t h e t r a n siti o n

of m el a n o m a c ell s b et w e e n t h e r o u n d, a m o e b oi d a n d el o n g at e d, m e s e n c h y m al i n v a si o n m o d e s.

O u r r e s ult s s h o w t h at i n fl a m m at o r y si g n alli n g, w hi c h i s c o m m o nl y u p r e g ul at e d i n t h e t u m o u r

mi c r o e n vi r o n m e nt, i s a s s o ci at e d wit h t h e a m o e b oi d p h e n ot y p e of c a n c e r c ell s. Tr e at m e nt of

m el a n o m a c ell s wit h i nt e rf e r o n b et a p r o m ot e s t h e a m o e b oi d i n v a si o n m o d e s a n d i n di vi d u al i n v a si o n.

T hi s s u g g e st s t h at i n fl a m m ati o n a s s o ci at e d si g n alli n g c o nt ri b ut e s t o c a n c e r c ell i n v a si o n pl a sti cit y.
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t o t h e l a r g e pl a sti cit y of i n v a si o n m o d e s, it i s c h all e n gi n g t o t a r g et. It i s n o w wi d el y a c c e pt e d

t h at v a ri o u s s e c r et e d c yt o ki n e s m o d ul at e t h e t u m o u r mi c r o e n vi r o n m e nt a n d p r o-i n fl a m m at o r y

si g n alli n g c a n p r o m ot e t u m o u r p r o g r e s si o n. H e r e, w e r e p o rt t h at c ell s aft e r m e s e n c h y m al – a m o e b oi d

t r a n siti o n s h o w t h e i n c r e a s e d e x p r e s si o n of g e n e s a s s o ci at e d wit h t h e t y p e I i nt e rf e r o n r e s p o n s e.

M o r e o v e r, t h e s u st ai n e d a cti v ati o n of t y p e I i nt e rf e r o n si g n alli n g i n r e s p o n s e t o I F N β m e di at e d b y

t h e St at 1/St at 2 /I R F 9 c o m pl e x e n h a n c e s t h e r o u n d a m o e b oi d p h e n ot y p e i n m el a n o m a c ell s, w h e r e a s

it s d o w n r e g ul ati o n b y v a ri o u s a p p r o a c h e s p r o m ot e s t h e m e s e n c h y m al i n v a si v e p h e n ot y p e. O v e r all,

w e d e m o n st r at e t h at i nt e rf e r o n si g n alli n g i s a s s o ci at e d wit h t h e a m o e b oi d p h e n ot y p e of c a n c e r c ell s

a n d s u g g e st a n o v el r ol e of I F N β i n p r o m oti n g c a n c e r i n v a si o n pl a sti cit y, a si d e f r o m it s k n o w n r ol e a s

a t u m o u r s u p p r e s s o r.

K e y w or d s: pl a sti cit y; m el a n o m a; a m o e b oi d; i n fl a m m ati o n; i nt e rf e r o n; i n v a si o n; m e s e n c h y m al

1. I ntr o d u cti o n

C a n c e r m o rt alit y i s m o stl y d u e t o t h e i n v a si v e p ot e nti al of t u m o u r c ell s a n d t h ei r a bilit y t o

e st a bli s h s e c o n d a r y t u m o u r s —i. e., m et a st a s e s. H o w e v e r, t h e m et a st ati c b e h a vi o u r of c ell s a n d

a s s o ci at e d i n v a si o n pl a sti cit y a r e l a r g el y h et e r o g e n o u s, m a ki n g t h e m di ffi c ult t o t a r g et. T h u s, f u rt h e r

u n d e r st a n di n g of t h e s e p r o c e s s e s i s i m p o rt a nt f o r t h e d e v el o p m e nt of mi g r a st ati c t h e r a pi e s [ 1 ,2 ].

T h e c a n c e r c ell s’ i n v a si v e b e h a vi o u r i s l a r g el y di ct at e d b y t h e t u m o u r mi c r o e n vi r o n m e nt ( T M E),

c o m p ri si n g v a ri o u s c ell t y p e s t h at m ut u all y i nt e r a ct. T y pi c all y, t hi s p r o m ot e s t h e p r o d u cti o n of

v a ri o u s s e c r et e d m ol e c ul e s t h at c a n alt e r t h e b e h a vi o u r of c ell s i n t h e t u m o u r st r o m a a n d c r e at e a n

i n fl a m m at o r y-li k e e n vi r o n m e nt, w hi c h i s c o n si d e r e d a t u m o u r h all m a r k [3 ,4 ]. M o r e o v e r, t h e p h y si c al
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p r o p e rti e s of t h e e xt r a c ell ul a r m at ri x ( E C M), s u c h a s p o r e si z e o r d e n sit y, d et e r mi n e t h e i n v a si v e a bilit y

of c ell s [ 5 ,6 ].

I n r e s p o n s e t o t h e s e c u e s, c a n c e r c ell s a d a pt t h ei r i n v a si v e b e h a vi o u r b y s wit c hi n g a m o n g

i n v a si o n m o d e s [7 ,8 ]. C ell s c a n i n v a d e c oll e cti v el y i n t h e f o r m of w h ol e s h e et s, st r a n d s o r c ell cl u st e r s

b y u n d e r g oi n g p a rti al e pit h eli al – m e s e n c h y m al t r a n siti o n w hil e m ai nt ai ni n g c ell – c ell j u n cti o n s [ 9 ].

A d diti o n all y, c ell s c a n al s o di s r u pt i nt e r c ell ul a r a d h e si o n s a n d i n v a d e i n di vi d u all y, u si n g eit h e r t h e

m e s e n c h y m al o r a m o e b oi d m o d e. M e s e n c h y m all y i n v a di n g c ell s m a k e u s e of p r ot e ol yti c d e g r a d ati o n

of t h e E C M a n d i nt e g ri n- b a s e d c ell – E C M a d h e si o n s, w hi c h r e s ult s i n t h ei r t y pi c al el o n g at e d s h a p e

wit h c ell p r ot r u si o n s at t h e l e a di n g e d g e [ 1 0 ,1 1 ]. I n t u r n, a m o e b oi d c ell s a r e m o stl y s e e n a s r o u n d c ell s

wit h m e m b r a n e bl e b s, t h at d y n a mi c all y d ef o r m t h e c ell b o d y t o s q u e e z e t h r o u g h p o r e s wit hi n t h e

E C M [ 1 2 ,1 3 ]. I m p o rt a ntl y, c ell s c a n s wit c h a m o n g t h e s e m o d e s i n r e s p o n s e t o c o n diti o n s of t h e T M E,

s u c h a s m at ri x d e n sit y o r r e ci p r o c al si g n alli n g wit hi n t h e st r o m a, r ef e r r e d t o a s m e s e n c h y m al – a m o e b oi d

t r a n siti o n ( M A T) a n d a m o e b oi d – m e s e n c h y m al t r a n siti o n ( A M T) [1 4 ,1 5 ].

T o u n d e r st a n d t h e pl a sti cit y of c a n c e r i n v a si o n, a p p r o a c h e s t o i n d u c e M A T a n d A M T h a v e

b e e n i n v e sti g at e d [ 8 ,1 4 ,1 6 ,1 7 ]. M o dif yi n g t h e a cti vit y of R h o G T P a s e s, w hi c h a r e k e y r e g ul at o r s

of t h e i n v a si o n m o d e s, c a n d ri v e b ot h A M T a n d M A T. R h o A a cti v ati o n p r o m ot e s t h e a m o e b oi d

p h e n ot y p e, w hil e t h e u s e of R O C K i n hi bit o r s i n d u c e s c ell el o n g ati o n a n d m e s e n c h y m al i n v a si o n.

A c c o r di n gl y, t h e u p r e g ul ati o n of I L 6 /St at 3 o r I L- 1 α /N F- κ B si g n alli n g, l e a di n g t o R h o A a cti v ati o n,

h a s b e e n i m pli c at e d i n p r o m oti n g a n d m ai nt ai ni n g t h e a m o e b oi d p h e n ot y p e i n m el a n o m a c ell s [ 1 8 ,1 9 ].

P r o-i n fl a m m at o r y si g n alli n g h a s b e e n a s s o ci at e d wit h p h e n ot y pi c pl a sti cit y i n m el a n o m a [ 2 0 ].

O n e of t h e k e y si g n alli n g p at h w a y s a s s o ci at e d wit h i n fl a m m ati o n i s t h e J A K /S T A T si g n alli n g c a s c a d e,

a cti v at e d i n r e s p o n s e t o i nt e rf e r o n s t y p e I (I F N s α , β , ω ) o r t y p e II (I F Nγ ). U p o n t y p e I I F N bi n di n g

t o it s r e c e pt o r, J a n u s ki n a s e 1 (J a k 1) a n d t y r o si n e ki n a s e 2 ( T y k 2) p h o s p h o r yl at e si g n al t r a n s d u c e r

a n d a cti v at o r of t r a n s d u cti o n 1 a n d 2 ( St at 1 a n d St at 2), w hi c h di m e ri z e a n d bi n d I R F 9, r e s ulti n g i n

t h e f o r m ati o n of t h e St at 1/St at 2 /I R F 9 c o m pl e x ( r ef e r r e d t o a s I S G F 3) [2 1 ]. T h e t y p e II I F N r e s p o n s e

i s m e di at e d b y St at 1 h o m o di m e r s [2 2 ]. S e c r eti o n of I F N s i s g e n e r all y a cti v at e d i n r e s p o n s e t o vi r al

i nf e cti o n b ut i s al s o i n d u c e d i n r e s p o n s e t o v a ri o u s st r e s s f a ct o r s, a n d c a n c e r s oft e n s h o w a n i nt ri n si c

I F N si g n at u r e [2 3 ,2 4 ]. T hi s m o d ul at e s c a n c e r i m m u n o s u r v eill a n c e a n d r e s p o n s e t o t h e r a p y. I F N-β

i s wi d el y u s e d a s a n a dj u v a nt f o r m el a n o m a t h e r a p y a n d h a s b e e n s h o w n t o p r ol o n g o v e r all a n d

r el a p s e-f r e e s u r vi v al [ 2 5 ]. M o r e o v e r, I F N-β i n c r e a s e s t u m o u r i n filt r ati o n b y i m m u n e c ell s u b s et s,

i n cl u di n g C D 4+ a n d C D 8 + T- c ell s [ 2 6 ]. C o n si st e ntl y, I F N-β t r e at m e nt w a s s h o w n t o p r ol o n g s u r vi v al

a n d i n c r e a s e T- c ell r e c r uit m e nt i nt o t h e t u m o u r ti s s u e of B 1 6 F 1 0- b e a ri n g mi c e, w hi c h c o ul d c o nt ri b ut e

t o t h e t h e r a p e uti c effi c a c y of i m m u n e c h e c k p oi nt i n hi bit o r s [ 2 7 ]. P e rit u m o u r all y a d mi ni st e r e d I F N-β

e n h a n c e s t h e a ntit u m o r e ff e ct of a nti- P D- 1 a nti b o d y a g ai n st B 1 6 F 1 0 m el a n o m a [ 2 8 ].

I n t hi s st u d y, w e d e m o n st r at e t h at p r o-i n fl a m m at o r y si g n alli n g m e di at e d b y I F N β i s a s s o ci at e d

wit h t h e a m o e b oi d p h e n ot y p e of c a n c e r c ell s a n d s u g g e st a n o v el r ol e of I F N β i n p r o m oti n g c a n c e r

i n v a si o n pl a sti cit y, a si d e f r o m it s k n o w n r ol e a s a t u m o u r s u p p r e s s o r.

2. R e s ult s

2. 1. D at a A n al ysis Re ve als U pre g ul ati o n of I n fl a m m ati o n- Ass o ci ate d Ge nes after M A T

T o d et e r mi n e a m o e b oi d p h e n ot y p e a s s o ci at e d si g n alli n g, w e a n al y s e d p r e vi o u sl y p u bli s h e d

t r a n s c ri pt o mi c d at a f r o m h u m a n fi b r o s a r c o m a H T 1 0 8 0 c ell s i n 3 D c oll a g e n b ef o r e a n d aft e r M A T

i n d u c e d eit h e r b y t h e e x p r e s si o n of d o x y c y cli n e-i n d u ci bl e c o n stit uti v el y a cti v e R h o A (i R h o A) o r b y t h e

t r e at m e nt of t h e c ell s wit h a S r c/A bl ki n a s e i n hi bit o r d a s ati ni b ( D A S) [ 1 6 ]. T o i d e ntif y f u n cti o n al g e n e

c at e g o ri e s u p r e g ul at e d i n a m o e b oi d c ell s, w e p e rf o r m e d a n e n ri c h m e nt a n al y si s f o r G e n e O nt ol o g y ( G O)

Bi ol o gi c al P r o c e s s t e r m s o n g e n e s a ff e ct e d b y b ot h t r e at m e nt s [ 2 9 ]. We r e v e al e d a st r o n g si mil a rit y i n

t h e s p e ct r a of u p r e g ul at e d g e n e s t o t y p e I I F N r e s p o n s e ( Fi g u r e 1 a). T o a ffi r m t h at t y p e I I F N si g n alli n g

i s el e v at e d i n a m o e b oi d c ell s, w e m e a s u r e d t h e e x p r e s si o n of g e n e s e n c o di n g St at t r a n s c ri pti o n f a ct o r s

( T F s) a n d I R F 9, a c o m p o n e nt of I S G F 3, b y R T- q P C R i n H T 1 0 8 0 c ell s u n d e r g oi n g M A T i n d u c e d b y
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b ot h i R h o A e x p r e s si o n a n d D A S t r e at m e nt i n a 3 D e n vi r o n m e nt ( Fi g u r e 1 b). We d et e ct e d si g ni fi c a ntl y

i n c r e a s e d l e v el s of S T A T 1, S T A T 2 a n d I R F 9 t r a n s c ri pt s aft e r b ot h t r e at m e nt s i n d u ci n g M A T. N e xt,

w e d et e r mi n e d t h e a cti v ati o n st at u s of t h e c o r r e s p o n di n g St at T F p r ot ei n s m e a s u r e d a s p h o s p h o r yl ati o n

d et e ct e d b y i m m u n o bl otti n g, w hi c h r e v e al e d a p r e d o mi n a nt a cti v ati o n of St at 1 /2 c o m p a r e d t o St at 3,

i n a g r e e m e nt wit h t h e u p r e g ul ati o n of t y p e I I F N r e s p o n s e i d e nti fi e d i n t h e t r a n s c ri pt o mi c d at a

( Fi g u r e 1 c).

Fi g ur e 1. I nt e rf e r o n r e s p o n s e-li k e si g n alli n g i s u p r e g ul at e d i n a m o e b oi d c ell s. (a ) Te n m o st si g ni fi c a nt

G O Bi ol o gi c al P r o c e s s t e r m s e n ri c h e d i n t h e g e n e s a ff e ct e d c o n c o r d a ntl y b y b ot h i R h o A a n d d a s ati ni b

( D A S) t r e at m e nt. O nl y t r a n s c ri pt s wit h a dj u st e d p - v al u e ≤ 0. 2 5 a n d f ol d c h a n g e > 1. 5 i n eit h e r di r e cti o n

w e r e c o n si d e r e d di ff e r e nti all y e x p r e s s e d. N et w o r k pl ot w a s g e n e r at e d u si n g S hi n y G O v 0. 6 1 o nli n e

t o ol [3 0 ]. (b ) G e n e e x p r e s si o n (l o g 2 f ol d c h a n g e) of S T A T 1, S T A T 2, S T A T 3 a n d I R F 9 i n c ell s aft e r

m e s e n c h y m al – a m o e b oi d t r a n siti o n ( M A T) i n 3 D c oll a g e n ( 4 8 h) d et e r mi n e d b y R T- q P C R, n o r m ali z e d

t o c o nt r ol c ell s wit h o ut M A T i n d u cti o n. (c ) I m m u n o bl otti n g d et e cti o n of St at t r a n s c ri pti o n f a ct o r s

St at 1, St at 2 a n d St at 3 i n H T 1 0 8 0 c ell s b ef o r e a n d aft e r M A T. p - v al u e s: ** p < 0. 0 1, * p < 0. 0 5. D et ail e d

i nf o r m ati o n a b o ut We st e r n bl ot c a n b e f o u n d i n Fi g u r e S 1.

2. 2. I n fl a m m ati o n- Ass o ci ate d Si g n alli n g A ff e cts I n v asi o n Pl asti cit y i n Mel a n o m a M o dels

Tr a n s c ri pt o mi c a n al y si s a n d t h e s u b s e q u e nt d at a v ali d ati o n of g e n e s u p r e g ul at e d aft e r M A T

s u g g e st e d t h at a m o e b oi d c ell s di s pl a y i nt ri n si c all y u p r e g ul at e d t y p e I I F N si g n alli n g. T o st u d y t h e r ol e

of I F N si g n alli n g i n i n v a si o n pl a sti cit y f u rt h e r, w e f o c u s e d o n h u m a n m el a n o m a c ell li n e s, si n c e t h e y

a r e k n o w n t o e x hi bit hi g h i n h e r e nt i n v a si o n pl a sti cit y g o v e r n e d b y a ut o c ri n e a n d p a r a c ri n e p r o d u cti o n

of v a ri o u s c yt o ki n e s [ 3 1 – 3 3 ]. I niti all y, w e t e st e d t h e eff e ct of I F N si g n alli n g s u p p r e s si o n b y R u x oliti ni b,

a J a k 1 /2 i n hi bit o r, o n a p a n el of a m o e b oi d a n d mi x e d- m o r p h ol o g y m el a n o m a c ell s li n e s. T h e i n hi biti o n

of J a k 1 /2 si g ni fi c a ntl y p r o m ot e d t h e el o n g at e d, m e s e n c h y m al mi g r at o r y p h e n ot y p e of fi v e t e st e d

m el a n o m a c ell li n e s i n 3 D c oll a g e n ( Fi g u r e 2 a, b). N e xt, w e t e st e d t h e e ff e ct of I F N si g n alli n g a cti v ati o n

o n t h r e e s el e ct e d c ell li n e s wit h mi x e d m o r p h ol o g y — n a m el y W M 3 6 2 9, G 3 6 1 a n d W M 8 8. We t r e at e d

t h e c ell s wit h I F N s of b ot h t y p e I (I F Nω a n d β ) a n d t y p e II (I F Nγ ). I nt e r e sti n gl y, I F Nβ — b ut n eit h e r

I F Nω n o r I F N γ — p r o m ot e d t h e r o u n d a m o e b oi d p h e n ot y p e i n all t h r e e c ell li n e s ( Fi g u r e 2 d, e), a n d t hi s

c o ul d b e bl o c k e d b y R u x oliti ni b ( Fi g u r e 2 c). T o c o m p a r e t h e a cti vit y of all t h r e e I F N s a n d di s cl o s e t h ei r

di ff e ri n g e ff e ct o n c ell m o r p h ol o g y, w e a s s e s s e d t h e p h o s p h o r yl ati o n l e v el s of St at 1, 2 a n d 3 at di ff e r e nt

ti m e p oi nt s ( Fi g u r e 2 f; Fi g u r e s S 2 a a n d S 3). O nl y I F Nβ i n d u c e d a l o n g-t e r m r e s p o n s e, o b s e r v e d a s t h e

p r ol o n g e d p h o s p h o r yl ati o n of St at 1 a n d St at 2, b ut i nt e r e sti n gl y al s o a s t h e a c c u m ul ati o n of St at 1 a n d

St at 2 p r ot ei n s, w hi c h a r e k n o w n t o s u st ai n i n fl a m m at o r y si g n alli n g [ 3 4 ]. T o e x cl u d e t h at t h e r o u n d
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p h e n ot y p e o b s e r v e d i n r e s p o n s e t o I F N β i s c a u s e d b y t h e i n d u cti o n of a p o pt o si s, w e m e a s u r e d c ell

p r olif e r ati o n i n t h e 3 D c oll a g e n of u nt r e at e d a n d t r e at e d c ell s a n d d et e ct e d a d e c r e a s e c o n si st e nt wit h

t h e a nti- p r olif e r ati v e eff e ct s of I F N β ( Fi g u r e S 2 c), b ut n o si g ni fi c a nt diff e r e n c e s i n n u m b e r s of d e a d

c ell s w e r e d et e ct e d ( Fi g u r e S 2 d). M o r e o v e r, b y li v e c ell i m a gi n g of c ell s i n 3 D c oll a g e n, w e d o c u m e nt e d

t h at I F Nβ t r e at e d c ell s i n v a d e al m o st e x cl u si v el y a s r o u n d, a m o e b oi d c ell s ( Vi d e o S 1).

Fi g ur e 2. R ol e of I F N si g n alli n g i n m el a n o m a i n v a si o n pl a sti cit y. ( a ) I n hi biti o n of J a k 1/2 b y R u x oliti ni b

p r o m ot e s t h e el o n g at e d, m e s e n c h y m al p h e n ot y p e of m el a n o m a c ell s c ult u r e d i n 3 D c oll a g e n ( 4 8 h).

(b ) R e p r e s e nt ati v e i m a g e of W M 3 6 2 9 c ell s aft e r 4 8 h i n 3 D c oll a g e n t r e at e d wit h D M S O o r R u x oliti ni b.

(c ) Q u a nti fi c ati o n of m o r p h ol o g y of W M 3 6 2 9 c ell s t r e at e d wit h I F Nβ al o n e o r I F N β pl u s R u x oliti ni b

aft e r 4 8 h i n c oll a g e n. ( d ) Q u a nti fi c ati o n of m o r p h ol o g y of m el a n o m a c ell s c ult u r e d i n 3 D c oll a g e n

f o r 4 8 h aft e r t r e at m e nt wit h I F N s ( o v e r all e x p o s u r e t o I F N s t o o k 9 6 h). ( e ) R e p r e s e nt ati v e i m a g e s

of W M 3 6 2 9 c ell s aft e r 4 8 h i n 3 D c oll a g e n t r e at e d wit h I F N s. ( f) I m m u n o bl otti n g d et e cti o n of St at

t r a n s c ri pti o n f a ct o r s St at 1, St at 2 a n d St at 3 a cti v ati o n aft e r 1 h a n d 4 8 h I F N t r e at m e nt i n W M 3 6 2 9 c ell s.

S c al e b a r 1 0 0 µ m i n b ot h ( b ) a n d (e ). R = r o u n d, E = el o n g at e d. p - v al u e s: *** p < 0. 0 0 1, ** p < 0. 0 1,

* p < 0. 0 5. D et ail e d i nf o r m ati o n a b o ut We st e r n bl ot c a n b e f o u n d at Fi g u r e S 4.

2. 3. I F N β Tre ate d Cells U pre g ul ate E x pressi o n of Pr o-I n v asi ve C yt o ki nes a n d I n cre ase I n di vi d u al I n v asi o n

T o g ai n i n si g ht i nt o t h e r ol e of I F N si g n alli n g i n c a n c e r c ell i n v a si o n pl a sti cit y, w e p r e p a r e d

p r ot ei n a n d R N A l y s at e s f r o m W M 3 6 2 9 c ell s aft e r I F N t r e at m e nt i n 3 D c oll a g e n a n d a n al y s e d t h e

e x p r e s si o n of St at T F s a n d d o w n st r e a m r e g ul at e d p r ot ei n s /g e n e s ( Fi g u r e 3 a, b). B ot h St at 1 a n d St at 2

s h o w e d st ati sti c all y si g ni fi c a nt i n c r e a s e s i n g e n e e x p r e s si o n l e v el s, a n d at p r ot ei n l e v el w e c o n fi r m e d

t h e u p r e g ul ati o n of b ot h p h o s p h o r yl at e d a n d t ot al p r ot ei n s aft e r t r e at m e nt wit h I F N β . We f u rt h e r

t e st e d t h e e x p r e s si o n l e v el s of I R F 9, t h e a d a pt o r p r ot ei n i m p o rt a nt f o r bi n di n g St at 1 /2 h et e r o di m e r s

i n t h e I S G F 3 c o m pl e x, a n d i n d e e d c o n fi r m e d it s u p r e g ul ati o n at b ot h p r ot ei n a n d t r a n s c ri pt l e v el s i n

I F Nβ t r e at e d c ell s. I nt e r e sti n gl y, t h e I R F 9 l e v el s s h o w si mil a r u p r e g ul ati o n ti m e c o u r s e a s St at 1, St at 2,

a s w ell a s J a k 1 ( Fi g u r e S 2 b a n d Fi g u r e S 3). T hi s p oi nt s t o t h e r ol e of t h e l o n g-t e r m t y p e I I F N r e s p o n s e

i n p r o m oti n g t h e a m o e b oi d p h e n ot y p e. I F Nβ al s o i n c r e a s e d t h e e x p r e s si o n of M X 1, I S G 1 5, I FI T M 1

a n d P D L 1, k n o w n i nt e rf e r o n r e s p o n si v e g e n e s, a n d of g e n e s e n c o di n g s e c r et e d c yt o ki n e s I L 6, I L 8 a n d

I L 2 4. We al s o d et e ct e d t h e i n c r e a s e d e x p r e s si o n of I F N B 1 g e n e i n r e s p o n s e t o I F N β , s u g g e sti n g a

p o siti v e f e e d b a c k l o o p, m ai nt ai ni n g t h e s u st ai n e d I F N si g n alli n g. Si n c e w e d et e ct e d t h e u p r e g ul ati o n
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of p r o-i n v a si v e m ol e c ul e s ( M X 1, I FI T M 1, I L 6, I L 8), w e s o u g ht t o i n v e sti g at e t h e e ff e ct of I F N β o n

c ell i n v a si o n f r o m m ulti c ell ul a r s p h e r oi d s. We c ulti v at e d c ell s p h e r oi d s i n c o nt r ol m e di a a n d i n t h e

p r e s e n c e of I F N β , a n d t h e n t e st e d t h ei r i n v a si o n i n 3 D c oll a g e n. I nt e r e sti n gl y, I F Nβ p r e-t r e at m e nt di d

n ot i n c r e a s e t h e o v e r all si z e of t h e s p h e r oi d s, b ut i n c r e a s e d t h e n u m b e r of i n di vi d u all y mi g r ati n g c ell s,

m o st of w hi c h a c q ui r e d t h e a m o e b oi d i n v a si o n p h e n ot y p e ( Fi g u r e 3 c).

Fi g ur e 3. C h a r a ct e ri z ati o n of I F N t r e at e d c ell s. ( a ) I m m u n o bl otti n g d et e cti o n of p r ot ei n s f r o m W M 3 6 2 9

c ell s c ult u r e d i n 3 D c oll a g e n f o r 4 8 h aft e r t r e at m e nt wit h I F N s ( o v e r all e x p o s u r e t o I F N s w a s 9 6 h).

(b ) G e n e e x p r e s si o n c h a n g e s i n W M 3 6 2 9 c ell s c ult u r e d i n 3 D c oll a g e n f o r 4 8 h ( o v e r all e x p o s u r e t o I F N s

9 6 h). ( c ) S p h e r oi d s of W M 3 6 2 9 c ell s, q u a nti fi c ati o n of s p h e r oi d a r e a, ci r c ul a rit y, a n d t h e n u m b e r of

i n di vi d u all y i n v a di n g c ell s aft e r 9 6 h o u r s i n 3 D c oll a g e n. S c al e b a r 5 0 0 µ m. R = r o u n d, E = el o n g at e d.

p - v al u e s: *** p < 0. 0 0 1, ** p < 0. 0 1, * p < 0. 0 5. D et ail e d i nf o r m ati o n a b o ut We st e r n bl ot c a n b e f o u n d at

Fi g u r e S 5.

2. 4. S u p pressi o n of I F N Si g n alli n g b y S O C S 1 E x pressi o n or I R F 9 K n o c k d o w n Pr o m otes t he
Mese n c h y m al P he n ot y pe

I n c ell s, t h e fi n e t u ni n g of t h e J A K/S T A T si g n alli n g i s n at u r all y p r o vi d e d b y t h e s u p p r e s s o r

of c yt o ki n e si g n alli n g ( S O C S) p r ot ei n s, w hi c h f u n cti o n a s n e g ati v e r e g ul at o r s of t h e si g n alli n g

p at h w a y. T o d et e r mi n e w h et h e r t h e o v e r e x p r e s si o n of t h e S O C S p r ot ei n s c a n di r e ctl y a ff e ct m el a n o m a

i n v a si o n a n d/o r s u p p r e s s t h e e ff e ct of I F N β , w e p r e p a r e d st a bl e c ell li n e s b e a ri n g E G F P-t a g g e d

d o x y c y cli n e-i n d u ci bl e S O C S 1 a n d S O C S 3 (i S O C S 1 a n d i S O C S 3) g e n e e x p r e s si o n c o n st r u ct s ( Fi g u r e S 6 a).

We c o n fi r m e d t h e hi g h e ffi c a c y of i S O C S 1 a n d i S O C S 3 p r ot ei n s b y t e sti n g t h ei r a bilit y t o bl o c k

i nt e rf e r o n-i n d u c e d p h o s p h o r yl ati o n of St at 1 a n d St at 2 p r ot ei n s ( Fi g u r e s S 3 a n d S 6 b). T h e i n d u c e d

e x p r e s si o n of b ot h S O C S 1 a n d S O C S 3 w a s a bl e t o bl o c k t h e I F N β m e di at e d r o u n d p h e n ot y p e ( Fi g u r e 4 b);

h o w e v e r, o nl y S O C S 1 alt e r e d W M 3 6 2 9 m o r p h ol o g y di r e ctl y b y p r o m oti n g t h e m e s e n c h y m al p h e n ot y p e

( Fi g u r e 4 a, b). T o st u d y t hi s f u rt h e r, w e a n al y s e d c ell l y s at e s f r o m W M 3 6 2 9 c o nt r ol c ell s a n d c ell s wit h

i n d u c e d e x p r e s si o n of i S O C S 1 a n d i S O C S 3 u nt r e at e d a n d t r e at e d wit h I F Nβ . We r e v e al e d t h at, u nli k e

S O C S 3, S O C S 1 d e c r e a s e s t h e t ot al l e v el of St at 1, b ut al s o I R F 9, p r o vi di n g a n e x pl a n ati o n f o r it s st r o n g e r

p r o- m e s e n c h y m al a cti vit y ( Fi g u r e 4 c). A c c o r di n gl y, t h e i n d u c e d e x p r e s si o n of S O C S 1, b ut n ot S O C S 3,

w a s a bl e t o p r e v e nt H T 1 0 8 0 c ell s f r o m u n d e r g oi n g M A T i n r e s p o n s e t o D A S ( Fi g u r e s S 3 a n d S 7).
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Fi g ur e 4. D o w n r e g ul ati o n of I F N si g n alli n g b y I R F 9 k n o c k d o w n o r S O C S 1 e x p r e s si o n p r o m ot e s t h e

m e s e n c h y m al p h e n ot y p e. ( a ) R e p r e s e nt ati v e i m a g e of W M 3 6 2 9 aft e r 4 8 h i n 3 D c oll a g e n e x p r e s si n g

i n d u ci bl e S O C S 1 a n d S O C S 3 (i S O C S 1 a n d i S O C S 3). (b ) Q u a nti fi c ati o n of m o r p h ol o g y of W M 3 6 2 9 c ell s

wit h i n d u c e d e x p r e s si o n of i S O C S 1 a n d i S O C S 3 al o n e (l eft) a n d p r e-t r e at e d wit h I F N β ( ri g ht) c ult u r e d

i n 3 D c oll a g e n f o r 4 8 h ( o v e r all e x p o s u r e t o I F Nβ 9 6 h). ( c ) I m m u n o bl otti n g f o r p r ot ei n s i n s a m pl e s of

W M 3 6 2 9 c ell s wit h i S O C S 1 a n d i S O C S 3 e x p r e s si o n t r e at e d wit h d o x y c y cli n e ( D O X) a n d /o r I F N β ( 4 8 h).

(d ) D o w n r e g ul ati o n of I R F 9 aft e r si R N A K D v e ri fi e d b y i m m u n o bl otti n g. (e ) R e p r e s e nt ati v e i m a g e

of W M 3 6 2 9 c ell s i n 3 D c oll a g e n t r e at e d wit h si R N A. ( f) Q u a nti fi c ati o n of m o r p h ol o g y of W M 3 6 2 9

c ell s wit h si R N A K D of I R F 9 i n 3 D c oll a g e n. S c al e b a r 1 0 0 µ m. R = r o u n d, E = el o n g at e d. p - v al u e s:

*** p < 0. 0 0 1, ** p < 0. 0 1. D et ail e d i nf o r m ati o n a b o ut We st e r n bl ot c a n b e f o u n d at Fi g u r e S 8.

Aft e r d e m o n st r ati n g t h at S O C S 1 d e c r e a s e s I R F 9 p r ot ei n l e v el s, w e w e nt f u rt h e r a n d i n v e sti g at e d

t h e eff e ct of si R N A k n o c k d o w n ( K D) of I R F 9. U si n g t w o di ff e r e nt si R N A s, w e s u c c e s sf ull y d e c r e a s e d

t h e e x p r e s si o n of I R F 9 ( Fi g u r e 4 d), w hi c h, i n t u r n, s hift e d t h e c ell s t o m o r e m e s e n c h y m al p h e n ot y p e s,

p r e s u m a bl y b y di s r u pti n g t h e I S G F 3 c o m pl e x ( Fi g u r e 4 e). I R F 9 K D al s o si g ni fi c a ntl y d e c r e a s e d t h e

p r o- a m o e b oi d e ff e ct of I F N β ( Fi g u r e S 2 e). C oll e cti v el y, o u r r e s ult s d e m o n st r at e t h at I S G F 3 a cti vit y

c o nt ri b ut e s t o t h e m ai nt e n a n c e of t h e a m o e b oi d p h e n ot y p e a n d it s s u p p r e s si o n r e s ult s i n t h e l o s s of

a m o e b oi d t r ait s a n d c ell el o n g ati o n.

3. Di s c u s si o n

H e r e, w e h a v e i d e nti fi e d a n o v el m e c h a ni s m of i n v a si o n pl a sti cit y r e g ul ati o n g o v e r n e d b y I F N

si g n alli n g m e di at e d b y St at 1 /St at 2 /I R F 9 (I S G F 3). We s h o w t h at H T 1 0 8 0 c ell s i n d u c e d t o u n d e r g o

M A T u p r e g ul at e t y p e I I F N si g n alli n g ( Fi g u r e 1 ). C o n c o r d a ntl y, t h e u p r e g ul ati o n of I S G F 3 si g n alli n g

b y I F N β t r e at m e nt i n d u c e s M A T i n m el a n o m a c ell s ( Fi g u r e 2 d, e). N ot a bl y, t h e d o w n r e g ul ati o n of

I S G F 3 si g n alli n g b y v a ri o u s a p p r o a c h e s s u p p r e s s e s t h e r o u n d a m o e b oi d p h e n ot y p e a n d l e a d s t o c ell

el o n g ati o n ( Fi g u r e s 2 a – c a n d 4 ). T h u s, I S G F 3 si g n alli n g mi g ht a ct a s a r h e o st at f a v o u ri n g eit h e r t h e

a m o e b oi d p h e n ot y p e o r t h e m e s e n c h y m al p h e n ot y p e d e p e n di n g o n t h e a cti v ati o n l e v el, p r o vi di n g c ell s

wit h a n i n v a si o n pl a sti cit y r e g ul at o r y m e c h a ni s m r e s p o n si v e t o e xt r a- a n d i nt r a c ell ul a r si g n alli n g c u e s.

I F Nβ h a s b e e n d e m o n st r at e d t o e x e rt a nti- c a n c e r a cti viti e s m ai nl y t h r o u g h t h e att e n u ati o n of

c ell p r olif e r ati o n [ 3 5 ] a n d t h e f a cilit ati o n of a nti-t u m o u r i m m u n e r e a cti o n [2 6 ] a n d h a s, t h e r ef o r e,

b e e n utili z e d i n t h e t r e at m e nt of m el a n o m a a s a f o r m of c yt o ki n e t h e r a p y [ 3 6 ]. H o w e v e r, it w a s al s o

i d e nti fi e d a s a p r o-t u m o ri g e ni c f a ct o r i n fi b r o m at o si s [3 7 ]. M o r e o v e r, St at 1, t h e k e y eff e ct o r of t h e

I F Nβ si g n al, w a s f o u n d t o pl a y a t u m o u r p r o m ot e r r ol e i n s o m e c a s e s of c a r ci n o m a, l y m p h o m a a n d
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l e u k a e mi a [3 8 ]. P r ot e o mi c a n al y si s of h u m a n t ri pl e n e g ati v e b r e a st t u m o u r s r e v e al e d t h at St at 1- p o siti v e

t u m o u r s w e r e m o r e a g g r e s si v e wit h i n c r e a s e d i n v a si o n a n d l y m p h n o d e m et a st a si s [3 9 ]. R e c e ntl y,

a st u d y a n al y si n g t h r e e p u bli c d at a s et s t o i d e ntif y a n e pit h eli al – m e s e n c h y m al – a m o e b oi d t r a n siti o n

g e n e si g n at u r e a s a m et a st a si s ri s k p r e di ct o r i n b r e a st c a n c e r w a s p u bli s h e d [ 4 0 ]. I nt e r e sti n gl y, t h e

M A T- a s s o ci at e d g e n e si g n at u r e d e ri v e d f r o m t hi s a n al y si s i s e n ri c h e d wit h t y p e I i nt e rf e r o n- r e s p o n s e

g e n e s ( a dj. p - v al u e 4. 3 × 1 0 − 7 ) a n d s h o w s a si mil a r g e n e e n ri c h m e nt p r o fil e a s H T 1 0 8 0 c ell s aft e r M A T

(f o r f u rt h e r i nf o r m ati o n s e e Fil e S 1).

T h e t u m o u r m a s s i s e x p o s e d t o v a ri o u s e n d o g e n o u s st r e s s si g n al s, s u c h a s h y p o xi a, n ut ri e nt

d e p ri v ati o n b ut al s o e x o g e n o u s st r e s s a ri si n g i n r e s p o n s e t o c h e m ot h e r a p y a n d r a di ati o n, w hi c h all

r e s ult i n u p r e g ul at e d st r e s s si g n alli n g, l e a di n g t o t h e s e c r eti o n of v a ri o u s s ol u bl e f a ct o r s, i n cl u di n g

I F Nβ [4 1 ]. M o r e o v e r, it w a s d e m o n st r at e d t h at di r e ct c o nt a ct b et w e e n c a n c e r c ell s a n d c a n c e r- a s s o ci at e d

fi b r o bl a st s ( C A F s) c a n l e a d t o t h e t r a n sf e r of d o u bl e st r a n d e d D N A f r o m c a n c e r c ell s t o fi b r o bl a st s.

T hi s i nt e r a cti o n t ri g g e r s t h e c G A S- S TI N G m e di at e d p r o d u cti o n of I F N β i n C A F s [4 2 ]. T hi s c a n r e s ult

i n p r ol o n g e d a cti v ati o n of St at 1/St at 2 /I R F 9 a n d, a s w e s u g g e st, p r o m ot e a m o e b oi d i n v a si o n. I n li n e

wit h t hi s h y p ot h e si s, it w a s r e c e ntl y d e s c ri b e d t h at, u n d e r h y p o xi a, e pit h eli al c ell s u n d e r g o a s wit c h

f r o m c oll e cti v e t o a m o e b oi d i n v a si o n [4 3 ]. A m o e b oi d mi g r ati o n i s t h e p ri m o r di al w a y of c ell mi g r ati o n

i n m et a z o a n s, i n a n a d ult o r g a ni s m n o r m all y u s e d o nl y b y c ell s of t h e i m m u n e s y st e m, b ut i n d u ci bl e i n

m a n y (if n ot all) c a n c e r c ell s b y s p e ci fi c c o n diti o n s i n t h e t u m o u r mi c r o e n vi r o n m e nt. S u c h c o n diti o n s

s e e m t o b e d e- a d h e si o n f r o m E C M i n n e c r oti c a r e a s a n d d e n s e c ell m a s s e s, h y p o xi a, a n d si g n alli n g

i n d u c e d b y i n fl a m m at o r y a n d ot h e r li g a n d s r el e a s e d b y b ot h t h e t u m o u r st r o m a c ell s a n d c a n c e r c ell s

t h e m s el v e s [3 ,4 3 ].

T h e r e i s al s o i n c r e a si n g e vi d e n c e t h at t h e u p r e g ul ati o n of i nt e rf e r o n si g n alli n g i nt ri n si c all y p r e s e nt

i n T M E o r i n r e s p o n s e t o c ell st r e s s p r o m ot e s t h e r e si st a n c e of c a n c e r c ell s t o t h e r a p y. I F Nβ a cti v at e d

I S G F 3 i s r e s p o n si bl e f o r c o n stit uti v e r e si st a n c e t o D N A d a m a g e [4 4 ]. T h e u p r e g ul ati o n of I R F 9 w a s

o b s e r v e d i n c ell s w h e n c ulti v at e d i n 3 D s p h e r oi d s c o m p a r e d t o 2 D c ult u r e s [ 4 5 ], w hi c h w a s s h o w n t o

p r o m ot e r e si st a n c e t o c h e m ot h e r a p e uti c d r u g s [ 4 6 ]. M o r e o v e r, I R F 9 o v e r e x p r e s si o n l e a d s t o r e si st a n c e

t o mi c r ot u b ul e-t a r g eti n g d r u g s [4 7 ], a n d t h e o v e r e x p r e s si o n of St at 1 i s a s s o ci at e d wit h r e si st a n c e t o

r a di ati o n [ 4 8 ]. I F Nβ al s o p r o m ot e s t h e i m m u n e e s c a p e of gli o m a c ell s [ 4 9 ] b y i n c r e a s e d e x p r e s si o n of

P D L- 1, w hi c h w e al s o d et e ct e d i n o u r s a m pl e s ( Fi g u r e 3 b).

T h e p r e ci s e m ol e c ul a r m e c h a ni s m u n d e rl yi n g t h e M A T i n d u c e d b y I F N β i s still t o b e di s c o v e r e d;

n e v e rt h el e s s, s o m e cl u e s a n d p a r all el s c a n b e f o u n d i n p u bli s h e d w o r k s. T h e a cti v ati o n of mi c r o gli a

r e s ult s i n a c h a n g e i n t h ei r m o r p h ol o g y i nt o a n a m o e b oi d s h a p e a n d a n e n h a n c e d mi g r at o r y

c a p a cit y [ 5 0 ]. T hi s c o ul d b e a m o n g ot h e r sti m uli al s o a c hi e v e d b y I F Nβ p r o d u c e d b y mi c r o gli a

o r a d d e d e x o g e n o u sl y [ 5 1 ]. I F Nβ mi g ht p r o m ot e i n v a si o n pl a sti cit y b y u p r e g ul ati n g t h e e x p r e s si o n

of p r o-i n v a si v e c yt o ki n e s, s u c h a s I L 6 o r i n v a si o n- a s s o ci at e d m ol e c ul e s, s u c h a s I FI T M 1 [ 5 2 – 5 4 ] o r

M X 1 [ 5 5 ]. A c c o r di n gl y, w e s h o w t h at t r e at m e nt wit h I F Nβ p r o m ot e s t h e i n v a si o n of W M 3 6 2 9 c ell s

f r o m s p h e r oi d s a n d i n c r e a s e s t h e n u m b e r of i n di vi d u all y i n v a di n g c ell s, m o st of w hi c h utili z e t h e

r o u n d, a m o e b oi d i n v a si o n m o d e ( Fi g u r e 3 c).

T h e r e a r e s e v e r al c r o s st al k m e c h a ni s m s c o n n e cti n g J A K /S T A T si g n alli n g t o k e y c yt o s k el et o n

d y n a mi c s r e g ul at o r s. T h e I S G 1 5 g e n e, r e g ul at e d b y St at 1, i s o n e of t h e c r u ci al e ff e ct o r s of i nt e rf e r o n

si g n alli n g. T h e I S G 1 5 p r ot ei n, a s m all u bi q uiti n-li k e c o v al e nt m o di fi e r, g et s att a c h e d t o n u m e r o u s

t a r g et p r ot ei n s i n a p r o c e s s c all e d “i s g yl ati o n ” t o aff e ct t h ei r a cti viti e s. I S G 1 5 c a n di s r u pt c yt o s k el et al

a r c hit e ct u r e a n d p r o m ot e m otilit y i n h u m a n b r e a st c a n c e r c ell s [ 5 6 ,5 7 ]. C yt o s k el et o n r e m o d elli n g

a n d a s s o ci at e d si g n alli n g w a s f o u n d t o b e r e g ul at e d b y t h e i s g yl ati o n of I Q G A P 1 [ 5 8 ,5 9 ], n o n- m u s cl e

m y o si n II A [ 6 0 ] a n d fil a mi n B [6 1 ]. T h e a cti v ati o n of St at 1 b y f o c al a d h e si o n ki n a s e F A K i s i n v ol v e d

i n i nt e g ri n- m e di at e d c ell mi g r ati o n a n d a d h e si o n [6 2 ,6 3 ]. C a n c e r c ell i n v a si o n pl a sti cit y i s k n o w n

t o b e c o nt r oll e d b y s hifti n g t h e b al a n c e i n t h e m ut u all y a nt a g o ni sti c r e g ul ati o n of R a c 1 a n d R h o A.

I nt e r e sti n gl y, t h e l o s s of R a c 1 i n m u ri n e k e r ati n o c yt e s d e c r e a s e d a cti n p ol y m e ri z ati o n a n d c a u s e d t h e

A r p 2 /3- d e p e n d e nt u p r e g ul ati o n of S T A T 1 a n d i n c r e a s e d i nt e rf e r o n s e n siti vit y [ 6 4 ]. Alt o g et h e r t h e s e
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r e s ult s s h o w t h at i nt e rf e r o n si g n alli n g a n d St at 1 e x p r e s si o n a n d a cti vit y a r e i nt e g r at e d i n a c o m pl e x

r e g ul at o r y n et w o r k, al s o e n c o m p a s si n g t h e a cti n c yt o s k el et o n.

H e r e w e s h o w t h at e x p o s u r e of h u m a n m el a n o m a c ell s t o I F N β m a y l e a d t o a c q ui siti o n of t h e

a m o e b oi d p h e n ot y p e a n d g r e atl y i n c r e a s e t h e n u m b e r of i n di vi d u all y mi g r ati n g c ell s f r o m s p h e r oi d s i n

3 D c oll a g e n i n vit r o. We a r e a w a r e t h at t h e s e c o n diti o n s c a n n ot r e fl e ct t h e c o m pl e xit y of T M E i n vi v o,

n o r c a n t h e u s e of c a n c e r c ell li n e s r e m o v e t h e h et e r o g e n eit y of c ell p o p ul ati o n s wit hi n t h e t u m o u r

mi c r o e n vi r o n m e nt a n d c r o s st al k b et w e e n m ali g n a nt a n d h e alt h y c ell s. H o w e v e r, v a ri o u s st u di e s h a v e

s h o w n t h at i n vit r o c ult u r e d m el a n o m a c ell s a r e a r el e v a nt m o d el s f o r p ri m a r y m el a n o m a s [ 6 5 ,6 6 ].

T h e r ef o r e, it m a y b e a nti ci p at e d t h at t h e d e m o n st r at e d e ff e ct s of I F N β o n c a n c e r c ell s k e pt i n 3 D c ult u r e

a r e p a r all el e d i n p ri m a r y t u m o u r s w h e r e I F N β i s k n o w n t o c o m e f r o m s e v e r al s o u r c e s. N ot a bl y, h u m a n

m el a n o m a c ell s w e r e s h o w n t o p r o d u c e I F N β a n d a r e c a p a bl e of s u p p r e s si n g t h ei r o w n p r olif e r ati o n vi a

t h e s e c r eti o n of e n d o g e n o u s I F Nβ [3 6 ]. It c a n b e s p e c ul at e d t h at t hi s m e c h a ni s m c o ul d b e p ot e nti all y

i n v ol v e d i n t h e s wit c hi n g of h u m a n m el a n o m a c ell s b et w e e n p r olif e r ati v e a n d i n v a si v e st at e s [6 7 ].

Si n c e i n v a si v e n e s s i s t h e m o st d a n g e r o u s c h a r a ct e ri sti c of m el a n o m a c ell s [ 1 ], alt o g et h e r t h e s e fi n di n g s

m a y h a v e i m p o rt a nt i m pli c ati o n s f o r m el a n o m a t h e r a p y wit h I F N β .

4. M at eri al s a n d M et h o d s

4. 1. D at a A n al ysis

Tr a n s c ri pt o mi c d at a u s e d f o r t h e a n al y si s a r e a v ail a bl e f r o m A r r a y E x p r e s s d at a b a s e at E M B L- E BI

u n d e r a c c e s si o n n u m b e r E- M T A B- 6 8 2 3. O nl y g e n e s si g ni fi c a ntl y a ff e ct e d i n b ot h M A T d at a s et s

(wit h c rit e ri a F C ≥ 1. 5, a dj u st e d p - v al u e ≤ 0. 2 5) w e r e s el e ct e d f o r t h e s u b s e q u e nt a n al y si s of g e n e

e n ri c h m e nt u si n g t h e o nli n e t o ol S hi n y G O v 0. 6 1 [ 3 0 ].

4. 2. Cell Li nes, C o nstr u cts, a n d Tr a nsfe cti o n

All c ell li n e s u s e d w e r e of h u m a n o ri gi n a n d w e r e r o uti n el y c ulti v at e d i n D M E M m e di u m

s u p pl e m e nt e d b y 1 0 % F B S a n d 1 0 µ g /µ L ci p r o fl o x a ci n ( Si g m a, Pi s c at a w a y, NJ, U S A) i n a

h u mi fi e d at m o s p h e r e wit h 5 % C O 2 at 3 7 ◦ C. Tr a n sf e cti o n s w e r e p e rf o r m e d u si n g p ol y et h yl e ni mi n e

(P ol y s ci e n c e s, I n c. , W a r ri n gt o n, P A, U S A) o r G e n M ut e t r a n sf e cti o n r e a g e nt ( Si g n a G e n L a b o r at o ri e s,

F r e d e ri c k, M D, U S A) i n t h e c a s e of D N A a n d si R N A, r e s p e cti v el y, a c c o r di n g t o m a n uf a ct u r e r’ s

p r ot o c ol. St a bl e c ell li n e s w e r e p r e p a r e d b y l e nti vi r al t r a n s d u cti o n u si n g t h e s e c o n d- g e n e r ati o n

p a c k a gi n g s y st e m ( p L V X c o n st r u ct s, Tet- O n A d v a n c e d G e n e e x p r e s si o n s y st e m, Cl o nt e c h, M o u nt ai n

Vi e w, C A, U S A) a n d e n ri c h e d b y c ell s o rti n g, b a s e d o n E G F P e x p r e s si o n. I n t h e c a s e of I F N-t r e at e d

c ell s u s e d f o r m o r p h ol o g y st u di e s, R N A a n d p r ot ei n l y s at e s, c ell s w e r e p r e-t r e at e d wit h 1 0 n g /m L

r e c o m bi n a nt h u m a n I F N s ( P e p r ot e c h, C r a n b u r y, NJ, U S A) f o r 4 8 h o u r s a n d I F N s w e r e al s o p r e s e nt

d u ri n g s u b s e q u e nt 3 D c ult u r e s ( o v e r all e x p o s u r e ti m e 9 6 h). R u x oliti ni b ( Si g m a) w a s u s e d at a

c o n c e nt r ati o n of 1 0 µ M, d a s ati ni b ( L C L a b o r at o ri e s , W o b u r n, M A, U S A) at 1 µ M a n d d o x y c y cli n e

( Si g m a, Pi s c at a w a y, NJ, U S A) at 2 5 0 n g/m L. T h e si R N A s e q u e n c e s t a r g eti n g I R F 9 m R N A w e r e: siI R F 9 _ 1:

5 - G C A G A G A C U U G G U C A G G U C- 3 a n d siI R F 9 _ 2 5 - C A C A G A A U C U U A U C A C A G U- 3 .

4. 3. T hree- Di me nsi o n al Cell C ult ure a n d M or p h ol o g y A n al ysis

F o r 3 D c oll a g e n c ult u r e s, c ell s w e r e mi x e d wit h b u ff e r s ol uti o n a n d r at t ail c oll a g e n o n i c e a n d

pl at e d i n w ell s. Aft e r 1 5 mi n i n c u b ati o n at 3 7 ◦ C, t h e g ell e d s a m pl e s w e r e o v e rl ai d wit h c ulti v ati o n

m e di u m c o nt ai ni n g 1 % F B S. T h e r e s ulti n g c o m p o siti o n of t h e c oll a g e n m at ri x w a s 1 m g /m L c oll a g e n,

1 × R P MI m e di u m, 1 5 m M H E P E S, 1 % f o et al b o vi n e s e r u m a n d 5 0 µ g /m L g e nt a mi ci n. F o r t r e at e d

s a m pl e s, c o m p o u n d s w e r e a d d e d t o o v e rl a yi n g m e di u m. C ell s w e r e c ulti v at e d i n 3 D c oll a g e n f o r

4 8 h o u r s b ef o r e f u rt h e r a n al y si s f o r all a p pli c ati o n s, e x c e pt f o r si R N A t r e at m e nt s t h at w e r e a n al y s e d

aft e r 2 4 h. All i m a g e s of c ell s w e r e a c q ui r e d b y Ni k o n E C LI P S E T E 2 0 0 0- S mi c r o s c o p e u si n g H o ff m a n

m o d ul ati o n c o nt r a st ( 1 0 × /0. 2 5 o bj e cti v e s). T h e m o r p h ol o g y of c ell s w a s a n al y s e d u si n g FiJi s oft w a r e.

C ell s w e r e c o n si d e r e d “ el o n g at e d ” ( E) w h e n t h ei r l e n gt h /wi dt h r ati o w a s g r e at e r t h a n 2, ot h e r wi s e
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t h e y w e r e c o n si d e r e d “ r o u n d ” ( R). A mi ni m u m of 1 0 0 c ell s p e r c o n diti o n a n d r e pli c at e w a s a n al y s e d

a n d t h e p r e s e nt e d d at a a r e s u m m a ri z e d f r o m at l e a st 3 i n d e p e n d e nt bi ol o gi c al r e pli c at e s.

4. 4. I m m u n o bl otti n g

P r ot ei n l y s at e s w e r e p r e p a r e d f r o m 2 D c ell c ult u r e s, o r 3 D c oll a g e n c ult u r e s, w h e r e i n di c at e d.

I n t h e c a s e of 2 D s a m pl e s, c ell s w e r e h a r v e st e d a n d t r a n sf e r r e d t o 1 × l y si s b uff e r ( 1 % S D S, 1 0 % gl y c e r ol,

6 0 m M Tri s, p H 6. 8). F o r 3 D p r ot ei n l y s at e s, c ell s w e r e s e e d e d at a d e n sit y of 1 milli o n c ell s p e r 5 0 0 µ L

of 3 D c oll a g e n g el a n d c ulti v at e d f o r 4 8 h o u r s. G el s f r o m t w o w ell s p e r s a m pl e w e r e t r a n sf e r r e d t o

t u b e s c o nt ai ni n g 2× l y si s b uff e r a n d h o m o g e ni z e d u si n g Ti s s u e Te a r o r ( Bi o S p e c P r o d u ct s, B a rtl e s vill e,

O K, U S A). T h e l y s at e s w e r e p r o c e s s e d a s d e s c ri b e d p r e vi o u sl y [ 6 8 ]. B ri e fl y, l y s at e s w e r e c e nt rif u g e d,

s u p e r n at a nt t r a n sf e r r e d t o n e w t u b e s a n d p r ot ei n c o n c e nt r ati o n w a s d et e r mi n e d u si n g t h e D C T M

P r ot ei n A s s a y ( Bi o- R a d L a b o r at o ri e s, H e r c ul e s, C alif o r ni a, C A, U S A) a n d a dj u st e d t o t h e s a m e p r ot ei n

c o n c e nt r ati o n wit h 1 × S D S l y si s b u ff e r. B ef o r e S D S- P A G E, D T T ( fi n al c o n c e nt r ati o n 5 0 m M) a n d

b r o m o p h e n ol bl u e ( fi n al c o n c e nt r ati o n 3 0 µ M) w e r e a d d e d, a n d t h e s a m pl e s w e r e i n c u b at e d at 9 5 ◦ C

f o r 1 0 mi n. S a m pl e s w e r e r u n o n 1 0 % S D S- p ol y a c r yl a mi d e g el s a n d t r a n sf e r r e d o nt o nit r o c ell ul o s e

m e m b r a n e. T o p r e v e nt n o n- s p e ci fi c bi n di n g, m e m b r a n e s w e r e i n c u b at e d i n T B S T wit h 5 % B S A

o r s ki m mil k a n d i n c u b at e d wit h p ri m a r y a nti b o di e s at 4 ◦ C o v e r ni g ht. T h e f oll o wi n g p ri m a r y

a nti b o di e s w e r e u s e d: P- St at 1 ( T h e r m o Fi s h e r S ci e nti fi c, W alt h a m, M A, U S A; # M A 5- 1 5 0 7 1), P- St at 2

( C S T, D a n v e r s, M A, U S A; # 8 8 4 1 0), P- St at 3 ( C S T; # 9 1 4 5), St at 1 ( T h e r m o Fi s h e r S ci e nti fi c; # M A 5- 1 5 1 2 9),

St at 2 ( C S T; # 7 2 6 0 4), St at 3 ( C S T; # 1 2 6 4 0), I R F 9 ( C S T; # 7 6 6 8 4), J a k 1 ( C S T; # 3 3 4 4), M X 1 ( C S T; # 3 7 8 4 9) a n d

G A P D H ( T h e r m o Fi s h e r S ci e nti fi c; # M A 5- 1 5 7 3 8). T h e We st e r n bl ot i m a g e s s h o w n a r e r e p r e s e nt ati v e

of 3 i n d e p e n d e nt bi ol o gi c al r e pli c at e s.

4. 5. Re verse Tr a ns cri pti o n – Q u a ntit ati ve P ol y mer ase C h ai n Re a cti o n ( R T- q P C R)

F o r R N A l y s at e s, c ell s w e r e s e e d e d at a d e n sit y of 1 milli o n p e r 5 0 0 µ L 3 D c oll a g e n g el a n d

c ulti v at e d f o r 4 8 h o u r s. I n t h e c a s e of I F N-t r e at e d s a m pl e s, I F N s w e r e a d d e d t o o v e rl a yi n g m e di u m

( 1 % F B S). F o r R N A i s ol ati o n, t w o c oll a g e n g el s p e r s a m pl e w e r e a d d e d t o t u b e s c o nt ai ni n g 6 0 0 µ L

R N A e xt r a cti o n s ol uti o n ( 6 0 % v /v w at e r- s at u r at e d p h e n ol, 3. 2 5 M g u a ni di n e t hi o c y a n at e, 4 0 0 m M

s o di u m a c et at e b u ff e r p H 4. 0, 0. 4 % w /v N-l a u r o yl s a r c o si n e a n d 1 6 0 m M 2- m e r c a pt o et h a n ol) a n d 1 0 0 µ L

of 6. 1 M s o di u m c hl o ri d e. S a m pl e s w e r e t h e n h o m o g e ni z e d u si n g Ti s s u e Te a r o r ( Bi o S p e c P r o d u ct s).

R N A w a s i s ol at e d u si n g t h e m o di fi e d Tri z ol m et h o d, a s d e s c ri b e d p r e vi o u sl y [ 6 8 ] a n d u s e d f u rt h e r f o r

r e v e r s e t r a n s c ri pti o n. All R T- q P C R e x p e ri m e nt s w e r e p e rf o r m e d a c c o r di n g t o MI Q E g ui d eli n e s [ 6 9 ].

F o r p ri m e r d et ail s, s e e T a bl e S 1. T h e C q v al u e s w e r e s et b y a p pl yi n g a si n gl e t h r e s h ol d v al u e f o r e a c h

t a r g et u si n g Bi o- R a d C F X M a n a g e r 3. 1 ( Bi o- R a d L a b o r at o ri e s, H e r c ul e s, C A, U S A) a n d e x p o rt e d a n d

f u rt h e r a n al y s e d u si n g q B a s e+ 3. 1 s oft w a r e ( Bi o g a z ell e, Z wij n a a r d e, B el gi u m). T h e li st of p ri m e r s a n d

r ef e r e n c e g e n e s i s a v ail a bl e i n T a bl e S 1. T h e o bt ai n e d d at a w e r e st ati sti c all y a n al y s e d i n G r a p h P a d

P ri s m 6 ( G r a p h P a d S oft w a r e, I n c., S a n Di e g o, C A, U S A) u si n g p ai r e d t w o-t ail e d t-t e st f o r H T 1 0 8 0 d at a

a n d o n e- w a y A N O V A f o r W M 3 6 2 9 d at a.

4. 6. T hree- Di me nsi o n al I n v asi o n S p her oi d Ass a y

T o o bt ai n s p h e r oi d s, c ell s w e r e g r o w n i n a 3 D P et ri Di s h ® ( Mi c r oti s s u e s® ; # 1 2- 8 1 l a r g e s p h e r oi d s,

Si g m a, Pi s c at a w a y, NJ, U S A) a c c o r di n g t o m a n uf a ct u r e r’ s p r ot o c ol f o r 2 d a y s i n c ulti v ati o n m e di u m

(i n c a s e of I F N-t r e at e d s a m pl e s, I F Nβ w a s a d d e d). N e xt, t h e s p h e r oi d s w e r e e m b e d d e d i nt o t h e 3 D

c oll a g e n m at ri x a n d o v e rl ai d wit h c ulti v ati o n m e di u m. I m a g e s of s p h e r oi d s w e r e t a k e n i m m e di at el y

aft e r e m b e d di n g i nt o c oll a g e n ( b ef o r e) a n d aft e r 9 6 h o u r s ( aft e r). T h e a r e a a n d ci r c ul a rit y of t h e

s p h e r oi d s b ef o r e a n d aft e r i n v a si o n w a s a s s e s s e d u si n g FiJi s oft w a r e ( R a s b a n d, W. S., I m a g eJ, NI H,

B et h e s d a, M D, U S A). T h e d at a w e r e st ati sti c all y a n al y s e d i n G r a p h P a d P ri s m 6 u si n g o n e- w a y A N O V A.

P r e s e nt e d d at a w e r e s u m m a ri z e d f r o m 4 i n d e p e n d e nt bi ol o gi c al r e pli c at e s, a n d at l e a st 4 s p h e r oi d s p e r

c o n diti o n, a n d r e pli c at e s w e r e a n al y s e d.
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4. 7. Pr olifer ati o n Ass a y i n 3 D C oll a ge n

U nt r e at e d a n d I F N-t r e at e d c ell s w e r e s e e d e d i nt o c oll a g e n m at ri x ( 4 0, 0 0 0 c ell s /1 0 0 µ L c oll a g e n

m at ri x; 4 t e c h ni c al r e pli c at e s p e r s a m pl e) i n a 9 6- w ell a n d c ulti v at e d f o r 4 8 h. N e xt, t h e o v e rl a yi n g

m e di u m w a s r e pl a c e d b y p h e n ol- r e d f r e e m e di u m c o nt ai ni n g Al a m a r Bl u e r e a g e nt (I n vit r o g e n, C a rl s b a d,

C A, U S A) i n a 5: 1 r ati o a n d c ulti v at e d f o r 4 h o u r s. T h e m e di u m c o nt ai ni n g Al a m a r Bl u e w a s t h e n

t r a n sf e r r e d t o n e w w ell s a n d fl u o r e s c e n c e ( e x cit ati o n 5 5 0 n m; e mi s si o n 5 9 0 n m) w a s m e a s u r e d u si n g

t h e I n fi nit e M 2 0 0 P r o pl at e fl u o ri m et e r ( T E C A N, M a n n e d o rf, S wit z e rl a n d). C oll a g e n wit h o ut c ell s

s e r v e d a s a bl a n k f o r t h e e x p e ri m e nt. T h e r e s ult s a r e s u m m a ri z e d f r o m 3 i n d e p e n d e nt bi ol o gi c al

r e pli c at e s. T h e d at a w e r e st ati sti c all y a n al y s e d i n G r a p h P a d P ri s m 6 u si n g o n e- w a y A N O V A.

5. C o n cl u si o n s

C oll e cti v el y, p r e vi o u s st u di e s a n d o u r r e s ult s s u g g e st t h at, i n r e s p o n s e t o st r e s s, m et a st ati c c ell s

m a y a cti v at e I F N a s s o ci at e d si g n alli n g a n d g ai n a r o u n d e d a m o e b oi d p h e n ot y p e. We s h o w t h at

alt h o u g h I F N β d e c r e a s e s c a n c e r c ell p r olif e r ati o n, it p r o m ot e s i n v a si o n pl a sti cit y, w hi c h c a n e n d o w

c a n c e r c ell s wit h a n e s c a p e m e c h a ni s m f r o m l o c al st r e s s i n d u ci n g c o n diti o n s. I n s u m m a r y, w e p oi nt

o ut t h e r ol e of I F N β a cti v at e d St at 1 /St at 2 /I R F 9 si g n alli n g i n c a n c e r i n v a si o n pl a sti cit y, a si d e f r o m it s

k n o w n r ol e a s a t u m o u r s u p p r e s s o r.
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1 6. Č e r m á k, V.; G a n d al o vi č o v á , A.; M e rt a, L.; H a r a nt, K.; R ö s el, D.; B rá b e k, J. Hi g h-t h r o u g h p ut t r a n s c ri pt o mi c

a n d p r ot e o mi c p r o fili n g of m e s e n c h y m al- a m o e b oi d t r a n siti o n i n 3 D c oll a g e n. S ci. D at a 2 0 2 0 , 7 , 1 – 1 1.

[C r o s s R ef ]

1 7. B o e k h o r st, V. T.; F ri e dl, P. Pl a sti cit y of C a n c e r C ell I n v a si o n — M e c h a ni s m s a n d I m pli c ati o n s f o r T h e r a p y.

A d v. C a n cer Res. 2 0 1 6 , 1 3 2 , 2 0 9 – 2 6 4. [C r o s s R ef ]

1 8. S a n z- M o r e n o, V.; G a g gi oli, C.; Ye o, M.; Al b r e n g u e s, J.; W all b e r g, F.; Vi r ó s, A.; H o o p e r, S.; Mitt e r, R.; F é r al, C. C.;

C o o k, M.; et al. R O C K a n d J A K 1 Si g n ali n g C o o p e r at e t o C o nt r ol A ct o m y o si n C o nt r a ctilit y i n T u m o r C ell s

a n d St r o m a. C a n cer Cell 2 0 1 1 , 2 0 , 2 2 9 – 2 4 5. [C r o s s R ef ]

1 9. G e o r g o uli, M.; H e r r ai z, C.; C r o s a s- M oli st, E.; F a n s h a w e, B.; M ai q u e s, O.; P e r d ri x, A.; P a n d y a, P.;

R o d ri g u e z- H e r n a n d e z, I.; Ili e v a, K. M.; C a nt elli, G.; et al. R e gi o n al A cti v ati o n of M y o si n II i n C a n c e r

C ell s D ri v e s T u m o r P r o g r e s si o n vi a a S e c r et o r y C r o s s- T al k wit h t h e I m m u n e Mi c r o e n vi r o n m e nt. Cell 2 0 1 9 ,

1 7 6 , 7 5 7 – 7 7 4. [C r o s s R ef ]

2 0. H öl z el, M.; T üti n g, T. I n fl a m m ati o n-I n d u c e d Pl a sti cit y i n M el a n o m a T h e r a p y a n d M et a st a si s. Tre n ds I m m u n ol.

2 0 1 6 , 3 7 , 3 6 4 – 3 7 4. [C r o s s R ef ]

2 1. I v a s h ki v, L. B.; D o nli n, L. T. R e g ul ati o n of t y p e I i nt e rf e r o n r e s p o n s e s. N at. Re v. I m m u n ol. 2 0 1 3 , 1 4 , 3 6 – 4 9.

[C r o s s R ef ] [P u b M e d ]

2 2. Pl at a ni a s, L. C. M e c h a ni s m s of t y p e-I- a n d t y p e-II-i nt e rf e r o n- m e di at e d si g n alli n g. N at. Re v. I m m u n ol. 2 0 0 5 , 5 ,

3 7 5 – 3 8 6. [ C r o s s R ef ] [P u b M e d ]

2 3. Ei n a v, U.; T a b a c h, Y.; G et z, G.; Yit z h a k y, A.; O z b e k, U.; A m a ri gli o, N.; I z r a eli, S.; R e c h a vi, G.; D o m a n y, E. G e n e

e x p r e s si o n a n al y si s r e v e al s a st r o n g si g n at u r e of a n i nt e rf e r o n-i n d u c e d p at h w a y i n c hil d h o o d l y m p h o bl a sti c

l e u k e mi a a s w ell a s i n b r e a st a n d o v a ri a n c a n c e r. O n c o ge ne 2 0 0 5 , 2 4 , 6 3 6 7 – 6 3 7 5. [C r o s s R ef ] [P u b M e d ]

2 4. Wei c h s el b a u m, R. R.; I s h w a r a n, H.; Y o o n, T.; N u yt e n, D. S. A.; B a k e r, S. W.; K h o d a r e v, N.; S u, A. W.; S h ai k h, A. Y.;

R o a c h, P.; K r ei k e, B.; et al. A n i nt e rf e r o n- r el at e d g e n e si g n at u r e f o r D N A d a m a g e r e si st a n c e i s a p r e di cti v e

m a r k e r f o r c h e m ot h e r a p y a n d r a di ati o n f o r b r e a st c a n c e r. Pr o c. N atl. A c a d. S ci. U S A 2 0 0 8 , 1 0 5 , 1 8 4 9 0 – 1 8 4 9 5.

[C r o s s R ef ] [P u b M e d ]

2 5. A o y a gi, S.; H at a, H.; H o m m a, E.; S hi mi z u, H. S e q u e nti al L o c al I nj e cti o n of L o w- D o s e I nt e rf e r o n- B et a f o r

M ai nt e n a n c e T h e r a p y i n St a g e II a n d III M el a n o m a: A Si n gl e-I n stit uti o n M at c h e d C a s e- C o nt r ol St u d y.

O n c ol o g y 2 0 1 2 , 8 2 , 1 3 9 – 1 4 6. [C r o s s R ef ]

2 6. F uji m u r a, T.; O k u y a m a, R.; O ht a ni, T.; It o, Y.; H a g a, T.; H a s hi m ot o, A.; Ai b a, S. P e ril e si o n al t r e at m e nt of

m et a st ati c m el a n o m a wit h i nt e rf e r o n- β . Cli n. E x p. Der m at ol. 2 0 0 9 , 3 4 , 7 9 3 – 7 9 9. [C r o s s R ef ]

http://dx.doi.org/10.4161/cam.3.3.8888
http://www.ncbi.nlm.nih.gov/pubmed/19458499
http://dx.doi.org/10.1016/j.cell.2011.11.016
http://www.ncbi.nlm.nih.gov/pubmed/22118458
http://dx.doi.org/10.1007/s00018-009-0132-1
http://www.ncbi.nlm.nih.gov/pubmed/19707854
http://dx.doi.org/10.1038/ncb2548
http://www.ncbi.nlm.nih.gov/pubmed/22854810
http://dx.doi.org/10.1038/s41598-018-30408-7
http://dx.doi.org/10.1007/s10555-008-9174-3
http://www.ncbi.nlm.nih.gov/pubmed/19153672
http://dx.doi.org/10.1016/j.cub.2006.05.065
http://www.ncbi.nlm.nih.gov/pubmed/16890527
http://dx.doi.org/10.1016/j.ceb.2009.05.003
http://www.ncbi.nlm.nih.gov/pubmed/19523798
http://dx.doi.org/10.1002/1878-0261.12019
http://dx.doi.org/10.18632/oncotarget.7214
http://dx.doi.org/10.1038/s41597-020-0499-2
http://dx.doi.org/10.1016/bs.acr.2016.07.005
http://dx.doi.org/10.1016/j.ccr.2011.06.018
http://dx.doi.org/10.1016/j.cell.2018.12.038
http://dx.doi.org/10.1016/j.it.2016.03.009
http://dx.doi.org/10.1038/nri3581
http://www.ncbi.nlm.nih.gov/pubmed/24362405
http://dx.doi.org/10.1038/nri1604
http://www.ncbi.nlm.nih.gov/pubmed/15864272
http://dx.doi.org/10.1038/sj.onc.1208797
http://www.ncbi.nlm.nih.gov/pubmed/16007187
http://dx.doi.org/10.1073/pnas.0809242105
http://www.ncbi.nlm.nih.gov/pubmed/19001271
http://dx.doi.org/10.1159/000336490
http://dx.doi.org/10.1111/j.1365-2230.2009.03207.x


C a n cers 2 0 2 0 , 1 2 , 2 4 5 0 1 2 of 1 4

2 7. U e h a r a, J.; O h k u ri, T.; K o s a k a, A.; I s hi b a s hi, K.; Hi r at a, Y.; O h a r a, K.; N a g at o, T.; Oi k a w a, K.; A o ki, N.;

H a r a b u c hi, Y.; et al. I nt r at u m o r al i nj e cti o n of I F N- β i n d u c e s c h e m o ki n e p r o d u cti o n i n m el a n o m a a n d

a u g m e nt s t h e t h e r a p e uti c e ffi c a c y of a nti- P D- L 1 m A b. Bi o c he m. Bi o p h ys. Res. C o m m u n. 2 0 1 7 , 4 9 0 , 5 2 1 – 5 2 7.

[C r o s s R ef ]

2 8. K a ki z a ki, A.; F uji m u r a, T.; F u r u d at e, S.; K a m b a y a s hi, Y.; Y a m a u c hi, T.; Y a git a, H.; Ai b a, S. I m m u n o m o d ul at o r y

e ff e ct of p e rit u m o r all y a d mi ni st e r e d i nt e rf e r o n- b et a o n m el a n o m a t h r o u g h t u m o r- a s s o ci at e d m a c r o p h a g e s.

O n c oI m m u n ol o g y 2 0 1 5 , 4 , e 1 0 4 7 5 8 4. [C r o s s R ef ]
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Discussion of results 

The study of cancer invasion plasticity is crucial for our understanding of metastatic processes and 

may help identify novel therapeutic opportunities. Metastasis is the leading cause of death in cancer 

patients, accounting for an estimated 90% of deaths (Sleeman and Steeg, 2010). It has become 

clearly evident that while the proliferation of tumour cells underlies tumour growth, the most 

jeopardising event in cancer progression is the gain of an invasive, metastasizing phenotype. This 

may arise as a consequence of genetic alterations gained during abnormal proliferation, such as 

chromosomal instability, or as a result of epigenetic modifications or aberrant signalling. There is 

also an undeniable role of the signalling cues from the TME that contribute to pro-invasive 

behaviour. Altogether this gives rise to a fraction of highly motile, invading cells, capable of 

enduring (and surviving) the metastatic process. Moreover, the selection of invasive cells and their 

interaction with non-cancer counterparts and the surrounding ECM promotes invasion plasticity, 

enabling the acquisition of various invasion modes that enhance the cells’ capability to adapt to 

and invade heterogeneous environments (Fig. 6). Due to the multiplexity of genetic aberrations, 

intratumor heterogeneity, and invasion plasticity, even with the advancement of sequencing 

technologies, the promising identification of key cancer-promoting genes has not achieved 

expected outcomes. As a result, effective therapies targeting tumour invasion are still unavailable, 

although there is a strive to identify anti-invasion drugs, coined under the term migrastatics. 

Nevertheless, this demands rigorous characterization of the multiple invasive phenotypes. Even 

after decades since metastatic behaviour was first described, reports of newly identified invasion 

strategies and mechanisms of cancer invasion plasticity arise, fuelling further research in this 

direction.  

The invasive phenotypes and transitions among them fully manifest in 3D conditions (Even-Ram 

and Yamada, 2005) and inducing MAT or AMT in 2D cultures is associated with only a limited 

morphological change. Although cells cultured in 2D conditions also show shape heterogeneity, it 

does not predict their invasion phenotype in 3D, and 2D migration analysis was shown to be 

uncorrelated with 3D invasion (Baskaran et al., 2020). It is therefore critical to study cancer 

invasion plasticity in 3D matrices, and their main requirement is the support of cell growth, motility 

and viability. Commonly used matrices include Matrigel, a mixture of basal lamina proteins, and 

collagen I, the most abundant ECM protein in humans. In addition, collagen I is secreted by cancer 

cells and thus is upregulated within the tumour stroma, making it a suitable and relevant model for 

3D cancer invasion studies (Xu et al., 2019). Therefore, all results presented in this thesis were 

performed in 3D collagen I environments, unless specifically stated otherwise. 
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There is only a limited number of studies offering datasets from invasion studies with regard to 

cancer invasion phenotypes. Microarray transcriptomic data are available for melanoma cells 

cultivated on both thin, rigid layers of collagen or thick, deformable collagen either treated or 

untreated with ROCK kinase inhibitors (Sanz-Moreno et al., 2011). Also, transcriptomic profiling 

of melanoma cells after MAT was published, although this study was based merely on 2D cell 

cultures (Taddei et al., 2014). Recently, transcriptomes of squamous carcinoma cells that adopted 

a round phenotype were published (Caley et al., 2021). Proteomic data focused on cancer invasion 

modes include data from AMT in melanoma seeded in 3D collagen (Vaškovičová et al., 2015). 

Nevertheless, comprehensive transcriptomic and proteomic profiling of paired mesenchymal and 

amoeboid cells from 3D environments was missing.  

Therefore, to describe signalling underlying invasion plasticity, we established two independent 

inducible systems of MAT in 3D collagen gels. The induction of MAT in mesenchymal cell lines 

enables direct comparison of mesenchymal and amoeboid cells within one cell line, discriminating 

cell-line specific differences caused by a different genetic background and oncogenic mutation 

status. On the other hand, induction of MAT by exogenous factors can induce treatment-specific 

responses, we, therefore, sought to implement two independent approaches to allow for 

comparison of two independent datasets. The first MAT system is based on the preparation of 

stable cell lines with doxycycline-inducible expression of constitutively active RhoA (icaRhoA). 

RhoA activity is tightly coupled to the amoeboid state and expression of its constitutively active 

version has been previously linked to a round morphology and membrane blebbing (MacKay and 

Kumar, 2014; Sahai and Marshall, 2003). The second approach takes advantage of dasatinib, a 

Src/Abl kinase inhibitor.  Dasatinib was shown to induce rounding of melanoma cells plated on 

top of collagen and has also been linked to activation of RhoA signalling (Ahn et al., 2012; 

Dasgupta et al., 2017). We have thus implemented these systems for 3D collagen cultures and 

verified the induction of motile, amoeboid invasion phenotype. Both systems enabled us to induce 

the MAT in a time-controlled manner within 3D collagen matrices in a variety of mesenchymally 

migrating cancer cell lines of different origin, including fibrosarcoma HT1080, MDA-MB-231 

breast carcinoma and BLM melanoma cells (Fig. 7), proving to be a universal and robust approach 

of MAT induction.  

The effectiveness of the MAT induction was verified by multiple approaches, including detection 

of active RhoA by pulldown assays and analysis of cell morphology measured as a decrease of 

length/width ratio in amoeboid cells. We also confirmed the independence of the induced 

amoeboid phenotype on ECM proteolysis by tracking cell invasion in 3D collagen and showed that 

unlike invasion of control mesenchymal cells, invasion of cells after MAT was not halted in the 

presence of GM6001, a MMP inhibitor. Moreover, due to the morphological resemblance of 

blebbing amoeboid cells to dying apoptotic cells, we excluded cell death by detecting the levels of 
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activated caspase-3 by western blot, which disclosed unchanged levels before and after MAT. All 

results confirmed that we are able to induce an invasive amoeboid phenotype in the originally 

mesenchymal cells (Čermák et al., 2020). (Publication #2) 

Figure 7: Established model systems of MAT induction in 3D collagen. Representative images of cell 

morphology of three cell lines in 3D collagen without induction of MAT and after induction of MAT induced 

by icaRhoA expression (left) or treatment of cells with dasatinib (right). Scale bar 100 um. 

Imaging cell invasion within 3D environments brings along various challenges not encountered 

when cells are seeded on 2D substrates. First, imaging cells embedded in 3D gels requires larger 

working distances, which demands a compromise between numerical aperture and the working 

distance, obtainable due to the use of specialized objectives. Bright-field imaging is unsatisfactory 

for detailed resolution due to light diffraction. The limitations of wide-field imaging are avoided 

when fluorescence microscopy is employed, although this brings into light issues such as 

phototoxicity. Progressive techniques such as light sheet microscopy limit phototoxicity and 

bleaching and thus enable long-term live cell imaging, however, sample preparation issues and 

their general unavailability renders them difficult to employ. A promising tool is represented by 

digital holographic microscopy, which enables live cell, label-free and high contrast imaging 

(Kasprowicz et al., 2017). 

Therefore, to gain further insight into the mechanisms of the mesenchymal and amoeboid invasion 

mode, we took use of quantitative phase imaging provided by coherence-controlled holographic 

microscopy (CCHM), which enables label-free imaging of live cells in optically scattering 

environments, such as 3D collagen gels. This is possible due to a coherence gate effect that allows 

to filter out strongly scattered light paths and includes only those, which meet at the detector level 
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after initial splitting into the subject and reference light paths. The camera of the microscope 

captures the interference of the subject path, which passes through the sample, with respect to the 

reference path, and records a hologram image. Due to the nature of this imaging technique, it is 

quantitative and provides information on the amount of cell dry mass in pg/μm2. Using this unique 

approach, we recorded the invasion of HT1080-icaRhoA cells before and after MAT. We 

documented a direct interaction of mesenchymal cells with collagen fibres, including their ability 

to bundle together several collagen fibres, presumably to strengthen the cell-ECM adhesion. On 

the other hand, we observed only short-lived interactions with the ECM in the case of amoeboid 

cells, which agrees with the current concept that amoeboid invasion is independent of stable, 

integrin based adhesions (Paluch et al., 2016). Instead, amoeboid cells form transient contact with 

the ECM mediated by the glycocalyx (Schmidt et al., 2020). Interestingly, the NG2 glycoprotein 

was previously linked to the amoeboid phenotype, and its overexpression increased invasion 

(Paňková et al., 2012). Whether this was due to NG2-mediated cell-ECM contacts would be an 

interesting question to address by CCHM. We further documented membrane blebbing, typical of 

amoeboid cells, also in mesenchymal cells at sites around the nucleus. Since the nucleus is the 

most rigid cell part, it is often subject to constriction (Krause and Wolf, 2015). We hypothesized 

that the peri-nuclear blebbing could serve to push away fibres and alleviate the stress formed by 

the ECM on the nucleus. In agreement, yet unreviewed research shows that localized membrane 

blebs can promote breakage and internalization of collagen, making space for cell translocation 

without the need for proteolytical degradation, imposing a novel role for membrane blebbing (Welf 

et al., 2020). 

From image sequences obtained by CCHM, we were able to describe translocation of the cell dry 

mass within the cell body during invasion. We show that two previously described subtypes of 

amoeboid invasion, blebby-amoeboid and pseudopodal-amoeboid (Friedl and Wolf, 2010; Petrie 

and Yamada, 2016), can be distinguished by cell mass translocation, which is unpolarized in 

blebby-amoeboid cells but shows front-rear polarization in pseudopodal-amoeboid cells. This 

corresponds with the characterization of blebby amoeboid cell invasion as slower and less 

polarized compared to pseudopodal amoeboid invasion (Friedl and Wolf, 2010). Moreover, we 

demonstrate that the distribution of the cell mass is an important determinant of cell directionality, 

which is a feature shared by both mesenchymal and pseudopodal-amoeboid cells. These findings 

encourage the design of automatized, machine-learning evaluation methods of cell migration and 

invasion based on label-free imaging. This has already been proved possible in 2D conditions, 

where automatized evaluation of digital holographic images was implemented to evaluate cell 

morphology (Lam et al., 2018) or cell dynamics during EMT (Strbkova et al., 2020). The 

application of CCHM could enable this in 3D environments. Moreover, the calculation of dynamic 
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phase differences could further serve to automatically assess the direction of cell invasion (Tolde 

et al., 2018).  (Publication #1) 

To disclose the genetic and protein expression changes associated with the transition of 

mesenchymal cells to amoeboid cells, we performed large scale transcriptomic and proteomic 

profiling of HT1080 fibrosarcoma cells before and after induction of MAT by both icaRhoA and 

dasatinib in 3D collagen cultures. After 48h in 3D collagen, control mesenchymal and MAT-

induced cells were harvested for RNA or protein lysates, which were further processed for RNA-

sequencing or mass spectrometry, respectively (Čermák et al., 2020). (Publication #2)  

To eliminate treatment specific changes, only overlapping genes were considered for further 

enrichment analysis to obtain an amoeboid molecular signature. Gene enrichment analysis 

disclosed that the most significant upregulated pathways are involved in inflammatory signalling 

and type I IFN response (Gandalovičová et al., 2020). Concordantly, the overlap of genes 

upregulated by both icaRhoA and dasatinib, with proteins detected as upregulated by both systems 

(Čermák, 2019) includes 9 genes/proteins (CEBPB, GDF15, IFIT1, IFITM3, MX1, NNMT, 

SERPINB2, STAT1, VASN)2, out of which 5 represent interferon-associated genes. IFIT1, 

IFITM3, MX1 and NNMT are IFN-induced genes with a described link to cancer (Aljohani et al., 

2020; D’Andrea et al., 2011; Pidugu et al., 2019; Rajapaksa et al., 2020). STAT1 is a direct 

mediator of IFN signalling and has an ambiguous role for tumour progression, showing both 

tumour suppressing and promoting roles (Zhang and Liu, 2017),. The downregulated genes 

common to both icaRhoA and dasatinib were enriched with cell-cycle associated genes, pointing 

to a less proliferative state of amoeboid cells (unpublished results). Whether this is biologically 

relevant or is an effect of the treatments remains to be addressed. 

Thus, to affirm the upregulation of type I IFN signalling in amoeboid cells detected by RNA 

sequencing, we measured the expression of Stat1/2/3 and IRF9, by RT-qPCR, in HT1080 cells 

undergoing MAT, and complemented this with Western blot detection of Stats phosphorylation. 

Results on both gene and protein level pointed to the involvement of Stat1/2 and IRF9, together 

known as the ISGF3 complex, in the amoeboid phenotype.  

To dissect the role of inflammation signalling in cancer invasion plasticity in more detail, we 

employed a set of melanoma cell lines with mixed invasion phenotypes, which enabled us to test 

whether manipulation of the type I IFN signalling pathway can induce both MAT when 

upregulated and AMT when repressed. Indeed, inhibition of Jak/Stat signalling by Ruxolitinib, a 

 
2 CEBPB (CCAAT/enhancer-binding protein beta); GDF15 (growth differentiation factor 15); IFIT1 
(interferon induced protein with tetratricopeptide repeats 1); IFITM3 (interferon induced transmembrane 
protein 3); MX1 (MX dynamin like GTPase 1); NNMT (nicotinamide N-methyltransferase); SERPINB2 
(serpin family B member 2); STAT1 (signal transducer and activator of transcription 1); VASN (vasorin)
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kinase inhibitor of Jak1/2, led to an increase in elongated, mesenchymal cells, whereas treating 

melanoma cells with IFNβ caused cells to switch to the round, amoeboid phenotype. The IFNβ 

treatment led to a prolonged expression of ISGF3 components, i.e. IRF9 and unphosphorylated 

Stat1, Stat2, which is associated with a low level, constitutive expression of interferon induced 

genes (Cheon et al., 2013; Yamagami et al., 2018). However, we did not observe any pro-amoeboid 

effect of IFNα nor IFNω, which we attribute to their decreased ability to activate the long-term 

response, since neither IFNα nor IFNω increased the levels of ISGF3 components to the same 

extent as IFNβ.  In addition, when IRF9, the adaptor protein of the ISGF3 complex, was depleted 

by siRNA, the amoeboid phenotype was downregulated, and an increased number of elongated 

cells was observed.  

In cells, the fine-tuning of the IFN response is regulated by suppressor of cytokine signalling 

(SOCS) proteins that secure a negative feedback loop for Jak/Stat signalling (Linossi et al., 2018). 

Thus, we prepared stable cell lines expressing doxycycline-inducible SOCS1 and SOCS3. After 

confirming their ability to diminish interferon induced phosphorylation of Stat1/3, we tested their 

effect on preventing MAT. Interestingly, SOCS1, but not SOCS3 expression, had a pro-

mesenchymal effect on WM3629 melanoma cells, and could partially prevent dasatinib induced 

MAT in HT1080 cells. We suggest that this could be explained by the differential effect of SOCS1 

and SOCS3 on long-term IFN signalling, with only SOCS1 leading to IRF9 and unphosphorylated 

Stat1 downregulation. Although we do not know the nature of this downregulation, it supports our 

theory that sustained ISGF3 signalling is important for amoeboid cells. Apart from its action on 

the IFN pathway, SOCS1 may repress the amoeboid phenotype by suppressing CEBPβ expression, 

which is one of the amoeboid-associated genes identified in our transcriptomic and proteomic 

analysis (Čermák et al., 2020). 

We have also demonstrated that ISGF3 signalling drives cell dissemination from tumour spheres 

and promotes the amoeboid phenotype by adding IFNβ to spheroid cultures. Since IFNβ is present 

in the tumour stroma, where it is secreted by both tumour cells and CAFs, this finding suggests a 

mechanism relevant for the in vivo situation. In fact, direct contact between cancer cells and CAFs 

may lead to DNA transfer and enhanced IFNβ secretion from CAFs (Rullan Iriarte et al., 2018). It 

has also been described that cancer cells undergoing chemotherapy upregulate secretion of IFNβ, 

which reprograms stromal fibroblast into an anti-viral state that supports tumour re-growth after 

treatment (Maia et al., 2021). Moreover, we have shown that melanoma cells treated with IFNβ 

upregulate the expression of cytokines, such as IL6, IL8, IL24 and IFNβ1 itself, indicating that 

IFNβ1 issues an autocrine stimulatory program leading to enhanced secretion of pro-invasive 

molecules. In addition, it upregulates the expression of PD-L1 (programmed death-ligand 1), a 

molecule implicated in the immune escape of cancer cells (Frydenlund and Mahalingam, 2017). 
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In agreement with our findings, recent data point to a pro-tumorigenic role of IFN signalling in 

various contexts. Cancers often display an intrinsic inflammatory-like signature (Colotta et al., 

2009; Greten and Grivennikov, 2019). In addition, IFN signalling has been linked to increased 

resistance to anti-cancer drugs (Khodarev et al., 2004; Kolosenko et al., 2015; Luker et al., 2001), 

and constitutive exposure to IFNβ confers cells with protection to DNA damage (Cheon et al., 

2013).  

This is opposed to the previously described role of IFN signalling in suppressing proliferation in 

cancers cells, and thus its previous implication as a therapeutic strategy against cancer (Kaynor et 

al., 2002; Musella et al., 2017). Nevertheless, invasive behaviour should be uncoupled from 

proliferative behaviour, as they may in fact be exclusive to a certain extent (Kohrman and Matus, 

2017). For example, in melanoma, a phenotype switch between proliferative and invasive states 

has been described (Hoek et al., 2008). The diverse effects of IFN signalling on proliferation and 

invasion may be one of the causes why IFN treatment showed ineffective against cancer in various 

clinical studies. 

Taken together, we have demonstrated that modifying the level of type I interferon signalling 

modulates the invasive behaviour of cells. Sustained, long-term IFN response, but not the 

immediate IFN-induced response, seems to underlie the maintenance of the amoeboid phenotype 

and its upregulation is associated with increased cell dissemination from tumour spheroids. On the 

other hand, abrogation of ISGF3 signalling by various approaches leads to cell elongation typical 

of mesenchymal cells (Gandalovičová et al., 2020). (Publication #3) 

Inflammation-associated signalling has been previously repeatedly linked to the progression of 

metastatic disease (Ben-Neriah and Karin, 2011; Opdenakker and Van Damme, 1992; Sistigu et 

al., 2017).  The activation of inflammatory pathways may occur as a result of chromosomal 

instability, which has been linked to metastatic progression, and often results in presence of 

cytosolic DNA, activating a self-driven type I IFN response (Tijhuis et al., 2019). Recently, it was 

shown that inflammatory gene expression profiles were enriched in macrometastases compared to 

micrometastases, involving an autocrine positive feedback loop of IL1 (Pein et al., 2020). 

Moreover, there is increasing evidence for the involvement of inflammatory signalling in 

promoting the amoeboid phenotype. For example, both IL6-Stat3 and IL1-NFκB signalling was 

shown to promoting the amoeboid phenotype in melanoma cells (Georgouli et al., 2019; Sanz-

Moreno et al., 2011). The pro-amoeboid role of IL1 was also identified in our recent transcriptomic 

analysis of amoeboid A375m2 cells treated with p38 kinase inhibitors, which led to a shift to an 

elongated, mesenchymal phenotype, corresponding to AMT. In fact, IL1B was among the ten most 

downregulated genes after the induction of AMT (Čermák et al., 2021). Notably, the amoeboid-

associated gene expression signature of breast cancer displays is enriched in inflammation-
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associated signalling and displays a striking overlap with genes upregulated after MAT in HT1080 

cells – 20 out of the 35 most enriched gene ontology categories are present in both data sets and 

all 20 represent inflammatory signalling (Čermák et al., 2020; Emad et al., 2020; Gandalovičová 

et al., 2020).  

It is still yet unclear, whether amoeboid cells upregulate inflammatory signalling actively, or as a 

result of mechanical stress they must endure during their translocation through pores of the ECM. 

Nevertheless, nuclear deformation is a common accompanying effect during invasion in 

confinement (Denais et al., 2016), and may be the source of stress signalling due to DNA damage. 

It may be speculated that the IFN-like signalling identified in amoeboid cancer cells imposes them 

with adaptability to survive in adhesion-low, cytokine rich environments and renders them more 

resilient to deformation (Fig. 8).  

Figure 8: Stress associated signalling promotes amoeboid invasion. Amoeboid invasion is 

induced by various stress-inducing conditions, such as a) cell crowding and loss of adhesion, 

b) nuclear stress during invasion, c) a cytokine rich environment, d) cell confinement, e) hypoxia

and f) shear stress.
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It cannot be easily defined as to which invasion mode has the largest metastatic capacity, as this is 

very dependent on both cell intrinsic, and extrinsic factors. Collective invasion is considered the 

dominant strategy for dissemination from primary tumours, and mesenchymal invasion, as the net 

result of EMT was long considered the dominant form of invasive behaviour. In fact, amoeboid 

invasion was considered an artefact due to collagen matrix preparation (Sabeh et al., 2009). This 

was later amended by the finding that amoeboid cells metastasize in vivo, and the upregulation of 

Rho/ROCK signalling could actually promote metastatic behaviour of cells (Kosla et al., 2013). 

Nowadays, the role of amoeboid cells in metastatic disease is becoming more and more profound. 

This is supported by the observations that highly metastatic melanoma cell lines derived from 

metastases of parental cell lines often increase amoeboid traits, such as A375m2 and A375P, or 

WM983B and WM982A cell lines, respectively (Georgouli et al., 2019). Moreover, cells with 

amoeboid traits are often detected at the leading front of melanoma tumours (Sanz-Moreno et al., 

2011) as well as breast cancer tumours (Gao et al., 2017). 

In vitro, the invasiveness of individual cancer cells can be tested in various matrices, and, 

importantly, may give varying results based on the chosen ECM. For example, merely increasing 

the concentration of collagen may favour mesenchymal invasion. In cell cultures, cancer cell lines 

exhibit phenotypic stability and adopt the amoeboid or mesenchymal phenotype in a large variety 

of matrices. This may evoke the tempting presumption that tumours exist in either the amoeboid 

or mesenchymal state, which is very unlikely. Rather, cancers take advantage of different invasion 

modes during individual steps of the metastatic cascade and commonly adopt hybrid and 

transitionary phenotypes (Friedl and Alexander, 2011; Huang et al., 2014) (Fig. 6). 

Moreover, the cooperation of mesenchymal and amoeboid cells promotes invasive behaviour. 

Amoeboid cells can serve as immunomodulatory hubs, producing pro-invasive cytokines to 

stimulate a pro-invasive environment. In addition, amoeboid cells can modulate the behaviour of 

surrounding cells by exosome shedding and stimulate their pro-malignant characteristics (Schillaci 

et al., 2017). A mathematical model suggested that a population with mesenchymal and amoeboid 

heterogeneity is most effective in invading heterogeneous environments, as the fast, dynamics 

amoeboid cells take use of paths within the ECM created by mesenchymal cells (Hecht et al., 

2015). Concordantly, a different model predicts that heterogeneity in cell size and deformability is 

desirable and maximizes invasive potential (Asadullah et al., 2021).  

During the metastatic cascade, particular invasion modes may be preferentially adopted and bring 

advantage for each given step. The amoeboid phenotype may be preferentially adopted by cells 

within the tumour mass due to lack of ECM contact and necessity to survive under stress-inducing 

conditions including hypoxia, cytokine rich environment and overall cell crowding (Fig. 8). At 

sites of dissociation from the tumour mass, collective or individual invasion may be beneficial 
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based on the physical properties of the adjacent ECM. Nevertheless, amoeboid cells are often 

observed at the invasive fronts of melanoma and breast cancer tumours and may arise from direct 

dissemination or through MAT (Pandya et al., 2017). In dividing mitotic cells, the activation of 

RhoA/ROCK was shown to promote dissociation of individual cells from epithelial sheets, 

suggesting a mechanism of cell dissemination from collectively migrating cells (Vasiliev et al., 

2004). In the case of transendothelial migration, both amoeboid (RhoA/ROCK, deformability) and 

mesenchymal phenotypic traits (adhesion and proteolysis) have been described (Onken et al., 

2021). Notably, when entering confined spaces, cells autonomously promote amoeboid-associated 

traits, such as membrane blebbing (Holle et al., 2019). Once within the vessel, circulating tumour 

cells endure confinement and interstitial flow, both of which has been associated with the 

amoeboid phenotype (Huang et al., 2015; Liu et al., 2015). Similar to intravasation, the process of 

extravasation requires both proteolysis and RhoA-mediated signalling (Ladhani et al., 2011). It can 

be expected that the successful passage of cells through the metastatic cascade will have rendered 

them more adaptive and resilient, affecting their biophysical properties. Notably, recent findings 

show that during migration in confinement, cancer cells soften (Rianna et al., 2020). The softness 

of cells has also been linked to drug resistance in ovarian cells (Kapoor et al., 2018) and tumour 

progression in glioma cells (Alibert et al., 2020). Intriguingly, cell deformability increases with 

metastatic progression and cells after lung metastasis display the highest invasion rates and lowest 

stiffness, which could be correlated with the tendency to adopt the amoeboid phenotype (Liu et al., 

2020). Taken together, the metastatic process greatly profits from cancer invasion plasticity, and 

cells with inherently increased phenotypic plasticity and adaptability may be expected to have most 

metastatic potential. 
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Future challenges and perspectives 
It is increasingly more evident that cancer invasion plasticity studies will move from simple 3D 

models, let alone 2D cell cultures, to complex environments that involve cell co-cultures and 

multiple ECM components to reconstitute the in vivo situation better. This will bring along 

technical challenges such as imaging cells in optically inhomogeneous environments, complicating 

live cell imaging. Moreover, whilst co-cultures of multiple cell lines enable to imitate cell 

interactions within the TME, they complicate read-out on the level of protein and gene expression 

as it is not possible to separate one cell line from another in bulk analysis. This issue could be 

resolved by single cell sequencing techniques; however, we still lack the tools required for routine, 

single cell analysis from 3D cultures. Another limitation that hinders a better understanding of the 

metastatic processes is the difficulty to maintain long-term 3D cell cultures, limiting studies 

focusing on e.g., the role of tumour dormancy or senescence in invasion plasticity.  

A detailed description of molecular signatures of each cancer invasion mode will help to unravel 

heterogeneity within individual tumours and predict the level of metastatic propensity. Moreover, 

it would allow for detection of the implied invasion mode from patient-derived samples, enabling 

stratification into amoeboid and mesenchymal prognostic subtypes. A recent paper has contributed 

to this area by disclosing an epithelial-to-mesenchymal-to-amoeboid transition gene signature of 

breast cancer metastasis and survival, which was shown to improve survival prediction in 

combination with standard prognosis methods (Emad et al., 2020).  

Overall, the characterization of the individual cancer invasion modes will help to unravel 

heterogeneity within individual tumours and predict the level of metastatic propensity. As such, 

cancer cell invasion plasticity remains an exciting topic to study and will certainly disclose many 

targetable mechanisms, raising hope that one day metastasis will be tackled. 
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Concluding remarks 
This thesis has summarized the results of three publications focusing on mechanisms of cell 

invasion plasticity within 3D in vitro environments.  

After initial testing of suitable model systems of MAT in 3D conditions, we established and 

described two MAT systems that proved effective in various cancer cell lines. The first relies on 

the generation of stable cell lines expressing doxycycline-inducible constitutively active RhoA, 

while the other takes advantage of a Src kinase inhibitor dasatinib treatment. Both approaches 

resulted in the induction of a migratory amoeboid phenotype in the vast majority of cells, 

exemplified by the gain of round morphology, membrane blebbing and invasion resistant to 

protease inhibition.  

Utilizing the HT1080-iRhoA model system, we employed digital holography microscopy to 

visualize live, unlabelled mesenchymal or amoeboid invasion in real-time within 3D collagen. The 

unique method of CCHM provided us with a detailed depiction of cell invasion strategies, 

including cell interaction with collagen fibres or detailed visualization of membrane blebs, and 

disclosed changes of mass distribution within the migrating cell. 

To identify amoeboid associated gene expression, we performed RNA sequencing and 

transcriptomic profiling of HT1080 cells after induction of MAT by the two independent systems 

and focused on the overlapping genes to discriminate treatment-specific effects. This disclosed that 

amoeboid cells upregulate signalling associated with inflammation, particularly the response to 

type I IFNs. 

The association between inflammatory signalling and amoeboid invasion was further confirmed in 

a panel of melanoma cell lines of ranging invasion phenotypes. Moreover, by enhancing the 

Stat1/Stat2 response by treatment of cells with IFNβ, we could promote the amoeboid phenotype 

and individual dissemination of single cells from tumour spheres.  Opposingly, downregulation of 

this signalling complex by IRF9 knockdown mediated by siRNA, or induced expression of SOCS1, 

responsible for negative regulation of Jak/Stat signalling, both promoted mesenchymal features of 

melanoma cells.  

Results presented in this thesis have contributed to the field of cancer invasion plasticity and 

disclosed signalling mechanisms associated with the amoeboid phenotype, adding another piece 

to the overwhelmingly complicated biological puzzle of cancer. 
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