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ABSTRACT 

 

Metastasis is the leading cause of death among cancer patients. The metastatic 

cascade, during which cancer cells from the primary tumor reach a distant organ and form 

multiple secondary tumors, consists of a series of events starting with cancer cells invasion 

through the surrounding tissue of the primary tumor. Invading cells may perform 

proteolytic degradation of the surrounding extracellular matrix (ECM) and directed 

migration in order to disseminate through the tissue. Both of the mentioned processes are 

profoundly affected by several parameters originating from the tumor microenvironment 

(extrinsic) and tumor cells themselves (intrinsic). However, due to the complexity of the 

invasion process and heterogeneity of the tumor tissue, the exact effect of many of these 

parameters are yet to be elucidated. 

ECM proteolysis is widely performed by cancer cells to facilitate the invasion 

process through the dense and highly cross-linked tumor tissue. It has been shown in vivo 

that the proteolytic activity of the cancer cells correlates with the cross-linking level of 

their surrounding ECM. Therefore, the first part of this thesis seeks to understand how 

ECM cross-linking regulates cancer cells proteolytic activity. This chapter first 

quantitatively characterizes the correlation between ECM cross-linking and the dynamics 

of cancer cells proteolytic activity and then identifies ß1-integrin subunit as a master 

regulator of this process.  

Once cancer cells degrade their immediate ECM, they directionally migrate 

through it. Bundles of aligned collagen fibers and gradients of soluble growth factors are 
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two well-known cues of directed migration that are abundantly present in tumor tissues 

stimulating contact guidance and chemotaxis, respectively. While such cues direct the cells 

towards a specific direction, they are also known to stimulate cell cycle progression. 

Moreover, due to the complexity of the tumor tissue, cells may be exposed to both cues 

simultaneously, and this co-stimulation may happen in the same or different directions. 

Hence, in the next two chapters of this thesis, the effect of cell cycle progression and 

contact guidance-chemotaxis dual-cue environments on directional migration of invading 

cells are assessed. First, we show that cell cycle progression affects contact guidance and 

not random motility of the cells. Next, we show how exposure of cancer cells to contact 

guidance-chemotaxis dual-cue environments can improve distinctive aspects of cancer 

invasion depending on the spatial conformation of the two cues. 

In this dissertation, we strive to achieve the defined milestones by developing novel 

mathematical and experimental models of cancer invasion as well as utilizing fluorescent 

time-lapse microscopy and automated image and signal processing techniques. The results 

of this study improve our knowledge about the role of the studied extrinsic and intrinsic 

cues in cancer invasion. 
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CHAPTER 1 

INTRODUCTION  

1.1. Cancer Invasion 

Cancer arises from a single cell going through a series of gene mutations resulting 

in uncontrolled growth, evasion of apoptosis, and induction of angiogenesis. These events 

that are known as the hallmarks of cancer are prerequisites of tumor formation and further, 

metastasis [1]. Metastasis, which is responsible for more than 90% of all cancer-related 

deaths [2], is referred to the dissemination of cancer cells from the primary tumor into 

distant organs and the formation of secondary tumors (Figure 1A). One of the early steps 

of metastasis is called ñcancer invasion,ò in which tumor cells migrate away from the 

primary tumor into the surrounding tissue (stroma) shown in Figure 1B [3]. Next, 

metastasizing cells reach a blood or lymphatic vessel, intravasate into them and will use 

them as carriers to reach distant organs. During this process, cancer cells often degrade 

 

Figure 1. Metastasis and cancer invasion. A. Schematic figure showing the metastasis 

cycle starting from cancer invasion, intravasation, extravasation, and formation of distant 

metastasis. B. Cancer invasion includes breaching the basement membrane of the tumor 

and migration through the tumor stromal tissue. Figure is taken with permission from [3]. 
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1.2. Invadopodia 

Invadopodia [4] are actin-rich protrusions grown by cancer cells to focally degrade 

their immediate extracellular matrix via depositing matrix metalloproteases such as MT1-

MMP and MMP2 to the extracellular space (Figure 2) [5]. In vivo studies have shown that 

invadopodia are crucial for both cancer cells intravasation into [6] and extravasation from 

[7] blood vessels. In vitro studies have characterized different steps of invadopodia 

formation and maturation as well as crucial components of every step. These steps include 

precursor assembly, protrusion growth, enzyme delivery, and protrusion retraction [8]ï

[16].  

 Figure 3 depicts a simplified protein-protein interaction map of the invadopodia 

pathway, starting with specific growth factor receptors (e.g., EGFR or PDGFR) being 

activated by their specific ligands (Figure 3A) [8]. Next, the activated growth factor 

receptors trigger the formation of the invadopodia precursors by activating Src molecule

 

Figure 2. Matrix metalloproteases delivery to invadopodia initiates ECM degradation. 

degrade extracellular matrix in vitro and in vivo. Fluorescent micrographs showing 

colocalization of MT1-MMP (M  and Mô) with puncta of gelatin degradation (N and Nô). 

Figure is taken with permission from [5].  
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Figure 3. Schematic representation of the main molecules in the invadopodia pathway. A. 

Invadopodia precursor formation is triggered by activation of growth factor receptors. B. 

Tks5-mediated binding of invadopodia precursor to the cell plasma membrane and 

integrin-mediated adhesion of the invadopodia core stabilizes the invadopodia. C. 

Invadopodia protrusion forms by actin polymerization. Lastly, cytosolic calcium 

oscillations mediate delivery of MT1-MMP containing vesicles to invadopodia.  

 

resulting in the activation of Cdc42. Twenty seconds after precursor formation, the adaptor 

protein Tks5 [17] is recruited to the complex and anchors it to the plasma membrane of the 

cell (Figure 3B). Next, the adhesion receptor ß1 integrin stabilizes the entire membrane-

precursor complex by binding it to the ECM ligands (Figure 3B) [18]. At this step, a pH-

regulated activation of actin-severing protein, cofilin, initiates actin polymerization 

resulting in the formation of the invadopodia protrusion (Figure 3C) [15]. Invadopodia 

maturation happens when matrix metalloprotease-containing vesicles are delivered to 

invadopodia. This step is influenced by cytosolic calcium spikes such that their abrogation 

halts the delivery of the enzyme-containing vesicles (Figure 3C) [12].  

As mentioned above, one of the crucial components of invadopodia is adhesion 

proteins such as integrin ß1. The activity of these proteins is shown to be crucial for 

stabilizing the protrusions by adhering them to the substrate and not letting them retract 
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[8]. Facilitated by such adhesion proteins, invadopodia actively engages the ECM, and 

their activity is highly affected by ECM properties such as rigidity, density, and cross-

linking [19]ï[21]. Recent in vivo data shows a direct correlation between invadopodia 

formation and ECM cross-linking levels of breast tumors (Figure 4) [6]. However, a 

mechanistic understanding of how such an effect is exerted to invadopodia and what 

molecule(s) is responsible for transmitting ECM cross-linking variation to invadopodia are 

yet to be elucidated. The second chapter of this thesis elaborates upon this subject and 

strives to answer the questions above via in silico and in vitro analyses.  

 

 
Figure 4. Invadopodia activity correlates with ECM cross-linking level in vivo. Bar plot 

showing In vivo data suggesting that tumor associated ECM cross-linking level correlates 

with the number of invadopodia [6]. Brest tumor xenografts in mice treated with L-ribose 

(green) or BAPN (red) would show higher or lower ECM cross-linking levels compared to 

the control mice (purple). Figure is taken with permission from [6]. [8]ï[16] 

 

 

1.3. Cell Migration 

Cell migration is a highly complex and multistep process, via which cells move 

within the tissues. Cell migration is crucial for maintaining the human bodyôs homeostasis 

by contributing to processes such as wound healing, immune surveillance, and bone 

regeneration. This phenomenon also contributes to pathological processes including 
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multiple sclerosis, vascular diseases, and cancer metastasis. This process includes the 

integration of molecular pathways controlling cell polarization [22], focalized adhesion 

dynamics [23], [24], actin polymerization, and actomyosin contraction [25].  

Figure 5 depicts various steps of cell migration with its major molecular players 

[26]. In the first step (Figure 5B), lamellipodial and filopodial protrusions form at the cell 

leading edge. At this step, Rho family GTPases, including Rac and Cdc42 initiate actin 

nucleation by the Arp2/3 complex and formation of the protrusions. In step 2 (Figure 5C), 

integrin molecules engage with ECM adhesion ligands and form focal contacts at the tip of 

the freshly formed protrusions. Next, integrin clustering recruits several signaling and 

adaptor molecules such as FAK, talin, and vinculin initiating the formation of focal 

adhesions [27]. In step 3 (Figure 5D), surface proteases are recruited to the cell-ECM 

contacts cleaving native ECM molecules into smaller fragments [28]. In step 4 (Figure 

5E), A Rho-ROCK-mediated activation of myosin II molecules bind to actin filaments and 

create contractility forces throughout the entire cell body [25]. In step 5 (Figure 5F), the 

focal contacts in the trailing edge of the cell disassemble, and the cell translocates towards 

the direction of the new adhesions. At this step, several molecules trigger the disassembly 

of the focal contacts. For instance, actin binding and severing proteins, such as cofilin, cap 

actin molecules inhibiting their polymerization and facilitating filament turn over. 

Moreover, the activation of cytoplasmic proteases such as calpain cleaves linkages between 

focal adhesion components. 
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Figure 5. Steps of the single-cell migration process [26]. A.  A schematic figure of a single 

cell migrating through the tissue. B. A schematic representation of the main molecules 

controlling protrusion growth (step 1). C. In step 2, integrin molecules bind the protrusions 

to the ECM adhesion ligands. D. In step 3, proteases delivered to the tip of the adhesive 

protrusions cleave the ECM fibers. E. In step 4, activated myosin II molecules bind actin 

filaments and create contractility forces throughout the entire cell body. F. In step 5, cell-

ECM adhesions at the cell rear are cleaved, and the cell can move towards the direction of 

the new adhesions. G. The legend. Figure is taken with permission from Wolf et al [25]. 

 

 

 

 

 

 

A 

B 

C 
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1.4. Directed Migration 

While migrating through the tissue, tumor cells are usually exposed to guiding cues, 

resulting in directed migration that facilitates persistent navigation through the tissue and 

efficient arrival to the lymphatic or blood vessels [29]. In most cases, guiding cues are 

gradients of biochemical or biophysical tissue properties in a particular direction [30]. For 

instance, gradients of unbound chemical molecules such as Epidermal Growth Factor 

(EGF) secreted from blood vessels or tumor-associated macrophages (TAMs) and 

gradients of bound adhesive ligands such as fibronectin (FN) are known to induce 

chemotaxis and haptotaxis respectively. Moreover, atomic force microscopy (AFM) 

indentation has revealed that the invasive front of most human tumors is the stiffest part of 

these tissues [31]. Therefore, there exists a gradual change in the stiffness of the tumor 

tissue which can be sensed by the cells and therefore, can guide the cell migration uphill 

the stiffness gradient (durotaxis) [32]. In addition, gradients of pH and oxygen can also 

induce directed cell migration in the tumor microenvironment.  

Contact guidance is referred to as the directional migration of cells toward the 

direction of aligned collagen fibers (Figure 6A). Perhaps, aligned collagen fibers are the 

only cue among all guiding cues that do not include a gradient. Instead, they provide cells 

with an asymmetric topography that physically enforces the direction of migration by 

limiting the availability of adhesion ligands to a particular direction. Bundles of aligned 

collagen fibers are abundant in fully grown and late-stage tumors and are used by invading 

cancer cells as migration tracks [33] to disseminate through the tumor stromal tissue.  
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Figure 6. Extrinsic and intrinsic cues affect cancer invasion A. Contact guiding cancer 

cells polarized toward the direction of aligned collagen fibers. Panel A is taken with 

permission from [29]. B. Phases of the cell cycle. Panel B is taken with permission from 

[34]. 

 

1.5. Cell Cycle Progression and Cancer Invasion 

The cell cycle is referred to a sequence of events occurring in a cell in order for its 

DNA to be replicated and the cell to be divided into two daughter cells (Figure 6B) [34]. 

Complete proceeding through the cell cycle is contingent upon the satisfaction of several 

checkpoints within the cell cycle, making sure that cells would not divide unless specific 

signals stimulate their proliferation. For instance, growth factor-mediated activation of 

receptor tyrosine kinases (RTKs) can trigger activation of the Akt signaling pathway which 

can lead into cell cycle progression by activation (inhibition) of certain proteins, whose 

activated (inhibited) state is required for progressing through the cell cycle checkpoints 

[35]. During carcinogenic transformation, which is referred to the process in which a 

normal cell transforms into a cancer cell, cells acquire specific characteristics such as 

sustained proliferative signaling and replicative immortality [1]. Such characteristics 
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enable cells to efficiently bypass the cell cycle checkpoints and proliferate quickly, 

resulting in the formation of a tumor mass.  

During cancer invasion process, disseminating cancer cells start engaging their 

surrounding environment and directionally migrate through it. While these cells show gene 

expression profiles similar to highly proliferative cell populations, it is not known whether 

their migration through the tissue is affected by their proliferation. Although some in vivo 

and in vitro studies have shown that cancer invasion is affected by cell cycle progression 

[36]ï[41], reported results have been contradicting. In chapter three of this thesis, we strive 

to resolve the effect of cell cycle progression on random and directed migration of breast 

cancer cells by using both 2D and 3D migration models. 

1.6. Directed migration in multi-cue environments 

The tumor microenvironment is highly heterogeneous. As indicated by tumor tissue 

histological data, tumor tissue heterogeneity stems from the presence of various cell types, 

non-homogeneous distribution of ECM molecules through the tissue and diffusion of 

various chemical growth factors from blood vessels and paracrine sources [42]. Moreover, 

as outlined in the literature [43], [44], the variations of several tumor microenvironmental 

properties such as stiffness and chemical growth factor concentrations exert a non-linear 

effect on invasive behaviors of the cancer cells which adds to the complexity of tumor 

invasion. A direct consequence of such heterogeneity is that disseminating cancer cells are 

less likely to be affected by the variation of one cue at a time. Instead, cells are mostly 

faced with a multi-cue environment in which they need to continuously adapt their 

behaviors depending on spatiotemporal changes of their microenvironment. This issue 
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challenges most of the currently available in vitro tumor models in which the hypotheses 

are tested in a reductionist approach by exposing cells to variations of one parameter at a 

time. These challenges necessitate investigating tumor cell invasion in models mimicking 

the complexity of the tumor tissue.  

Directed migration of cancer cells is a necessary component of cancer cell 

dissemination, which is stimulated in response to many environmental parameters. In this 

regard, tumor tissue heterogeneity can increase the probability of cell exposure to multiple 

cues of directed migration at a time. For instance, gradients of various growth factors and 

aligned collagen fibers are abundantly found in heterogeneous tumor tissues in various 

directions. Hence, invading cancer cells might often be exposed to both cues 

simultaneously. At such conditions, it is not known which cue dominates the directed 

migration of the cells. In the fourth chapter of this thesis, we strive to elucidate how directed 

migration in cancer cells is affected in contact guidance-chemotaxis dual-cue conditions 

by testing both orthogonal and parallel arrangement of the two cues. 

1.7. Interdependency in Extracellular Matrix Physical Properties 

Both invadopodia activity and cell migration are profoundly affected by ECM 

physical properties such as density, cross-linking level, fiber alignment, stiffness, and pore 

size [45]ï[49]. In natural ECM proteins, such as collagen, the level of these properties is 

highly interdependent, making it impossible to decouple the variations of such properties 

from each other. For instance, increasing collagen density from 0.5 mg/ml to 4 mg/ml can 

result in a hundred-fold increase in the elastic modulus of the collagen gels [50]. Moreover, 

increasing the collagen concentration and fiber alignment is accompanied by a decrease in 
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the collagen pore size [51]. The cross-linking level of the collagen gel is also an essential 

determinant of the substrate stiffness and pore size, such that increasing the cross-linking 

level increases the stiffness [46], [52] and decreases the pore size in the collagen gels (this 

study). This interdependency among collagen properties makes it impossible to decouple 

the effect of the variation in the level of such properties on cellular behavior. One of the 

avenues to tackle this problem is to use composite materials in which addition of another 

synthetic or natural material to the collagen gel will be utilized in favor of decoupling the 

physical properties of the substrate. For instance, addition of PEG molecules to collagen 

gels as a crowding agent resulted in decreasing the pore size of the gels independent of 

their bulk and local elastic modulus [53]. In another study, interpenetrating networks of 

gelatin-methacrylate and collagen were used to vary the substrate density and stiffness 

independently [54].    

1.8. Aims of This Thesis 

This thesis includes the following specific aims: 

Specific aim 1: Understanding how ECM cross-linking regulates cancer invasion 

Aim 1.1: Developing a mathematical model linking invadopodia activity to ECM 

cross-linking and predicting the role of ECM cross-linking variations on 

invadopodia activity and cancer invasion. 

Aim 1.2: Experimentally validating the model predictions. 

Aim 1.3: Investigating how ECM cross-linking regulates invadopodia activity and 

cancer cells invasion. 
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Specific aim 2: Assessing cell cycle progression effect on contact guidance 

Aim 2.1: Developing a FUCCI-MDA-MB-231 cell line. The FUCCI plasmid sets 

will allow monitoring of the G1, late G1/early S, and S/G2 phases of the cell cycle. 

Aim 2.2: Developing 2D and 3D set ups of studying contact guidance. The 2D set 

up includes a microfabricated chip made from PDMS and the 3D one includes 

magnetic alignment of collagen fibers. 

Aim 2.3: Assessing the effect of cell cycle phase progression on velocity and 

directionality of cancer cells. 

Specific aim 3: Characterizing cancer cells 3D directed migration in orthogonal and 

parallel arrangement of contact guidance- chemotaxis dual-cue conditions. 

Aim 3.1: Developing a 3D cell migration system allowing for stablishing both 

orthogonal and parallel arrangement of contact guidance and chemotaxis 

conditions. 

Aim 3.2: Characterizing random cell migration and contact guidance in the 

developed system. 

Aim 3.3: Imaging, quantifying and analyzing 3D cell migration in the orthogonal 

and parallel dual-cue as well as control (single-cue and no-cue) conditions to assess 

the effect of such conditions on directed migration of cancer cells. 
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CHAPTER 2 

ECM CROSS-LINKING REGULATES IN VADOPODIA  DYNAMICS  

2.1. Introduction 

Invadopodia [4] are dynamic membrane protrusions involved in the invasive 

motility of cancer cells. Their function is to degrade the surrounding ECM. In tumors in 

vivo, they are necessary for cancer cell intravasation [6] and extravasation [7] from the 

blood vessels. In vitro, invasive cancer cells assemble invadopodia when grown on various 

ECM components and in the presence of growth factors. Invadopodia have the appearance 

of puncta rich in actin, actin-regulatory proteins (e.g., cortactin), tyrosine kinases and 

proteases (e.g., MT1-MMP). While a large number of the invadopodial components are 

found in other motility-related structures such as focal adhesions and lamellipodia, the 

unique feature of invadopodia is the high ECM-degrading activity.  

Assembly and maturation of an individual invadopodium have been well studied 

[16], [55] using 2D in vitro assays. Invadopodium precursors, consisting of cortactin, 

cofilin, and N-WASP, are first assembled [8]. The structure is then stabilized via focal 

adhesion proteins such as ɓ1-integrin by binding the structure tip to the ECM [10], [56]. 

During invadopodia maturation, cortactin phosphorylation leads to continuous actin 

polymerization and MT1-MMP recruitment to the tip of invadopodia via late endosomes 

[11]. Transmembrane MT1-MMP assures focalized ECM degradation of the surrounding 

ECM and invadopodia becomes mature and functional (at ~50 minutes) [8]. During ECM 

degrading activity, mature invadopodia exhibit SOCE (Store-operated calcium entry)-

dependent calcium spikes, which are necessary for MT1-MMP recycling to the plasma 
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membrane [12]. Mature invadopodia also exert physical force on ECM, by means of 

protrusion-retraction cycles, during which actin filaments polymerize (protrusion) and 

depolymerize (retraction) repeatedly [13]. Physical and proteolytic ECM remodeling by 

invadopodia are coordinated via cortactin (de)phosphorylation and positive feedback from 

MT1-MMP [14], [15]. 

The assembly of invadopodia and level of ECM degradation were shown to be 

linked to the ECM properties such as rigidity, density, and cross-linking [19]ï[21].  This 

points to the essential role in adhesion-based signaling in the invadopodia progression. A 

recent study of ɓ1-integrin role in invadopodia strengthened this link, demonstrating that 

ɓ1-integrin is localized to invadopodia and directly links the structure to ECM [56]. While 

the elimination of ɓ1-integrin does not inhibit the invadopodia precursor assembly, it 

disables invadopodia maturation and ECM-degrading function.  

Recent studies of invadopodia in 3D [15], [57], [58] and in vivo [6], [59] 

demonstrated that invadopodia are present at the front of the cells migrating in MMP-

dependent manner. Depending on the ECM parameters including density, fiber size, 

stiffness and/or cross-linking, such migration can result in a broad range of speeds (6-30 

ɛm/hour for breast carcinoma) [15], [43], [60]. In vivo, the presence of invadopodia was 

also shown to be highly dependent on ECM cross-linking [6]. While the studies of 3D and 

in vivo invadopodia established the link between invadopodia and cell movement, it is not 

known whether cells that assemble invadopodia can translocate the cell body 

simultaneously or they move and assemble invadopodia in a sequential manner.  
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We have used iterative cycles of time-lapse microscopy and mathematical 

modeling towards addressing the role of invadopodia dynamics and ECM cross-linking in 

invasive cell motility. We found that the dynamics of invadopodia assembly and function 

have a non-monotonic (biphasic) relationship to an increase in ECM cross-linking. 

Furthermore, we show that the presence of invadopodia and the migration of cells are 

negatively correlated, with the level of active ß1-integrin controlling the duration of each 

of the two states. We demonstrate that partial blocking of ɓ1-integrin increases the duration 

of migration and shortens the period of active ECM degradation by inhibiting invadopodia 

activity. Taken together, our results suggest that invadopodia-driven, MMP-dependent 

motility consists of oscillations between a) sessile invadopodia assembly leading to ECM 

degradation and b) migration. Modulation of the ɓ1-integrin activity or ECM cross-linking 

can be used to reduce or eliminate invadopodia, which are necessary for intravasation and 

metastasis [6]. 

2.2. Methods 

2.2.1. Cell culture 

Mouse breast carcinoma line, Cerulean-cortactin-MTLn3, were a gift from Dr. Ved 

Sharma, Albert Einstein College of Medicine [61]. Cells were cultured in Ŭ-MEM (Gibco, 

Thermofisher Scientific, Waltham, MA) supplemented with 5 % FBS (Gemini Bio-

Products, West Sacramento, CA), Penicillin/Streptomycin mixture (Gibco, Thermofisher 

Scientific, Waltham, MA) and 0.5 mg/ml G418 (Sigma-Aldrich).  Cerulean-LifeAct-

MDA-MB-231 and Cerulean-LifeAct-H2B-GFP cell lines were generated using 

mCerulean3-LifeAct-7 plasmid, selected with 0.5 mg/ml G418 over 4-week period and 
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purified by FACS. mCerulean3-LifeAct-7 was a gift from Michael Davidson (Addgene 

plasmid #54721). Human cell lines MDA-MB-231 and Hs-578T (ATCC, Manassas, VA) 

cells were cultured in DMEM (Gibco, Thermofisher Scientific, Waltham, MA) 

supplemented with 10% FBS and 1% Penicillin/Streptomycin. For Hs-578T cells, 1 mM 

Pyruvate (Gibco, Thermofisher Scientific, Waltham, MA) and 0.01 mg/ml Bovine insulin 

(Sigma-Aldrich, St. Louis, MO) were added to the culture media. 

2.2.2. Cumulative degradation of gelatin layer 

MTLn3, MDA-MB-231 and Hs578T cells were cultured on gelatin-coated plates 

(~500 nm thickness) described previously [61]. Briefly, acid-washed 35-mm MatTek 

(MatTek corporation, Ashland, MA) dishes were treated with 50 µg/ml Poly-L-Lysine 

(Gibco, Thermofisher Scientific, Waltham, MA) for 20 min followed by incubating with 

Alexa 488 dye-labeled gelatin (Sigma, St. Louis, MO) for 10 min. Plates were then washed 

with PBS (Gibco, Thermofisher Scientific, Waltham, MA) and crosslinked by 

glutaraldehyde (GTA, Sigma, St. Louis, MO) on ice for 15 min (from 0.0%-10.0 % v/v 

GTA in water), extensively rinsed with PBS, quenched with 5 mg/ml sodium borohydride 

(Sigma-Aldrich, St. Louis, MO), and sterilized with 70% ethanol (Decon Laboratories, 

King of Prussia, PA).  

60,000 cells per dish were plated for 18 hours on 35 mm Mattek. Cells were fixed 

with 4% v/v paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) for 15 min 

and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, MO) for 10 min. 

Fixed cells were then blocked in 1% BSA (fraction V, Sigma-Aldrich, St. Louis, MO) and 

1% FBS for 2 hours, incubated at 1:100 with anti-cortactin antibody (ab-33333, Abcam, 
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Cambridge, UK) for 2 hours, followed by 2 hours incubation with Alexa-Fluor-633 (1:250) 

and Alexa-Fluor-546-Phalloidin (1:250) (Abcam, Cambridge, UK). 

Imaging of the invadopodia precursors and cumulative degradation at 18 h were 

performed using an Olympus Fluoview 1200 confocal microscope (Olympus, Tokyo, 

Japan) with sequential imaging of 6 x 1 ɛm z-sections/stack.  

Invadopodia degradation was assessed by quantifying the area of degradation per 

cell and the number of invadopodia precursors (colocalization of actin and cortactin) per 

cell at each condition in Fiji [62]. For area of degradation, thresholding and particle size 

analysis were performed using Fiji. Experiments were done in triplicates, by imaging >10 

fields of view, >100 cells in each sample. 

2.2.3. 3D FITC-DQ collagen I assay 

100,000 MTLn3 cells were suspended in 100 ɛl of collagen mixture containing: 1.5 

mg/ml collagen (Corning, Tewksbury, MA), 50 mM Tris-HCl, 2.5 mM CaCl2, 1 mM DTT 

(Sigma-Aldrich, St. Louis, MO), 0.15 mg/ml FITC-DQ collagen I (Molecular Probes, 

Thermofisher Scientific, Waltham, MA), and transglutaminase II (TGII; R&D Systems, 

Minneapolis, MN) at 1:50,000-1:800,000 dilution.  Similarly to GTA, TGII crosslinks free 

amine groups of glutamine and lysine residues of collagen I [63]. The mixture was pipetted 

in a 35-mm MatTek dish and incubated at 37°C for 30 min, forming a 650 µm-thick 3D 

cell culture. 2 ml of media (Ŭ-MEM/5% FBS) was pipetted into the plate. At 0 h and 42 h, 

10 image stacks (20 x 5 ɛm) were collected. Olympus Fluoview FV1200 confocal 

microscope (Olympus, Tokyo, Japan) was used, with 488-nm laser excitation. 
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3D collagen degradation was assessed by measuring the area positive for DQ 

collagen at each condition. Briefly, images captured at 42h were thresholded and Particle 

Analysis was used in Fiji to quantify area positive for FITC-DQ collagen fluorescence. 

Measured values were subtracted from negative controls treated with GM6001 MMP 

inhibitor. All measurements were done in 10 fields of view per sample, with three 

biological repeats per condition. 

2.2.4. 3D collagen pore size measurement 

3D cultures embedded in FITC-DQ collagen I and cross-linked to different degrees 

were imaged by reflection confocal microscopy. Images were thresholded with ñYenò 

algorithm in Fiji, filtered using LoG 3D plug-in and thresholded again with ñYenò to get 

the binary image of the pores. Finally, Particle Analysis tool was used to measure the size 

of the pores. 

2.2.5. Cross-linking degree measurement 

Measurement of crosslinking degree followed previously published techniques 

[63], [64]. Briefly, 0.2% w/v gelatin samples were mixed with 0.0%-5.0% v/v GTA and 

incubated on ice for 10 min. Crosslinking was quenched with 5 mg sodium borohydride 

for 15 minutes. For collagen, mixture of 1.5 mg/ml collagen I in PBS, 50 mM Tris-HCl, 

2.5 mM CaCl2, 1mM DTT was crosslinked with 1:0.5K-1:800K TGII:collagen at 37°C for 

30 minutes. 

Uncross-linked amino groups were neutralized by incubation with of 4% NaHCO3 

and 0.5% trinitroben zenesulfonic acid (TNBS, Sigma, St. Louis, MO) for 2 h at 37°C in 

the dark. Finally, samples were incubated at 37°C for 1 h with 6 M HCL (Sigma, St. Louis, 
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MO). The absorbance was measured at 345 nm using an Infinite M200 pro Tecan plate 

reader (Tecan, Männedorf, Switzerland). 

2.2.6. Live cell imaging 

Live cell imaging was performed for invadopodia life time, cortactin oscillations, 

and calcium spike analysis. In brief, Cerulean-cortactin-MTLn3 cells were cultured on 

Alexa 488 or 546-gelatin coated MatTek dishes and incubated in culture conditions for 16 

hours. For lifetime analysis and cortactin oscillations, media was changed to L15 with 5% 

FBS, 1:100 Oxyfluor (Oxyrase, Mansfield, OH), and 10 mM sodium lactate (Sigma-

Aldrich, St. Louis, MO) as reactive oxygen scavengers. Dishes were placed in a 37 °C live 

cell imaging chamber and time lapse imaging was performed on widefield Olympus IX81 

microscope (Olympus, Tokyo, Japan) equipped with LED lamp, Hamamatsu Orca 16-bit 

CCD (Hamamatsu, Hamamatsu city, Japan), automated z-drift compensation IX3-ZDC 

(Olympus, Tokyo, Japan), automated Prior stage (Prior Scientific, Rockland, MA) and 

environmental chamber. Olympus 60x 1.4 NA, Oil M Plan Apochromat objective was 

used. 

2.2.7. Measurement of invadopodia stability 

Images were captured every 10 minutes for >16 hours (1.67 mHz). Invadopodia 

lifetimes were measured in Fiji and defined as the time between appearance and 

disappearance of cortactin punctae. Punctae present at the first or last frames were not taken 

into the account. Invadopodia stability ratio was defined as the ratio of the number of 

mature invadopodia (those with lifetime > 50 min [8]) to the total number of invadopodia. 
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2.2.8. Cortactin oscillations in invadopodia core 

Images were collected every 30 seconds (33.3 mHz) for 4 hours. Oscillations of 

cortactin fluorescence were measured only in mature invadopodia (present >50 min). For 

inhibiting F-actin polymerization, 4 µM Cytochalasin D (Sigma, St. Louis, MO) was added 

to the media prior to imaging. In Fiji we filtered individual invadopodia precursors with 

Laplacian of Gaussian (LOG 3d) [65] plugin and tracked the center of the invadopodium 

in all frames by SpotTracker [65]. A custom written Fiji plugin was used to measure 

average signal inside the invadopodium as well as 4-8 circular areas inside the cytoplasm 

at each particular frame. In MATLAB, Fast Fourier Transform (FFT) was applied to the 

time-resolved cortactin signal in invadopodia and the surrounding cytoplasmic regions. 

High frequencies from the cytoplasm were removed and the filtered invadopodia signal 

was returned to the time domain by Inverse FFT. Finally, MATLAB autocorrelation 

function was used to measure the oscillation frequencies in invadopodia. A more detailed 

description of this procedure along with Fiji and MATLAB codes can be found in 

Appendix B. 

2.2.9. Calcium spikes 

After cells were plated for 16 hours, cells were incubated for 15 minutes at room 

temperature in L15, 2.5 mM probenecid (Life Technologies, Frederick, MD), 2.5 µM 

Fluo4-AM (Life Technologies, Frederick, MD), and 0.02 % Pluronic (Life Technologies, 

Frederick, MD) [12]. Cells were then washed twice with PBS and incubated in L15 with 

5% FBS for 30 min at 37 C. Time lapse imaging was performed with 5 second intervals 

(200 mHz) for 1 hour. Cytoplasmic calcium spikes were measured by monitoring 
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intracellular Fluo-4-AM signal over time. In Fiji, entire cells were used as regions of 

interest; signal was corrected for bleaching and background by subtracting the fluorescence 

in adjacent inactive cells. Measurements of inactive cells (~70% of total, <10 spikes per 

hour) were not taken into account [12], [66]. In MATLAB, power spectrum was applied to 

the time-resolved signal in the cytoplasm. Dominant frequencies at different conditions 

were further compared. 

2.2.10. Measurement of the MT1-MMP delivery event frequency 

To visualize the delivery of MT1-MMP delivery event to the plasma membrane, 

Hs-578T cells were transiently transfected with MT1-MMPpHluorin 24 hours prior to 

imaging. Transfection was performed via an electroporation technique, in which 2 µg 

plasmid vector was mixed with 1x 106 cells and 50 µL nucleofection solution R (Lonza, 

Basel, Switzerland). Nucleofection was then performed on the mixture using program X-

001 of a nucleofector device (Lonza, Basel, Switzerland). Transfected cells were then 

plated in a glass-bottom plate and 24 hours after plating, 30-minute time-lapse movies were 

captured from the cells using a 488 nm laser. A delivery event was defined as the moment 

that MT1-MMP flashes appear and the rate of delivery was measured as one over the 

average of the interval between successive flashes. 

2.2.11. ɓ1 integrin blocking assay 

The blocking of ɓ1 integrin activity was done using 4B4 ɓ1 integrin blocking 

antibody (Beckman Coulter) at doses of 0, 0.4, 0.6, and 2 µg/ml to cultures 2 hours after 

plating the cells. MDA-MB-231 cells were plated at a density of 60,000/x cm2 on Alexa 

488 gelatin-coated dishes and time-lapse movies were recorded. Displacement of the cells 
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over time was measured using Fiji plugin TrackMate [67]. For area of degradation, 

thresholding and particle size analysis were performed using Fiji. Experiments were done 

in triplicates, by imaging >10 fields of view, >100 cells in each sample. 

2.2.12. Statistical analysis 

One-way analysis of variance (ANOVA) statistical analysis with Tukeyôs multiple 

comparison post-tests was performed to compare the 2D and 3D invadopodia degradation 

data. Two-tailed student's t-test was performed for statistical analysis as indicated and 

statistical significance was defined as * P < 0.05; ** P < 0.01 and *** P < 0.001. Data are 

shown as means ± SEM. 

 

2.3. Results 

2.3.1. Breast cancer cells switch from migration to invadopodia-mediated ECM 

degradation 

To determine whether cell migration occurs simultaneously or sequentially with 

invadopodia assembly, we acquired time-lapse recordings of >100 cells in each of the two 

breast carcinoma cell lines (MTLn3 and MDA-MB-231) known to assemble invadopodia 

spontaneously. Cells were engineered to stably express fluorescent invadopodia markers 

(Cerulean-cortactin or Cerulean-LifeAct) and cultured on fluorescent Alexa 488-gelatin 

(Movie 1, 2). Recordings were scored by tracking the centroid path over time (Figure 7A-

C, path) as well as quantifying the number of invadopodia (Figure 7C, cyan punctae).  
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Figure 7. Oscillations between Migration and Invadopodia states in cancer cells and the 

role of ECM cross-linking: A. The micrograph showing Cerulean-cortactin-MTLn3 cell at 

time 0 of the Movie 1. Cell border is highlighted with the green dotted line. Scale bar 10 

um; B. The same cell at 1000 minutes highlighted in red; C. Summary of A and B, with 

color-coded path 0-1000 minutes and cyan punctae representing invadopodia at 1000 

minutes. Color-code legend is shown on the right. D & E. Quantification of Movie 1 

(Cerulean-cortactin-MTLn3) and Movie 2 (Cerulean-LifeAct-MDA-MB-231) 

respectively. Cell speed in µm/min (red lines) and number of invadopodia (blue lines) were 

recorded over time in representative cells. Raw data (shaded lines), smoothened data 

(bright lines); F. Simulation of cancer cell oscillations between invadopodia (blue, relative 

abundance I/Imax vs time) and migration (red, relative abundance M/Mmax vs time).  G. 

Results of the model: Number of invadopodia-migration oscillations shows a biphasic 

trend to linear changes in ECM cross-linking and model fitting parameter n. The figure is 

taken with permission from [127]. 
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At the beginning of Movie 1, the tracked cell migrates relatively fast (>0.3 µm/min 

or >18 µm/h), (Figure 7D). While the cell assembles several short-living (<10 min 

lifetime) invadopodia precursors, characterized by cortactin-enriched punctae, none of 

them result in any detectable ECM degradation. Starting at 380 minutes, the speed of the 

cell decreases (<0.2 µm/min) and the cell assembles mature invadopodia, characterized by 

cortactin-enriched punctae with >50 min lifetime colocalized with ECM degradation 

(Movie 1, red circles and Figure 7D, blue trace). Similar observations were next confirmed 

in MDA-MB-231 cells (Movie 2), where several cycles of switching between migration 

and mature invadopodia were observed (Figure 7E). 

Based on these observations, we defined two oscillating cell states: Migration state, 

where cells exhibit speeds >0.3 µm/min and no ECM degradation, and Invadopodia state, 

where cells exhibit punctae rich in cortactin (or actin) colocalized with ECM degradation 

and migrate at speeds <0.2 µm/min. 

2.3.2. Developing a mathematical model linking the observed invadopodia-

migration switches to ECM cross-linking level 

A previous work in vivo suggested that the balance between the migration and the 

invadopodia is determined by ECM cross-linking [6]. Moreover, ECM cross-linking has 

been demonstrated to enhance integrin signaling [46] and increase the levels of ECM 

degradation by invadopodia [20]. Hence, we hypothesized that the frequency of switching 

between Invadopodia state and Migration state will be controlled by ECM cross-linking 

and integrin-driven ECM-cell interactions [43], [46], [60], [68]ï[70]. To develop a 
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generalizable prediction, we developed a phenomenological, non-dimensional 

mathematical model, based on the following general assumptions: 

1. The average concentration of growth factor stimuli and intact, non-

degraded ECM is assumed to be constant in the system; 

2. High ECM concentration and cross-linking ratio can create physical 

barriers, inhibiting cell migration through the ECM [43], [68]; 

3. ECM degradation rate is assumed to exponentially decrease as ECM 

concentration is depleted (exponential decay); 

4. The potential of the cell for ECM degradation is assumed to decay 

between two cycles of MMP delivery [69]; 

5. It is assumed that cells migrate in a constant speed in a condition when there 

is no physical barrier opposing the cell movement. 

The sets of ordinary differential equations developed based on the above mentioned 

assumptions are as follows: 

ὑ ὓz ὅz
ὅᶻ ɀ ὅ

ρ ὢ ὅᶻ    ὑ Ὅ ρ Ὡὼὴὑ ὅ     (1.1) 

 ὑ  Ὅ ρ Ὡὼὴὑ ὅ    ὑ Ὅ           (1.2) 

  ὑ ρ
ρ ὢ ὠ ɀ ὑ  ὓ 

ὅ
ὅᶻ                        (1.3) 

The first term of Equation 1.1 captures the increase in the ECM concentration when 

a cell moves from an area where ECM was degraded to an area with a high abundance of 

intact ECM. Hence, the extent of the migration (M) has a direct positive effect on the 
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increase in the local ECM concentration. As the migration requires cell-ECM adhesions to 

be created in the cell front and dissociated at the cell rear [71], the dependence of cell 

migration to cell-ECM adhesions will be non-linear [72]. To capture the non-linear role of 

adhesions, M is multiplied by KaCECM
2. Next, the increase in ECM concentration and the 

cross-linking ratio will reduce the cell movement by reducing ECM pore size [43], [68]. 

To introduce this hindering effect to Equation 1.1, the first term of this equation is 

multiplied by 
ὅᶻ ɀ ὅ

ρ ὢ ὅᶻ
. Higher ECM concentration and cross-linking 

ratio decrease the value of this term, therefore decreasing the total value of the whole 

Equation 1.1 (dCECM/dt). In this term, exponent n is a constant dependent on cell and ECM 

geometry, adapting the equation for various types of ECM and cells. The exponent n 

captures the non-linear effects of cross-linking in creating physical barriers against cell 

migration. The value of this exponent was determined experimentally (Figure 8). The 

second term of Equation 1.1 depicts the degradation rate of the intact ECM by the 

proteolytic activity of invadopodia. It is assumed that ECM degradation would 

exponentially reduce with the level of intact ECM, due to lesser availability of non-

degraded ECM for proteolysis. 
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Figure 8. Fitting the value of n to the experimental data: The value parameter n was 

experimentally validated for 2D (A) and 3D (B) data by fixing the cross-linking value to 

its optimal level in which maximum degradation is observed (0.39 and 0.36 for 2D and 3D 

respectively). At these cross-linking levels the value of n that corresponds to experimental 

data is the value yielding the highest number of invadopodia-migration switches. The 

figure is taken with permission from [127]. 

 

The first term of Equation 1.2 is the rate at which a cell degrades ECM. The higher 

the levels of Invadopodia state (I) and ECM concentration (CECM), the higher is the rate of 

invadopodia degradation. In this model, it is assumed that between two protease delivery 

events, the potential of invadopodia proteolytic activity decreases due to lesser availability 

of protease molecules (e.g., MT1-MMP). The second term of Equation 1.2 captures this 

negative effect on the invadopodia degradation value. 

Equation 1.3 represents variations in the Migration state levels over time. We 

assume that each cell has a constant rate of migration in a condition when there is no 

physical barrier opposing the cell movement. In a 2D environment, where there are no 

physical barriers present on the dorsal side of the cell, the increase in size and number of 

focal adhesions on the ventral side of the cell can mimic physical barrier. In the first term 

of Equation 3, this constant speed is denoted by V. However, the extent of ECM cross-
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linking affects this speed. An increase in ECM cross-linking ratio decreases ECM pore 

size, resulting in a decrease in the velocity of cell migration [68]. We assumed that the cell 

speed non-linearly decreases as the cross-linking ratio increases. The second term of 

Equation 1.3 accounts for the physical barriers that ECM concentration is responsible for. 

As a cell degrades its surrounding ECM, CECM decreases resulting in a decrease in 

CECM/CECM
*, resulting in a decrease in the ECM concentration role in opposing cell 

migration.  The second term is then multiplied by the amount of the Migration state because 

it is assumed that the higher the value of the Migration state, the higher are the effects of 

physical barriers on the cell migration. 

The set of ordinary differential equations consisting of Equations 1.1-1.3 was 

simultaneously solved using the kinetic values as indicated in Table 1 and the following 

initial conditions  

CI0 = CECM
* =100 (%, intact ECM at the beginning) 

M0 = 1 

I0   = 1e10-6 

M0 and I0 are initial values of migration and Invadopodia states. It is assumed that 

the cell is initially in Migration state until it reaches a point where it switches to the 

Invadopodia state. 

Figure 7F shows one run of the model simulation for a cell oscillating between 

invadopodia (blue line) and migration (red line). The dynamics of the transition between 

Invadopodia and Migration states observed at a single cell level (Figure 7D and E) is 
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recapitulated and extended in the repeated cycles of migration/invadopodia that model 

demonstrates. Figure 7G summarizes the model simulations for varying X, n, and 

oscillation frequencies. The model suggests that an increase in ECM cross-linking will 

enable a biphasic change in the frequency of migration/invadopodia switches in cells. Such 

a prediction implies that at an intermediate cross-linking X, the number of switches from 

migration to degradation and vice versa will reach a maximum (Figure 7G, yellow 

regions), which will, in turn, result in the maximal number of degraded punctae. 

 

 2.3.3. Invadopodium Maturation and ECM Degradation Biphasically Conform to 

ECM Cross-Linking in 2D and 3D 

 To test if the prediction of our model is supported in experimental invadopodia 

assays, we measured invadopodia assembly and function in ECM with increasing cross-

linking degrees. Breast carcinoma MTLn3 cells were plated on a thin fluorescent gelatin 

layer cross-linked from 0 to 0.92 cross-linking degree, using the chemical cross-linker 

glutaraldehyde (GTA). At 18 hours after plating, the number of invadopodia precursors, 

mature invadopodia and ECM degradation were measured (Figure 6A-D). The number of 

invadopodia precursors reached a plateau at 0.39 cross-linking degree (Figure 6B), while 

the number of mature invadopodia showed a strong biphasic trend with the increase in 

cross-linking (Figures 6C, D). The peak of the biphasic trend is at the intermediate cross-

linking level (0.39) for both the total number of spots degraded over 18 hours (Figure 6C)  

 

Variable/Constant Description Unit Value reference 

ὅ Intact ECM concentration 

Dimensionless 

(Percentage) 

ὅ to 0 NA 

I Invasion state abundance Dimensionless 

Ὅ

ρὩρπ 

NA 

M Migration state abundance Dimensionless ὓ ρ NA 

X ECM crosslinking ratio Dimensionless 0 to 1 NA 

Ka Cell-ECM adhesion constant 1/s 1 -- 

Kc Unit adjusting constant 1/s 1 -- 

K ic MT1-MMP proteolysis rate constant 1/s 0.00201 [52] 

Kci Unit adjusting constant 1/s 1 -- 

K i MT1-MMP turnover rate constant 1/s 1/26 [51] 

Km Unit adjusting constant 1/µm 1 -- 

Kcm Unit adjusting constant 1/s 1 -- 

V Maximum migration speed µm/s 0.083 [53] 

n 

Indicator of the ECM crosslinking 

ratio effect on cell migration 

dimensionless 

6 in 2D 

 7 in 3D  

This work 

Figure 5 

 

Table 1.       List of variables and constants used in the cancer cell invasion model 



 

30 

2.3.3. Invadopodium maturation and ECM degradation biphasically conform to 

ECM cross-linking in 2D and 3D 

 To test if the prediction of our model is supported in experimental invadopodia 

assays, we measured invadopodia assembly and function in ECM with increasing cross-

linking degrees. Breast carcinoma MTLn3 cells were plated on a thin fluorescent gelatin 

layer cross-linked from 0 to 0.92 cross-linking degree, using the chemical cross-linker 

glutaraldehyde (GTA). At 18 hours after plating, the number of invadopodia precursors, 

mature invadopodia, and ECM degradation were measured (Figure 9A-D). The number of 

invadopodia precursors reached a plateau at 0.39 cross-linking degree (Figure 9B), while 

the number of mature invadopodia showed a strong biphasic trend with the increase in 

cross-linking (Figures 9C and D). The peak of the biphasic trend is at the intermediate 

cross-linking level (0.39) for both the total number of spots degraded over 18 hours (Figure 

9C) and for mature invadopodia present at the time of cell fixation (Figure 9D). Moreover, 

the portion of invadopodia precursors that mature and degrade the ECM, reported as 

invadopodia stability ratio, is at its maximum at the cross-linking degree of 0.39 (Figure 

9E). The trend in the increase of the total area of degradation further confirms that the 

increase in the cross-linking degree has a biphasic relationship to invadopodia maturation 

and degradation. Our results were also confirmed using two additional human breast 

carcinoma cell lines, MDA-MB-231 and Hs-578T (Figure 9F). All three cell lines 

presented biphasic distributions of invadopodia-based degradation with increased cross-

linking, with the peak at the intermediate cross-linking (X = 0.39).  
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Figure 9. ECM cross-linking biphasically regulates invadopodia maturation and 

degradation: A. Representative fluorescence micrographs showing colocalization of actin 

(red) and cortactin (cyan) in invadopodia of MTLn3 cells. Lower right panel shows 

degradation of gelatin at 18 hours. Scale bar 10 ɛm; B-D. Relative number of invadopodia 

precursors (B), mature invadopodia (C) and number of degradation spots (D) at different 

cross-linker (GTA) concentrations in MTLn3 cells. In (B-D), bars represent >300 cells in 

3 separate experiments per condition; data are normalized to 0.05 % GTA. (E) Invadopodia 

stability ratio at three concentrations of cross-linker; bars represent >200 invadopodia in 3 

separate experiments per condition; SEM errors are shown. (F) Area of degradation 

measured at 18 hours in three breast carcinoma cell lines: MTLn3 (blue), MDA-MB-231 

(green) and Hs578 (red). Experiments are performed in triplicate and circles represent 

average degradation area per cell in >10 fields of view at each repeat. Lines represent mean 

values and shaded areas represent 95% confidence intervals. In B and F, vertical axes are 

in logarithmic scale. All p values report comparison to 0.39 cross-linking ratio condition. 

* p<0.05; **p<0.01, *** p<0.001. The figure is taken with permission from [127]. 
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In conclusion, as predicted in our model, the experimental data show a biphasic trend in 

invadopodia degradation with increased cross-linking ratio. 

 Results of the 2D invadopodia assay were then validated in 3D invadopodia assay, 

using FITC-DQ-collagen cross-linked using transglutaminase II from a 0 to 0.87 cross-

linking degree [6], [15], [63], [73].  Colocalization of the FITC-DQ collagen I signal with 

cortactin, actin, and MT1-MMP confirmed that the 3D collagen degradation was due to 

invadopodia activity (Figure 10A). Interestingly, invadopodia-mediated degradation also 

followed a biphasic trend in a 3D environment, with maximum degradation present at an 

intermediate level of cross-linking (0.36) (Figure 10B).  

        Furthermore, measurements of collagen gel pore size and storage modulus revealed a 

monotonic variation of these variables by increasing ECM cross-linking (Figure 11A-D). 

Biphasic variations of invadopodia-mediated ECM degradation as a response to monotonic 

changes of ECM cross-linking, pore size and storage modulus pretermits passive regulation 

of invadopodia activity by ECM stiffening and suggests that invadopodia are actively 

responding to these changes at the molecular level. 

Collectively, our model and experimental, end-point measurements showed that the 

intermediate cross-linking degree results in the increase of the total number of invadopodia 

maturing and degrading ECM over time. We hypothesized that this could be a result of 

faster dynamics of invadopodia activities, such as faster protrusive cycles and/or more 

frequent delivery of MT1-MMP. 
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Figure 10. Collagen I cross-linking regulates ECM remodeling and degradation in 3D: A. 

Representative fluorescence images depicting MTLn3 cells in 3D collagen I matrix. After 

42 hours, cells are fixed and immunostained for actin (red), cortactin (yellow), and MT1-

MMP (cyan). Collagen fibers were detected with reflected confocal microscopy (magenta) 

and collagen degradation was measured using FITC-DQ collagen I (green). B. FITC-DQ 

collagen-positive areas in 3D cultures. Green bars present FITC-DQ-collagen-positive 

areas measured at 42h post-embedding into collagen with different cross-linking degrees. 

Red bar (T0) represents 0h; blue bar (GM) represents culture after 42h treatment with 

GM6001, both at cross-linking degree of 0.36. Experiments are performed in triplicate and 

bars represent average area per cell in >10 fields of view at each repeat. All p values report 

comparison to the condition with 0.36 cross-linking ratio. * P<0.05; ** P<0.01, *** 

P<0.001. The figure is taken with permission from [127].  
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Figure 11. Measurements of physical properties of gelatin and collagen gels: A & B. 

Increase of the crosslinking ratio of the gelatin (A) and collagen gels (B) with increase in 

the cross-linker concentration. Errors are shown as SEM. C. Images of a representative 3D 

collagen gel taken by reflection confocal microscopy (raw image, left; processed image, 

right). Scale bar 5 µm. Bar graph shows pore sizes at different cross-linking degrees. T-

test pairwise comparison performed among samples. P<0.05 *, P<0.01 **, P<0.001 *** D. 

Storage modulus of the collagen samples cross-linked with TG II, measured at 0.1-5 Hz 

frequencies of the strain control test. The figure is taken with permission from [127]. 
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 2.3.3. Frequency of invadopodium protrusion-retraction cycles changes 

biphasically with increase in ECM cross-linking 

To assess the effect of ECM cross-linking on invadopodia protrusion-retraction cycles, the 

fluorescence intensity of cortactin punctae (Movie 3) was monitored in MTLn3 cells at 

various gelatin cross-linking degrees (Figure 12). Cortactin signal oscillations at 

invadopodia, reflecting cycles of protrusion-retraction, were filtered (Figure 12B) and 

analyzed by autocorrelation (Figure 12C).  The autocorrelation algorithm correlates the 

signal of the cortactin oscillations with delayed copies of itself in order to find the 

periodicity of a repeating pattern within the signal. Results show average frequencies of 

protrusion-retraction cycles of approximately 2.5 mHz at low or high (0.18 or 0.69) cross-

linking degrees and a significantly higher frequency of 3.08 mHz at intermediate cross-

linking (Figure 12D). This reflects significantly faster protrusion-retraction cycles and 

suggests that the dynamics of invadopodia protrusive cycles are in direct relationship to 

ECM cross-linking (Figure 12D). Furthermore, inhibiting F-actin polymerization by 4 µM 

Cytochalasin D resulted in total abrogation of cortactin oscillations (Movie 4 and Figure 

12E and F), confirming that measured oscillations in cortactin signal reflect cycles of 

invadopodia protrusions and retractions. Combined with the results shown in Figures 9 

and 10, these data indicate that increased degradation at intermediate ECM cross-linking 

may be the consequence of faster protrusive cycles.  

Next, we tested if the increase in ECM cross-linking affects proteolytic degradation 

of ECM by increased dynamics of calcium spikes and consequent MT1-MMP recycling to 

the plasma membrane [12].  
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Figure 12. Frequency of cortactin oscillations is biphasically regulated by ECM cross-

linking: A. Representative pseudocolored image of Cerulean-cortactin-MTLn3 cell. 

Invadopodium is circled in red, while same size of area in the cytoplasm is circled in black. 

Signal inside cytoplasmic circle is used as a filter for cortactin signal in the invadopodium; 

B. Representative traces of cortactin signal oscillations (red line), cytoplasmic signal 

representing the noise (green line) and filtered cortactin signal (blue line) corresponding to 

areas within the circles in (A); C. Autocorrelation analysis of the filtered cortactin signal 

showing the periodicity of the signal. D. Bars show the cortactin oscillation frequency at 

different ECM cross-linking and represent >10 cells per experiment and 3 separate 

experiments per condition; E. Cortactin fluorescence over time measured in a cell treated 

with F-actin inhibitor Cytochalasin D (Movie 4). Fluorescence was measured in the 

invadopodia precursor (red line, prior to filtering; blue line, post-filtering) and in the 

cytoplasm (green line). F. Autocorrelation of cortactin signals in 5 cells with invadopodia 

precursors shows cortactin oscillations are absent when F-actin polymerization is inhibited. 

Pairwise comparisons were done with 0.39 cross-linking ratio condition. Errors are shown 

as SEM. * P<0.05; ** P<0.01. The figure is taken with permission from [127]. 
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2.3.4. Calcium spiking frequency biphasically changes with increase in ECM cross-

linking 

SOCE-dependent calcium spikes were recently shown to be essential both for 

precursor assembly via Src activation, as well as MT1-MMP recycling to the plasma 

membrane during ECM degradation [12]. As the calcium channels are commonly 

mechanosensitive [74]ï[76] and calcium spiking can be influenced by ECM [77], we 

hypothesized that the frequency of calcium spikes would reach a peak value at the cross-

linking degree of 0.39, in coordination with protrusion-retraction dynamics. To test this, 

we monitored calcium spikes in MTLn3 cells with invadopodia, recording the Fluo-4-AM 

signal at different cross-linking degrees (Movie 5; Figure 13A and B). Dominant 

frequencies of calcium spikes were determined by power spectrum analysis (Figure 13C). 

Consistent with our model, calcium spikes are fastest at the intermediate cross-linking level 

(Figure 13D). Next, we tested if the fastest calcium spikes result in a more frequent 

delivery of MT1-MMP vesicles to the invadopodial plasma membrane. 

2.3.5. MT1-MMP containing vesicles delivery to the plasma membrane is 

biphasically regulated by ECM cross-linking 

MT1-MMP is recycled by acidic late endosomes to the tip of mature invadopodia, 

where it is exocytosed to the neutral environment. We tested the MT1-MMP delivery rate 

using pH-sensitive MT1-MMPpHluorin. This fluorescent protein marks exocytic events of 

MT1-MMP, which appear as GFP-positive, blinking spots colocalized with the 

invadopodia [78]. Exocytosis of MT1-MMPpHluorin vesicles was monitored at different 

cross-linking ratios (Movie 6; Figure 14E, F) to calculate the average vesicle delivery rate 
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Figure 13. Frequency of calcium spikes is biphasically regulated by ECM cross-linking: 

A. Representative fluorescence micrographs of Cerulean-cortactin-MTLn3 (cyan, middle) 

cells (see Movie 5) labeled with Fluo-4-AM (green, top), plated on fluorescent gelatin (red, 

bottom). Scale bar is 10 microns; B. Representative calcium spikes recorded in cells at 

different gelatin cross-linking ratios; C. Power spectrum of calcium spikes in (B). D. 

Comparison of average spike frequencies at different gelatin cross-linking ratios. Scale bar 

10 ɛm. Data includes >15 cells per experiment for 3 separate experiments per condition. 

Pairwise comparisons were done with 0.39 cross-linking ratio condition. Errors are shown 

as SEM. P<0.01 **, P<0.001 ***. The figure is taken with permission from [127]. 

 

 

for each condition. At the cross-linking ratio 0.39, MT1-MMP-vesicles were delivered 

more frequently compared to other cross-linking ratios (Figure 14F and G). Interestingly, 

frequencies of calcium spikes and MT1-MMP vesicle delivery operate in a similar range, 

suggesting coordination between cycles of calcium spikes and vesicle delivery [77]. 

Collectively, our data suggest that frequencies of protrusive cycles in invadopodia, 

calcium spikes and MT1-MMP delivery to the invadopodial plasma membrane change in 

concert and are controlled by ECM cross-linking. 
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Figure 14. Frequency of MT1-MMP vesicles delivery is biphasically regulated by ECM 

cross-linking: A. Representative image of an HS-578T cell transfected with MT1-MMP 

pHluorin (see Movie 6). Right panel depicts dynamics of MT1-MMP containing vesicles 

delivery to the plasma membrane. Red arrows point at newly delivered vesicles. B. 

Representative record of MT1-MMP delivery event over 30 min in cells at different gelatin 

cross-linking ratios. C. Comparison of average frequency of MT1-MMP delivery at 

different gelatin cross-linking ratios. Data includes >15 cells per experiment for 3 separate 

experiments per condition. Pairwise comparisons were done with 0.39 cross-linking ratio 

condition. Errors are shown as SEM. P<0.01 **, P<0.001 ***. The figure is taken with 

permission from [127]. 

 

2.3.6. Switching between migration and invadopodia states is regulated by ɓ1-

integrin activity 

The coordinated relationship between ECM properties and invadopodia dynamics 

and function suggests a central role for the outside-in signaling provided by ECM-integrin 

interactions. As mentioned above, ɓ1-integrin is localized to invadopodia, and in its 

absence, invadopodia maturation and ECM-degrading function are disabled [56]. We 

hypothesized that ECM-integrin ɓ1 interactions are the master regulator of invadopodia 

dynamics and consequently, the length of time that cell will spend in Invadopodia state. 

We next tested this hypothesis in our model as well as experimentally.  
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In our model, the effect of cell-ECM interaction on invadopodia dynamics was 

examined by varying the adhesion constant (Ka) from 1 (Figure 7E) to 0.2 and 0.01 s-1 

(Figure 15A). A decrease in Ka reflects lower cell-ECM adhesion strength. While 

modifying ECM cross-linking alters adhesion strength externally by changing the number 

of ECM molecules proximal to the cell, adhesion strength can also be targeted by 

modifying the integrin ability to bind ECM. The model results suggest that a decrease in 

adhesion strength (Ka = 0.2) will cause a decrease in the period spent in the Invadopodia 

state, simultaneously increasing the time spent in Migration state to the point where 

invadopodia are eliminated, and the cell continuously migrates (Ka = 0.01). 

To test the simulation results, ɓ1-integrin ability to bind to the ECM was 

increasingly blocked using different doses of a monoclonal blocking antibody (4B4). The 

extent of invadopodia degradation and average lengths of both Invadopodia and Migration 

states, which occur on the timescale of hours, were measured at various doses of 4B4. 

Results show that with an increasing concentration of 4B4, the average time that a cell 

spends in the Invadopodia state decreases while that of the Migration state increases 

(Figures 15B and C). At 2.0 µg/ml of 4B4, ECM degradation is halted, and cells migrate 

continuously. Higher concentrations of blocking antibody also block migration and cause 

cell detachment from the gelatin layer (Ó4.0 Õg/ml). Furthermore, we tested the effect of 

partial ɓ1 integrin inhibition on the dynamics of invadopodia-related activities, such as 

cortactin oscillations, which occur on the timescale of minutes. Results show a significant 

decrease in the frequency of cortactin oscillations from 3.08 mHz, in control cells, to 2.39 

mHz in cells with partial ɓ1 integrin inhibition (Figure 15D). Such a decrease reminisces 
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Figure 15. ɓ1 integrin regulates balance between Migration/Invadopodia states: A. 

Simulation results of the cancer cell oscillation between invadopodia (blue) and migration 

(red) for decreasing values of Ka, indicating elimination of Invadopodia state at Ka =0.01 

(right panel); B. Change in time spent in Migration state (h) with increasing doses of ɓ1 

integrin blocker; C. Change in time spent in Invadopodia state (h) and invadopodia 

degradation with increasing doses of ɓ1 integrin blocker 4B4. Blue line shows relative 

invadopodia degradation per cell (blue axis). Pairwise comparisons were done with 0 µg/ml 

4B4 condition. D. Cortactin oscillation frequency measured in cells: treated with PBS 

(green bar) or cells treated with 0.6 Õg/ml 4B4 ɓ1 integrin inhibitor (grey bar). Experiments 

were done on gelatin layer with cross-linking degree of 0.39, in triplicate and errors are 

shown as SEM. * P<0.05; ** P<0.01. E. Summary of the conclusions. Levels of ECM 

cross-linking determines ECM-integrin interactions, which controls speed of invadopodia 

ñdiggingò and ECM degradation. Faster invadopodia dynamics leads to more frequent 

switching between Invadopodia and Migration states and finally, to higher total ECM 

degradation. The figure is taken with permission from [127]. 
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the effect of extreme ECM cross-linking values on the dynamics of cortactin signal (Figure 

15D). Collectively, these results indicate that ECM-ɓ1 integrin interactions are involved in 

regulating invadopodia-related dynamics on the timescale of minutes and in turn, 

frequency of switching between Invadopodia and Migration states, on the timescale of 

hours (Figure 15E). 

2.4.  Discussion 

Invadopodia assembly and function has been well studied as a measure of cancer 

cell invasiveness, but the relationship between invadopodia and cell translocation and the 

dynamics of these events were never directly addressed. Here, we demonstrate, for the first 

time, that cancer cells with invadopodia repeatedly oscillate between invadopodia and 

Migration states. Importantly, we show that the degree of ECM cross-linking controls the 

balance between the two states via the level of ɓ1 integrin activity. Moreover, ECM cross-

linking controls invadopodia dynamics and function, which involve protrusion-retraction 

cycles and calcium-dependent MT1-MMP delivery to the plasma membrane. 

The increase in ECM cross-linking has been previously demonstrated to increase 

the number of focal adhesions [46] and invadopodia [6], [19], [79]. Further, the stiffness 

of ECM has been reported to affect invadopodia numbers and activity [20]. Finally, either 

an increase in ECM stiffness or mechanical stretching of the ECM layer has been 

demonstrated to increase MMP expression [80], [81]. Here, we show that the increase in 

ECM cross-linking affects invadopodia-related dynamics and their ECM degrading 

function. While the number of precursors plateaus with the increase in cross-linking, the 

number of mature invadopodia demonstrates a pronounced biphasic trend, suggesting that 
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the cross-linking variations may be more important in later steps of invadopodia assembly, 

such as maturation and MT1-MMP delivery steps. Our data on MT1-MMP recycling 

confirms this hypothesis. Collectively, our data demonstrate that intermediate level of 

ECM cross-linking supports the highest speeds of protrusive cycles, as well as the most 

frequent MT1-MMP delivery via Ca2+ oscillations while making invadopodia more stable, 

resulting in a peak of degradative activity. Furthermore, the extent of ECM-ɓ1-integrin 

interactions dictates the length of time that a cell can spend in the Invadopodia state and 

the frequency of switching between migration and Invadopodia states. 

Previous quantitative studies in both invadopodia, generated by cancer cells [15] 

and podosomes, generated by macrophages or dendritic cells [13], [82], [83], have shown 

an oscillatory behavior of the structure core, reflecting protrusion-retraction cycles. 

Intensity fluctuations in the core actin and cortactin content are a direct measure of the 

vertical movement of the protrusion tipò diggingò into the ECM [13]. Similar oscillations 

were seen in stiffness levels of the podosome structure itself, as measured by AFM [83]. 

Lengths of protrusion-retraction cycles (i.e. core oscillations) reported in various cell types 

were 300-900 seconds [13], [15]. Elimination of such cycles was seen with perturbations 

of actin core by inhibition of ROCK or myosin light chain kinase [13] or inhibition of 

cortactin phosphorylation [15]. Our data suggest that the cell ñsensingò of ECM cross-

linking translates into the frequency of protrusion-retraction cycles in a coordinated 

fashion. Thus, ECM cross-linking degree optimal for maximum degradation is in 

coordination with the fastest protrusion-retraction cycles, as well as the highest frequencies 

of calcium spikes and MT1-MMP delivery. Interestingly, coordination between calcium 
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spikes and oscillations in cortical actin (as well as N-WASP and PI(4,5)P2) was recently 

demonstrated to be essential in vesicle secretion in leukemia cells [84], [85]. 

In breast carcinoma [56], as well as metastatic melanoma [28], ɓ1-integrin is 

localized to invadopodia. ɓ1-Integrin is also highly expressed in breast carcinoma 

compared to ɓ3 and ɓ5 and is necessary for invadopodium maturation, while ɓ3 role 

focuses on general adhesions. Our model and results of blocking ECM-integrin ɓ1 

interactions suggest that the balance between migration and Invadopodia states can be 

altered via ECM-ɓ1-integrin binding levels. Previous reports of dose-response to soluble 

factors such as EGF, demonstrated similar, biphasic trends of invadopodia numbers and/or 

chemotactic migration to increasing EGF concentrations [44], [86], [87]. Our data suggest 

that conditions in the extracellular environment cannot be directly taken as having a 

positive or negative effect on motility or invadopodial functions. Cells continuously adapt 

their behavior to match the conditions encountered at the extracellular environment, and 

this may include reverting to their invasive behaviors. It is possible that each stage of the 

the invadopodia assembly contains equilibrium points, and those invadopodia that do not 

reach stable conformation are continuously eliminated. Such a model is strengthened by a 

recent mathematical study on focal adhesion growth [88] suggesting that focal adhesions 

grow to the stable, equilibrium length. While the adhesions that did not reach equilibrium 

fully disassemble, those that surpass equilibrium size go through partial disassembly. 

Finally, stable focal adhesion size was found to be in direct relationship with ECM 

stiffness. In conclusion, our observations suggest the importance of considering non-linear 

relationships between cells and their immediate environments, which are further 
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complicated by receptor transactivation and inherent heterogeneities in cell transcription 

levels.  

Data presented can be summarized in the model where ECM-integrin ɓ1 adhesion 

regulates the dynamics of invadopodia-related processes occurring on the time scale of 

minutes (speed of protrusion-retraction cycles and ECM degradation). This, in turn, 

regulates the dynamics of invadopodia-migration oscillations, which occurs on the time 

scale of hours. Our data demonstrate that faster protrusion-retraction cycles are in 

conjunction with faster MT1-MMP recycling and calcium spikes, leading to faster ECM 

degradation. Next, this leads to invadopodia disassembly and cell translocation to a place 

with intact ECM. In this model, integrin signaling regulates the speed and the efficiency of 

invadopodia short scale dynamics, therefore, regulating long scale dynamics of switches 

from cell Migration state to Invadopodia state (Figure 15E). Our mathematical modeling 

strengthens this view. By simulating a wide range of conditions in a generalizable, non-

parametric manner, the model predicts that changes in ECM-integrin binding and/or ECM 

cross-linking will induce changes in the frequency of oscillations between Migration and 

Invadopodia states. Physically, this can be interpreted as a requirement for non-overlapping 

levels of cell-ECM adherence in each of the states.  

Our findings suggest the possibility of targeting invadopodia via ECM-modulation 

treatments. As invadopodia in vivo are necessary for intravasation [59] and extravasation 

[7] and hence, metastasis [59], understanding relationships between the ECM and 

invadopodia carries significant implications for future chemotherapies. If invadopodia and 

their degradative activity can be destabilized by minute changes in ECM cross-linking, this 
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might potentially turn off the cancer cell metastatic potential. In vivo, several enzymes 

catalyze covalent cross-links of collagen and elastin in cancer. This includes LOX, PLOD, 

and TGII enzymes, all of which were linked to increased cancer cell motility and metastasis 

[89], [90]. Additionally, ECM cross-linking can be induced by non-enzymatic glycation 

between sugars and proteins, resulting in advanced glycation products (AGEs), which were 

shown to increase invasion in cancer cells [91]. Reduction of ECM cross-linking via 

inhibitors specifically designed for LOX, PLOD2 or TGII [87], [92], [93], as well as 

inhibitors of glycation such as flavonoids or aspirin [94] are likely to contribute towards 

invadopodia reduction. Our work suggests that such inhibitors can be valuable in reducing 

metastatic potential in neoadjuvant therapy. 

 

 

 

 

 

 

 

 

 

 



 

47 

CHAPTER 3 

CONTACT GUIDANCE IS CELL CYCLE -DEPENDENT 

3.1. Introduction 

Cancer is one of the leading causes of health-related deaths globally. Cancer 

mortality is tightly linked to cell migration and metastasis [95]. During metastasis, tumor 

cells invade and migrate through the stromal tissue, disseminate via the lymphatic or 

vascular systems and colonize distant organs [96]. While migrating through the tissue, 

tumor cells are often exposed to guidance cues, resulting in directed migration that 

facilitates persistent navigation through the tissue and efficient arrival to the lymphatic or 

blood vessels [29]. Cues guiding directed migration can be biochemical or biophysical. 

The best studied biochemical cues are gradients of growth factors that induce chemotaxis 

[97]. Several biophysical cues have been identified by recent studies of extracellular matrix 

(ECM) properties, one example of which is the alignment of collagen fibers, shown to 

stimulate contact guidance [98], [99]. 

Cell migration is composed of four interdependent molecular steps that make up 

the cell motility cycle [100]. The first step involves the formation of adhesive protrusions 

at the leading edge, whose direction is determined by cell polarization [29]. The next steps 

include the formation of new adhesions at the cell front, the elevation of actomyosin 

contractility in the cell body, and the retraction of the adhesions at the cell rear. Cues that 

induce directed migration, such as growth factor gradients or aligned collagen fibers, cause 

local activation of specific Rho family GTPases that are part of the polarity signaling 

machinery of the cells [99]. Hence, cells are persistently polarized in the direction of the 
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guiding cues, and therefore, new adhesive protrusions are formed in the same direction 

resulting in a guided migration [101], [102]. A consequence of directional migration is an 

increase in migration persistence, which is also manifested in a higher average speed of 

directionally migrating cells. In the absence of directional cues, cells proceed through the 

same 4-step motility cycle but migrate randomly. 

Based on the established hallmarks of cancer [1], it is expected that motile cancer 

cells are actively proliferating. Consistently, motile cancer cell populations have been 

shown to have gene expression profiles shared with highly proliferative cell populations 

[103]. However, at the single cell level, it is unlikely that cells actively engaged in actin 

reorganization during the migration can simultaneously proceed through the cell cycle and 

cell division, due to both structural and energy constraints. To explain how the switch 

between proliferation and migration may occur at a single cell level, the Go-or-Grow 

hypothesis was proposed, suggesting a temporal exclusivity in division and migration 

[104]. However, assessing this hypothesis was mainly done as ensemble measurements 

and, so far, has resulted in contradicting reports [36]ï[38], [105]. For example, in glioma 

and cervical cancer cell lines, cells in G1 and S phase demonstrate a higher speed of 2D 

random migration than cells in G2 [39]. Melanoma cells in 3D spheroids are shown to 

possess lower motility in the G1 phase compared to S/G2, while colon cancer cells in vivo 

are shown to migrate faster in S/G2/M phase compared to G1 [40]. Most recently, S/G2 

cycling mammary epithelial cells were demonstrated to migrate faster in the wound healing 

assay compared to G1 cells [41]. While current literature suggests that the cell cycle phase 

influences both cell speed and the extent of cell migration, we hypothesized that the 
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ensemble measurements were preventing a consistent result, and thus a rigorous test of the 

Go-or-Grow hypothesis.  Therefore, we conducted a systematic study at the single cell 

level, where both the cell cycle phase progression and migration of individual cells could 

be simultaneously monitored and quantified using automated computational image 

analysis tools. 

Cancer cell migration in vivo is mostly directional and guided by contact guidance 

and/or chemotaxis. In this study, we tested the cell cycle-dependency of migration 

persistence and the cells instantaneous velocity in directed or random migration, in both 

2D and more physiologically relevant, 3D models. To monitor the cell cycle status in real-

time, we used nuclear labeling by FUCCI (Fluorescent Ubiquitin Cell Cycle Indicator) set 

[106], which allows us to distinguish the G1 phase of the cell cycle from the S/G2. Using 

LEVER (lineage editing and validation) [107]ï[109] and MAT (multitemporal association 

tracking) [110] algorithms for computational image analysis, we were able to automate the 

segmentation, tracking, and analysis of migrating cells. Our results indicate that in both 2D 

and 3D conditions, directed, but not random migration, is affected by the cell cycle phase. 

While no cell cycle-dependency was observed for either persistence or instantaneous 

velocity in randomly migrating cells, those engaged in contact guidance were more 

persistent and faster in both 2D and 3D during the G1 phase of the cell cycle. In the 2D 

model, the addition of a chemotactic gradient increased the speed and persistence of all 

cells regardless of their cell cycle phase. Taken together, our results suggest that cells in 

the G1 phase of the cell cycle excel in contact guidance. 
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3.2. Methods 

3.2.1. Cell culture and generation of FUCCI-MDA-MB-231 

Human breast cancer cell line MDA-MB-231 (ATCC, Manassas, VA) was cultured 

in DMEM supplemented with 10% FBS (Atlanta Biologicals, Flowery Branch, GA) and 

1% Penicillin/Streptomycin mixture (Gibco, Thermofisher Scientific, Waltham, MA).  

Cell line FUCCI-MDA-MB-23120 was generated using a self-inactivating 

lentiviral expression vector system [111]. Viral particles were produced by co-transfecting 

mKO2-hCdt1 (red) or mAG-hGem (green) with the packaging plasmids (pCAG-HIVgp), 

G protein of vesicular stomatitis virus (VSV-G) and Rev-expressing plasmid (pRSV-rev) 

into HEK-293T cells. Supernatant was collected and concentrated using the Lenti-X 

concentrator (Clontech Laboratories, Inc). High-titer viral solutions were used to co-

transduce MDA-MB-231 cells and top 5% expressors were selected by FACS. 

3.2.2. 2D random migration assay 

60,000 FUCCI-MDA-MB-231 cells were cultured on gelatin-coated plates 

described previously [61]. Briefly, acid-washed 35-mm glass bottom dishes (MatTek 

Corporation, Ashlan, MA) were incubated with 50 µg/ml Poly-L-Lysine (Gibco, 

Thermofisher Scientific, Wlatham, MA) for 20 min and then, coated with 0.2% gelatin 

solution for 10 min. Plates were then washed with PBS (Gibco, Thermofisher Scientific, 

Waltham, MA) and cross-linked by 0.2% glutaraldehyde (GTA, Sigma, St. Louis, MO) on 

ice for 15 min. Next, plates were extensively rinsed with PBS, quenched with 5 mg/ml 

sodium borohydride (Sigma-Aldrich, St. Louis, MO) and sterilized with 70% ethanol 
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(Decon Laboratories, King of Prussia, PA). Image acquisition was initiated 2 h after cell 

plating.  

3.2.3. Microchannels fabrication 

The microchips containing microchannels were fabricated using soft lithography 

techniques. First, the microchip design [112] was created in Autocad (Autodesk, San 

Rafael, CA) and printed on a glass plate to serve as a photomask. Next, a silicon master 

was fabricated via spin-coating a 4ò silicon wafer (University Wafers, South Boston, MA) 

with SU-8 photoresist (MicroChem Corporation, Newton, MA) followed by baking at 70 

°C for 20 min, exposing to UV light passing through the photomask transparencies and 

removing the uncross-linked photoresist by a developer. The silicon master served as a 

mold for making microchannels, onto which a 10:1 mixture of PDMS:curing agent (Dow 

Corning, Midland, MI) was poured, degassed under vacuum to remove air bubbles, and 

cured at 70 °C for 1 h. Next, cured PDMS was carefully peeled from the wafer and cut into 

single-chip size pieces. Cell- and chemoattractant-side reservoirs were made on each 

device using a 6-mm biopsy punch. Next, acid-washed 35-mm glass bottom dishes 

(MatTek Corporation, Ashland, MA) and PDMS devices were activated via oxygen plasma 

treatment for 30 seconds at 300 mTorr. Microchips were then assembled by bonding each 

PDMS device with a MatTek dish. Assembled devices were then sterilized with 70% 

ethanol followed by repeatedly rinsing the devices with sterile PBS. A detailed description 

of this protocol is provided in Appendix C. 
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3.2.4. Mathematical modeling of gradient formation within the channels 

Dynamics of EGF gradient formation within the microchannels were modeled in 

MATLAB (Mathworks, Natick, MA) using the partial differential equation toolbox 

(PDEtool). The geometry of the model included xy cross-section of a microchannel, and 

physics of the model involved a two-dimensional diffusion equation, Ὀ , 

with a constant-concentration boundary condition applied to the source edge. In addition, 

a Neumann boundary condition was applied to the sink edge of the channel, indicating that 

the external flux of the chemoattractant from the system depends on the concentration of 

the chemoattractant at the sink edge. Lastly, no-flux boundary condition was defined for 

the PDMS walls of the microchannels. Initial concentration of the EGF in the whole system 

was set to zero. The EGF-water diffusion coefficient, D, was set to 0.5 × 10 -4 cm2/s.  

3.2.5. Experimental validation of gradient formation in the microchannels 

Prior to the experiment, sink and source reservoirs of the devices were rinsed and 

filled with PBS. The PBS in the source reservoir was supplemented with Alexa Fluor 405-

labeled 10 KDa dextran (MW of EGF is 6 kDa), and microchannels were then imaged on 

a widefield Olympus (Olympus, Tokyo, Japan) microscope for 30 hours with 10 min 

intervals. 

Resulting movies of the dynamics of Alexa Fluor 405-dextran diffusion within the 

microchannels across the two reservoirs were analyzed in Fiji [62]. Briefly, a ñplot profileò 

was applied to a line drawn through the length of the channels and fluorescence intensities 

were recorded at every frame. Relative fluorescence intensities were then calculated via 

applying the following equation to the raw data: 
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Relative fluorescence = 
 ȟ   

 
         (2.1) 

I(x,tj) represents the raw fluorescence intensity recorded at length x of the 

microchannel and time tj of the experiment. Imin(tj) and Imax(tj) are minimal and maximal 

fluorescence intensities recorded in the microchannel at time tj.  

3.2.6. 2D contact guidance using microchannels 

Prior to cell plating, sink and source reservoirs of the microchips were rinsed with 

PBS and then filled with culture media. 25,000 cells were plated in the cell (sink) reservoir 

and the devices were placed in incubator for 2 h for cell adhesion. Next, the media in the 

source reservoir was supplemented with 20 µM EGF (Thermofisher Scientific, Waltham, 

MA) and microchips were imaged with a widefield Olympus (Olympus, Tokyo, Japan) 

microscope for 30 hours with 10 min intervals. Movies were then processed for extracting 

migration parameters. In the movie processing, cell tracking was initiated upon cell entry 

into the tapered section of the microchannels. 

3.2.7. Collagen alignment 

Collagen fibers were aligned by incorporating paramagnetic polystyrene beads 

(PM-20-10; Spherotech, Lake Forest, IL) into a 1.5 mg/ml collagen mixture at 4% (v/v) 

and exposing the mixture to the magnetic field of a neodymium magnet (BZX0Y0X0-N52; 

K&J Magnetic, Pipersville, PA) during collagen polymerization [33], [113]. This step was 

performed at room temperature for 30 min. Magnetic-field induced flow of magnetic beads 

within the collagen matrix aligns collagen fibers. Collagen alignment was assessed by 

confocal reflection microscopy followed by image processing by ct-FIRE [114] to extract 

fiber angles.  
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3.2.8. 3D Migration assays 

40,000 FUCCI-MDA-MB-231 cells were suspended in 50 µl of a collagen mixture 

containing: 1.5 mg/ml rat tail collagen I (Corning, Tewksbury, MA), 5 µl 10X PBS, 10% 

FBS (Atlanta Biologicals, Flowery Branch, GA), 1% Penicillin/Streptomycin, DMEM 

(Gibco, Thermofisher Scientific, Waltham, MA), 4% paramagnetic polystyrene beads 

(PM-20-10; Spherotech, Lake Forest, IL) and 1 N NaOH. The mixture was vortexed at 4 

°C for 5 min and pipetted in a 35-mm glass bottom plate (MatTek Corporation, Ashland, 

MA). Collagen mixture was polymerized at room temperature for 30 minutes and formed 

a 3-mm thick gel. For collagen alignment, this step was conducted by positioning the plate 

adjacent to a neodymium magnet (BZX0Y0X0-N52; K&J Magnetic, Pipersville, PA). 

Next, 1ml DMEM containing 10% FBS and 1% antibiotics was pipetted into the plate. The 

plate was then imaged via a widefield Olympus IX81 (Olympus, Tokyo, Japan) microscope 

for 30 hours with 10 min intervals.  

3.2.9. Live cell imaging 

Live cell imaging was performed via a widefield Olympus (Olympus, Tokyo, 

Japan) microscope equipped with LED lamp, Hamamatsu Orca 16-bit CCD (Hamamatsu, 

Hamamatsu city, Japan), automated z-drift compensation IX3-ZDC (Olympus, Tokyo, 

Japan), automated Prior stage (Prior Scientific, Rockland, MA) and an environmental 

chamber. For live cell imaging, regular culture media was supplemented with 1:100 

Oxyfluor (Oxyrase, Mansfield, OH) and 10 mM sodium lactate (Sigma-Aldrich, St. Louis, 

MO) to reduce phototoxicity. Time lapse imaging was conducted at a single focal plane 



 

55 

using an Olympus 20x 0.7 NA objective and images were acquired at FITC, TRITC, and 

bright field channels. Images were collected every 10 minutes for 30 hours.  

3.2.10. Computational image analysis 

Each image is first segmented and then tracked using the approach previously 

described for the LEVER software tools [107]ï[109]. The segmentation processed the two 

FUCCI channels using a denoising algorithm [115] that models imaging noise as a 

combination of slow-varying low-frequency background noise and high-frequency shot 

noise. The denoising algorithm uses a Gaussian low-pass filter, with kernel size equal to 

10% of the image size, combined with a median filter with support of 3x3 pixels. The 

segmentation treats the fluorescence and phase channels separately. The fluorescence 

images start with an adaptive Otsu thresholding, followed by a connected component 

analysis. The phase segmentation identifies bright and dark foreground pixels as those 

falling greater than one standard deviation from the mid-level background pixels. These 

bright and dark pixels are combined with an Otsu thresholded gradient image to produce 

the final foreground. The intersection of the phase and fluorescence channel segmentation 

is used as the final segmentation.  

Following segmentation, the images are tracked to establish temporal 

correspondences among the segmentation results. The MAT [110] algorithm has been 

widely applied in a number of applications and is used here. MAT uses a minimum 

spanning tree optimization to solve the data association problem across multiple image 

frames (here set to three) in polynomial time. The first tracking step is to compute a cost 

function between segmentations based on differences in spatial location, shape and size, 
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and fluorescence intensity signals. For each cell, the fluorescent intensity is taken as the 

mean fluorescent signal within the segmentation boundaries. Cells that are separated by 

more than twice the maximum radius of either cell, or with a size difference of more than 

90% between frames are gated or considered to have an infinite tracking cost. The gate is 

adaptive, with the constraint adjusted upwards until at least five possible tracking matches 

are obtained. MAT then uses the cost function to compute optimal tracking associations 

between segmentations. The LEVER program then allows the results to be visualized, and 

optionally for any errors to be corrected manually. 

Cell tracks were manually analyzed to correct for mis-segmented cells and assess 

instantaneous velocity (displacement between two frames divided by time) and effective 

cell persistence (net cell displacement over the course of experiment divided by the total 

displacement).  

Cells which were tracked and analyzed throughout the cell cycle phases G1, S/G2 

show a transient (~2h long) overlay, between G1 (red) and S/G2 (green) fluorescence, 

shown as yellow (Movie 10). These cells were classified as either G1 (>50% of maximum 

red fluorescence) or S/G2 (<50% max. red fluorescence). 

3.2.12. Statistical analysis 

Two-tailed student T-test was performed for all statistical analysis. Statistical 

significance was defined as * P < 0.05; ** P < 0.01 and *** P < 0.001. Data are shown as 

means ± SEM. 
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3.3. Results 

3.3.1. Establishment and characterization of a 2d model for contact guidance and 

chemotaxis 

To model directed cell migration in 2D, we designed a microchip with 

microchannels limiting cell migration to the channels and providing contact guidance cues 

(Figure 16A). In addition, in this device, chemotaxis can be also stimulated in cells by 

introducing a chemoattractant (e.g. Epidermal Growth Factor; EGF) gradient through the 

microchannels [116], [117]. Microchips were fabricated using PDMS via soft lithography 

techniques. Figure 16B shows the top and side views of the device with reservoirs on each 

side of a 20-microchannel array (W 10 µm x H 20 µm x L 850µm). The left reservoir is 

loaded with cells suspended in culture media, while the right reservoir acts as a 

chemoattractant source. To facilitate cell entry into the channels, the left end of the 

microchannels is tapered (W 35 µm x L 150µm). The 10 µm-wide and 20 µm-tall 

microchannels guide the migration of MDA-MB-231 cells along the x-axis while allowing 

contact with both channel walls [118], [119].   

To test the microchip ability to provide a stable gradient across its full length, 

formation and dynamics of the gradient were first simulated by solving the unsteady-state 

diffusion equation using a finite element approach. In the mathematical model, we assumed 

a constant concentration of the chemoattractant (EGF or dextran) in the right reservoir, as 

the reservoir volume is six orders of magnitude larger compared to the volume of individual 

microchannels (~200 mm3 for the reservoir and ~2 × 10 -4 mm3 for a microchannel). Movie  
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Figure 16. Development and characterization of a 2D model for directed cancer cell 

migration using a chemoattractant gradient in microchannels: A. Simplified microchip 

design. To facilitate cell entry into 10 µm-wide microchannels, left end of microchannels 

was tapered (35 µm width). B. Top and side view of the microchip; reservoirs were 

generated using a 6 mm-biopsy punch. C. Mathematical modeling of the non-linear 

chemoattractant gradient across the microchannels. Example time points ranging from 6-

30h are shown. D. Gradient of AlexaFluor 405 dextran across the microchannel length, 

measured at different times 6-30h. Colors correspond to acquisition times indicated in (C). 

The figure is taken with permission from [172]. 

 

7 and Figure 16C show the results of the mathematical modeling and formation of the 

gradient across the microchannels. As indicated in Figure 16C, the gradient steepness was 

predicted to be stable from 6- to 24 h post-gradient formation.  

We next experimentally validated the mathematical model by monitoring the 

diffusion of fluorescently labeled dextran over time. AlexaFluor 405-labeled 10 kDa 

dextran has a molecular weight and diffusivity similar to those of EGF (MW = 6 kDa and 

D = 0.5 × 10 -4 µm2/s). As shown in Figure 16B, mass transfer was limited to the molecular 
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diffusion by capping reservoirs with PDMS pieces, equilibrating the pressure across the 

system and reducing convection. Figure 16D shows the quantification of gradient profiles 

at different time points. While there is a negligible reduction in the gradient steepness over 

time, as mathematically shown, average gradient steepness in the system is stable from 6 

to 24 h post-gradient formation (< 10% difference). Since the chemotaxis of MDA-MB-

231 cells is affected by the steepness and concentration of the EGF [120], quantification of 

the cell migration parameters (instantaneous velocity and migration persistence) was only 

conducted on data acquired from 6 to 24 h post-gradient formation. Comparing Figure 

16C and D shows that at the beginning of the experiment, the concentration of dextran in 

the system is higher than what the modeling predicts. This is mainly due to the convection-

based mass transfer of the dextran molecules through the microchannels during the device 

loading procedure. 

3.3.2. Contact Guidance in 2D Is Cell Cycle-Dependent 

We first tested the cell cycle-dependency of cancer cell migration in 2D by 

acquiring time-lapse recordings of FUCCI-MDA-MB-231 cells (Movie 8). To model 2D 

random migration, cells were plated on gelatin-coated dishes. In the contact guidance 

model, cells moved along the gelatin-coated microchannels, in the presence or absence of 

the chemoattractant gradient (Movie 9).  

Cell trajectories and the corresponding cell cycle phase information were extracted 

from time-lapse movies by image segmentation and tracking via algorithms using the 

LEVER open-source software tools [109] (see methods) (Movie 10). LEVER uses custom 

segmentation algorithms written in MATLAB combined with the multi-temporal 
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association tracking algorithm (MAT) [115] to quantify cellular location and morphology 

in each image frame, and to extract the time-course of FUCCI signal intensities for each 

cell in each image sequence. Extracted data were further used to calculate cell persistence 

and instantaneous velocity.  

Figure 17A and B depict representative trajectories of cells randomly migrating in 

2D and the corresponding cell cycle phases (G1, red and S/G2, green). Cells in the early S 

phase express both red and green fluorophores, generating yellow labeling. In our system, 

these cells amounted to <10% of the total number of cells and were excluded from the 

quantification. As expected, without guiding cues, cells freely change their polarization 

direction, resulting in a very low migration persistence, independent from the cell cycle 

phase (Figure 17C) [29]. Consequently, the instantaneous velocity of cells in G1 shows 

no significant difference compared to that of cells in the S/G2 (Figure 17D). Taken 

together, these findings demonstrate that the random migration of cancer cells in 2D is not 

cell cycle-dependent.  

Next, we assessed the migration of cells subjected to directional migration in 2D 

(Figure 17E-L ). Microchannels guide the cell migration along the x-axis by limiting the 

movement in y- and z-dimensions [118], while the non-linear gradient of EGF stimulates 

chemotaxis in MDA-MB-231 cells. Simultaneous exposure to contact guidance and 

concentration gradient of the chemoattractant results in highly persistent cell migration, 

similar in both G1 and S/G2 cell cycle phases (Figure 17G). However, velocity of cells in 
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Figure 17. Contact guidance in 2D is cell cycle-dependent: A &  B. Representative 

trajectories of cells in G1 (red) and S/G2 (green) phase, randomly migrating on gelatin-

coated plates. C &  D. Persistence and instantaneous velocity of cells shown in A and B. E 

&  F. Representative trajectories of cells in G1 (E) and S/G2 (F) phases of the cell cycle 

migrating inside the gelatin-coated microchannels in the presence of chemotactic EGF 

gradient. G &  H. Persistence and instantaneous velocity of cells shown in E and F. I &  J. 

Representative trajectories of cells in G1 (I ) and S/G2 (J) phases of the cell cycle migrating 

inside the gelatin-coated microchannels, in the absence of chemotactic EGF gradient. K & 

L . Persistence and instantaneous velocity of cells shown in I  and J. M  &  N. Representative 

trajectory of cells monitored continuously as they migrate in G1and S/G2, either randomly 

(M ) or contact guided, in microchannels (N). O &  P. G1 to S/G2 persistence ratio (O) and 

instantaneous velocity ratio (P) for randomly migrating (R) and contact guided cells (CG). 

In all box and whisker plots, solid and dotted lines represent median and mean, 

respectively. The figure is taken with permission from [172]. 
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G1 is significantly higher (approximately 20%) than the instantaneous velocity of cells in 

the S/G2 phase (Figure 14H). 

Cell migration in the microchannels was also tested in the absence of the EGF 

gradient (Figure 17I -L ), with contact guidance being the only guidance cue. In the absence 

of the chemoattractant, cells often switched their direction, which resulted in shorter 

trajectories (Figure 17I -J) as well as in decreased migration persistence (Figure 17K ), 

when compared to cells exposed to chemoattractant (Figure 17E-G).  Here, the difference 

in the instantaneous velocities of cells in G1 compared to S/G2 phase was even more 

pronounced (Figure 17L ). Collectively, our data suggest that contact guidance of the 

cancer cells in 2D microchannels is cell cycle-dependently regulated. Also, the addition of 

chemotaxis increases persistence and instantaneous velocity of cells in both G1 or S/G2 

phases.  

Lastly, we monitored cell migration throughout the cell cycle. This allowed for a 

direct comparison between the G1 and S/G2 migration parameters within an individual 

cell. Such an approach eliminated contributions of intercellular heterogeneity and 

stochastic gene expression. Figure 17M  and N depict trajectories of cells migrating 

randomly (Figure 17M ) or in microchannels (Figure 17N, Movie 9) color-coded 

according to their cell cycle phase. Here, the G1 to S/G2 ratios of persistence (Figure 17O) 

and instantaneous velocity (Figure 17P) were calculated for individual cells. In random 

migration, ratios are close to 1, indicating no change in cell migration when cells transition 

from G1 to S/G2 phase. In cells within microchannels, ratios are significantly higher, 
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indicating that during contact guidance, cells are both faster and more persistent in the G1 

phase compared to S/G2. 

3.3.3. Contact Guidance in 3D Is Cell Cycle-Dependent 

Several studies demonstrated that cell migration in 2D might not reflect cell 

behaviors in more physiologically relevant 3D models, where cells can be exposed to 

tissue-like confinement [85], [121], [122] and reciprocal cell-matrix interactions [123]. 

Collagen gels are one example of such 3D models, which provide fibrillar structure 

resembling the topography of native tissue ECM, and therefore, is superior to the 

homogeneous 3D gels [124]. In 3D collagen gels with pore size equal to or larger than the 

diameter of the cell nucleus, breast cancer cells utilize MMP-independent migration. In 

contrast, MMP-dependent migration is present in environments with smaller pores [60]. 

Additionally, directed cell migration along aligned and bundled collagen fibers (contact 

guidance) was shown to significantly increase persistence [98], without affecting the 

instantaneous velocity of cells [125].  

To test the cell cycle-dependency of random and directed cell migration in 3D, we 

generated collagen gels with either randomly oriented (Figure 18A-C) or aligned fibers 

(Figure 18D-F). The aligned fiber architecture was achieved by flowing magnetic beads 

through the collagen gel [113]. We confirmed the orientation of the fibers by confocal 

reflection imaging (Figure 18B and E) and measuring the distribution of fiber angles in 

each condition. The randomly oriented fibers show a uniform distribution of fiber angles 

(Figure 18C), indicating that there is no enrichment of fibers in any particular angle. The  
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Figure 18. Development of a 3D model for directed cell migration using collagen fiber 

alignment: A. Randomly oriented 3D fibrillar collagen was used in the 3D random 

migration assay. B. Representative image of the random architecture of collagen fibers 

imaged by confocal reflection microscopy. C. Quantification of collagen fiber angles in 

(B) demonstrating a random distribution of the collagen fiber orientation. D. Collagen 

mixed with magnetic beads and exposed to magnetic-induced flow results in 3D collagen 

with aligned fibers. E. Aligned architecture of collagen fibers imaged by confocal 

reflection microscopy. F. Distribution of collagen fiber angles in (E) shows a Gaussian 

distribution in collagen fibers direction, centered at 90° relative to the magnet orientation. 

Scale bar 100 µm. The figure is taken with permission from [172]. 

 

aligned fibers show a Gaussian distribution of angles, indicating that the majority of fibers 

are positioned at the same angle (Figure 18F).      

Using these 3D models, we compared the migration of FUCCI-MDA-MB-231 cells 

in randomly oriented (Movie 11) or aligned (Movie 12) fibrillar collagen. Time-lapse 

images were segmented and tracked using LEVER. Consistent with the random migration 
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pattern in 2D, cell cycle status affected neither the persistence nor the velocity of cells in 

randomly oriented fibers in 3D (Figure 19A-D).  

In aligned collagen, cell trajectories show higher persistence compared to cells in 

randomly oriented collagen (Figure 19E and F). Further, cells persistence and velocity are 

both cell cycle-dependent, as quantification of the migration parameters shows that cells in 

the G1 phase are significantly more persistent and faster than cells in S/G2 (Figure 19G 

 

Figure 19. 3D contact guidance is cell cycle-dependent: A &  B. Representative trajectories 

of cells in the G1 (red) and the S/G2 (green) phase of the cell cycle migrating in 3D collagen 

with randomly oriented fibers. C &  D. Persistence and instantaneous velocity of cells 

migrating in 3D collagen with randomly oriented fibers. E &  F. Representative trajectories 

of cells in the G1 (red) and the S/G2 (green) phase of the cell cycle migrating in aligned 

3D collagen fibers. G &  H. Persistence and instantaneous velocity of cells directionally 

migrating in aligned 3D collagen fibers. In all box and whisker plots, solid and dotted lines 

represent median and mean, respectively. The figure is taken with permission from [172]. 
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and H). In conclusion, our data demonstrate that cells in the G1 phase of the cell cycle 

exhibit a more persistent and faster migration in response to directional guidance cues. 

During random migration, persistence and velocity of cells in the G1 and S/G2 phases of 

the cell cycle are similar. 

3.4. Discussion 

In this study, we sought to determine the relationship between cell cycle and 

migration parameters (velocity and persistence) of cancer cells. We established models 2D 

and 3D models of contact guidance and used these models to visualize migration of MDA-

MB-231 breast carcinoma cells expressing the FUCCI cell cycle reporter. Using time-lapse 

live imaging, we demonstrate that cell cycle progression affects the speed of directional, 

but not random cell migration. We show that while exposed to contact guidance cues, cells 

in G1 outperform those in S/G2 by exhibiting higher persistence and velocity in both 2D 

and 3D environments. 

The extent of migration, persistence and the velocity of cells can be regulated by 

extrinsic cues, including ECM properties or chemoattractant gradients [43], [120], [126], 

[127], as well as intrinsic cues, such as the cell cycle progression. The cross-talk between 

cell cycle and motility pathways was suggested by a number of mechanistic reports. For 

example, integrins and receptor tyrosine kinases were shown to regulate both Rho 

GTPases, master regulators of cell contractility and actin polymerization [128], as well as 

G1-related cyclin-dependent kinases [129]. Last but not least, recently, a direct link 

between Aurora A kinase, known to regulate G2/M transition, and the speed of wound 

healing is suggested [41]. 
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Our models and method provide a platform for further interrogating the relationship 

between cell cycle progression and extrinsic cues and the effects of that interplay not only 

on cell migration but also on cell invasion. In this regard, several studies have started 

addressing the influence of cell cycle progression over invasion [130]ï[135]. For example, 

a recent study, in mouse embryonic fibroblasts, has shown that the cytoplasmic pool of 

cyclin-dependent kinase inhibitor p27 is involved in regulating invadosomes and ECM 

degradation [136]. On a similar note, anchor cell invasion into the vulval epithelium, 

occurring during development in C. elegans, is only performed by cells that are in the 

G0/G1 phase of the cell cycle [137]. Finally, a number of in vivo tumor studies have 

reported a negative correlation between tumor growth and invasion, such that tumors which 

invade and metastasize more efficiently, grow slower and vice versa [138]ï[144]. In 

melanoma, this phenomenon was described as the phenotypic switch [138]. While no 

studies, so far, addressed the effect of extrinsic factors on coordination between cell cycle 

and invasion, a number of recent works can be used to guide future experiments. For 

instance, ECM stiffening in mammary epithelial cells was shown to activate cell cycle 

progression via a FAK-Rac-Cyclin D1 pathway [145], and applying shear stress to tumor 

cells can induce a G2/M arrest through ŬvÇ3 and Ç1-mediated pathways [146], both of 

which are likely to affect integrin/FAK-dependent invasion and invadopodia assembly.  

Tumor cell arrest during the G1/S transition, by inhibitors of Cdk4/6, is one of the 

new avenues for breast carcinoma treatment [147]. While such treatment successfully 

reduces tumor size, it may also accumulate reactive oxygen species and increase Cyclin 

D1 expression [148], which has been linked to increases in migration and invasion [149], 
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[150]. Hence, understanding the coordination between cell cycle and cell migration, as well 

as the other hallmarks of cancer, is increasingly important. 
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CHAPTER 4 

ORTHOGONAL AND PARAL LEL ARRANGEMENTS OF 

CONTACT GUIDANCE -CHEMOTAXIS DUAL -CUE 

ENVIRONMENTS DISTINC TIVELY FOSTER CANCER  CELLS 

DISSEMINATION  

4.1. Introduction 

Cell migration is a crucial component of cancer cell dissemination from the primary 

tumor into its adjacent tissue (stroma) [151]. This process is one of the early steps in the 

metastatic cascade through which cancer cells from the primary tumor circulate through 

the bloodstream or lymphatic system and colonize distant organs by forming secondary 

tumors [152]. While disseminating through the tumor stroma, certain chemical and 

physical cues can guide the cells to migrate towards their direction [29]. Bundles of aligned 

collagen fibers (stimulating contact guidance) and gradient of soluble growth factors 

(inducing chemotaxis) are two guiding cues of migration that disseminating cancer cells 

are widely exposed to and migrate towards [97], [153].  

In vitro, Contact guidance can be induced via various types of anisotropic features 

engineered in the cell substrates. Micro-patterned surfaces featuring a narrow 1D strip of 

adhesion ligands [154], [155], micro-fabricated ridges and grooves on a 2D surface [156], 

[157] and pre-aligned 2D synthetic [158], [159] or 3D natural [33], [113] fibrous substrates 

are examples of anisotropic structures inducing directed migration in adhesively migrating 

cells. In vivo, during tumor progression, collagen fibers in the desmoplastic tumor stroma 

undergo a reorganization that results in their radial alignment to the tumor [153]. Such an 

aligned collagen organization is further used by carcinoma cells as migration tracks 

facilitating persistent local dissemination [160]. In addition to contact guidance, 
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chemotaxis is also widely performed by cancer cells towards chemokine and growth factor 

gradients secreted by various inflammatory (e.g., macrophages) [161] and non-

inflammatory (e.g., fibroblasts [162] and endothelial cells forming blood vessels [163]) 

cells residing in the tumor microenvironment [97]. Besides, directed migration of cancer 

cells towards gradients of fetal bovine serum (FBS) in vitro [164],  indicates that leaky 

blood vessels in the tumor microenvironment can act as yet another source of 

chemoattractants stimulating chemotaxis in cancer cells.  

Tumors are highly heterogeneous tissues. This heterogeneity mainly stems from 

genomic instability and epigenetic divergence in cancer cells [165] as well as recruitment 

of infiltrating cells (e.g., immune cells and fibroblasts) and their resulting cell-cell and cell-

ECM interactions [166]. Heterogeneity of the tumor confounds treatment efficacy in the 

clinical settings leading to lower patient survival rates [167]. A direct consequence of 

tumor heterogeneity is that disseminating cells are less likely to be affected by one single 

cue at a time. Instead, cells are mostly faced with a multi-cue environment in which they 

need to continuously adapt their behaviors depending on the spatiotemporal changes of 

such cues. Hence, the likelihood of cancer cells being simultaneously exposed to multiple 

guiding cues is extremely high in the heterogeneous tumor tissues. Driven by this notion, 

some studies have assessed the migratory behavior of cancer and non-cancer cells under 

multi-cue environments [99], [168], [169]. For instance, the effect of the dual-cue 

conditions simultaneously imposing both contact guidance and chemotaxis cues to 

migrating cells were previously assessed on immune [170] and endothelial cells [171]. In 

the former, Human neutrophil leukocytes directed migration was shown to be highly 
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dependent on the steepness of the chemoattractant gradient. While cells migrated toward 

the chemotactic cue upon exposure to steep gradients, contact guidance dominated the 

system in shallower gradients [170]. On the contrary, contact guidance dominated the 

migratory response of the endothelial cells independent of the tested chemotactic gradient 

steepness levels [171]. Contrasting results of these two pioneering studies indicate that 

migratory behavior of cells in such a dual-cue environment is highly cell type-specific. 

Despite such efforts, the migratory behavior of a disseminating cancer cell that is co-

stimulated by contact guidance and chemotaxis cues is yet to be elucidated. For instance, 

it is not yet known whether an invading cancer cell would experience competition between 

orthogonally arranged cues, or whether the parallel arrangement of the cues would 

synergistically increase the efficiency of directed migration in the cancer cells.  

In this work, we sought to characterize the directed migration of HS-578T breast 

carcinoma cells under a contact guidance-chemotaxis dual-cue condition. While the 

parallel arrangement of the two cues results in a significant increase in cell directionality 

and speed, the orthogonal arrangement of cues decreased cell directionality compare to 

single-cue conditions. Interestingly, in the latter case, no particular cue showed absolute 

dominance over the other. Instead, cancer cells switched from following one cue to another 

during their migration resulting in an increase in their cell dispersion compared to single-

cue and parallel dual-cue conditions.  
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4.2. Methods 

4.2.1. Cell culture  

Human cell line Hs-578T (ATCC, Manassas, VA) was cultured in DMEM (Gibco, 

Thermofisher Scientific, Waltham, MA) supplemented with 10% FBS, 1% 

Penicillin/Streptomycin, 1 mM Pyruvate (Gibco, Thermofisher Scientific, Waltham, MA) 

and 0.01 mg/ml Bovine insulin (Sigma-Aldrich, St. Louis, MO). 

4.2.2. Cell nucleus and cytoplasm labeling 

For nucleus labeling, adherent cells were incubated with Hoechst (Thermofisher 

Scientific, Waltham, MA) 1:1000 for 15 minutes. For cytoplasmic labeling, adherent cells 

were incubated with 5 µM Cell Tracker Green (CMFDA Dye, Thermofisher Scientific, 

Waltham, MA) for 30 minutes. 

4.2.3. Collagen-cell mixture preparation for 3D cell migration assays 

HS-578T cells (35000 nuclei-labeled cells when using ibidi chemotaxis µ-slides 

and 2000 cytoplasmic labeled when doing migration assay on glass-bottom dishes) were 

suspended in 50 µl of a collagen mixture containing: 1.5 mg/ml rat tail collagen I (Corning, 

Tewksbury, MA), 5 µl 10X PBS, 1% Penicillin/Streptomycin, DMEM (Gibco, 

Thermofisher Scientific, Waltham, MA), 4% paramagnetic polystyrene beads (PM-20-10; 

Spherotech, Lake Forest, IL) and 1 N NaOH. For no-cue and contact guidance conditions 

that did not include an FBS gradient, certain concentrations of FBS (Atlanta Biologicals, 

Flowery Branch, GA) (1, 2, 5 and 10%) was added to the mixture. The mixture was 

vortexed at 4°C for 5 min and was kept on ice until pipetted into the ibidi chemotaxis µ-

slides or on glass-bottom 35-mm dishes. 
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4.2.4. Cell migration assay in ibidi chemotaxis µ-slides 

For loading collagen into ibidi chemotaxis µ-slides, the vendorôs protocol was 

followed. Briefly, 6 µl of collagen mixture was pipetted into each chamber of the µ-slides. 

Next, µ-slides were incubated in room temperature for 25 minutes in order for collagen gel 

to form. For conditions that include collagen alignment, collagen gelation was done while 

exposing the collagen-loaded µ-slides to a neodymium magnet (K&J Magnetics, Bucks 

County, PA; BZX0Y0X0-N52). The magnetic field induces a flow of magnetic beads 

within the collagen mixture leading to the alignment of collagen fibers. A detailed 

description of this protocol is provided in Appendix C. 

After the formation of the collagen gel, DMEM supplemented with 1% 

Penicillin/Streptomycin, 1 mM Pyruvate and 0.01 mg/ml Bovine insulin containing various 

concentrations of FBS was pipetted into the sink and source reservoirs of each chamber of 

a µ-slides. For conditions containing a chemotaxis cue, sink reservoirs were filled with 

media containing no FBS and source reservoirs were filled with media containing 1, 2, 5 

or 10% FBS. For conditions, containing no chemotactic cue, both reservoirs were filled 

with media congaing the same concentration of FBS as was earlier incorporated into the 

collagen mixture. Next, cell migration inside the µ-slides was imaged via a widefield 

Olympus (Olympus, Tokyo, Japan) microscope equipped with LED lamp, Hamamatsu 

Orca 16-bit CCD (Hamamatsu, Hamamatsu City, Japan), automated z-drift compensation 

IX3-ZDC (Olympus, Tokyo, Japan), automated Prior stage (Prior Scientific, Rockland, 

MA) and an environmental chamber. Time-lapse imaging was conducted at a single focal 
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plane using an Olympus 20x 0.7 NA objective and images were acquired at DAPI and 

bright field channels. Images were collected every 10 minutes for 35 hours. 

4.2.5. Cell migration assay in glass-bottom dishes 

After the preparation of the cell-collagen mixture, the mixture was pipetted on 

glass-bottom dishes and incubated in room temperature for 25 minutes until collagen gel 

forms. For collagen alignment, collagen gelation was done while exposing the collagen-

loaded dishes to a neodymium magnet. After collagen gelation, L15 media (Gibco, 

Thermofisher Scientific, Waltham, MA) containing 10% FBS, 1% 

Penicillin/Streptomycin, 1 mM Pyruvate and 0.01 mg/ml Bovine insulin was pipetted in 

the glass-bottom plates. Next, cell 3D migration was imaged via an Olympus Fluoview 

1200 confocal microscope (Olympus, Tokyo, Japan) using a 488-nm laser to monitor the 

cell cytoplasmic marker in a fluorescent channel and individual collagen fibers in the 

reflection channel. Images were collected every 30 minutes for 48 hours.  

4.2.6. Cell tracking and analysis 

Cell tracking in cells with nuclei labeling was performed using TrackMate plug in 

in Fiji  [62]. Following acquisition of the cell tracks, average velocity and cell persistence 

(in the direction of y- and x-axes) was calculated for each cell using the following 

equations.  

Average velocity : 
  

     

В

 
         (4.1)     

Contact guidance index: 
     

  
 
В

      (4.2)     

Chemotaxis index: 
     

  
 
В

                 (4.3)     
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Cell tracking in cells with the cytoplasmic marker was done using MATLAB 

function ñregionprops.ò The input of this function is a binary movie of the cell 3D 

migration, which was prepared by using the thresholding tool in Fiji. The cell tracks 

acquired in this step were used to extract cell motion vectors at each frame. The cell motion 

vector was defined as a unit vector in the direction of the line connecting the position of 

the cell in the current frame to its position in the next frame. 

4.2.7. Extraction of cell orientation and fiber vectors 

3D cell migration movies, including a fluorescent channel of cell cytoplasm marker 

and a reflection channel of randomly organized or aligned fibers, were used to acquire cell 

orientation and fiber vectors for each frame of the movies. Briefly, each cell migration 

movie was screened and z-slices containing the cell of interest were specified and recorded 

by the user. Next, z-projected images of the cell cytoplasm channel were used to acquire a 

binary image of the cell shape at each frame via thresholding in Fiji. The binary images 

were then processed by MATLAB function ñregionpropsò to calculate the cell orientation 

directions. The cell orientation vector was then defined as the unit vector in the direction 

of cell orientation.  

Z-projected images of the fibers were acquired in Fiji and were then processed via 

ctFIRE to segment all the fibers in the images and calculate their length and angle. Next, 

Cell cytoplasm binary images were multiplied by the fiber images to remove the fibers that 

are not in contact with the cells. Next, the average angle of the remaining fibers was 

calculated. The fiber vector was then defined as the unit vector in the direction of the 
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average angle of the fibers. A detailed description of this procedure along with the 

MATLAB code performing the average fiber angle extraction is provided in Appendix B. 

4.2.8. Measurement of gradient formation dynamics in ibidi chemotaxis µ-slides 

Following forming a collagen gel in an ibidi chemotaxis µ-slide, sink and source 

reservoirs of the device were filled with PBS. The PBS in the source reservoir was 

supplemented with 50 nM Alexa Fluor 405-labeled 10 KDa dextran. Next, the µ-slide was 

imaged on a widefield Olympus microscope (Olympus, Tokyo, Japan) for 40 hours with 

10 minutes imaging interval. Resulting movies were then analyzed with Fiji in order to 

extract the dynamics of gradient formation across the collagen gel. Briefly, a ñplot profileò 

was applied to a line drawn across the width of the collagen gel and the fluorescence 

intensities were recorded at every frame. Relative fluorescence intensities were then 

calculated by applying the following equation to the raw data: 

Relative fluorescence:    
 ȟ   

 
         (4-4) 

I(x,T) represents the raw fluorescence intensity recorded at length x of the gel and 

time T of the experiment. Imin and Imax are minimal and maximal fluorescence intensities 

recorded in the microchannel.  

 

4.2.8. Statistical Analysis 

Two-tailed studentôs t-test was performed for comparing persistence and 

instantaneous velocity of cells at various conditions. statistical significance is defined as * 

P < 0.05; ** P < 0.01 and *** P < 0.001. Wherever specified, a Kolmogorov-Smirnov 

distribution test was applied.  
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4.3. Results 

4.3.1. Developing a dual-cue cell migration environment incorporating both contact 

guidance and chemotaxis cues 

In order to expose cancer cells to both chemotaxis and contact guidance cues in 

various directions, we used commercially available ibidi chemotaxis µ-slides, whose 

schematic cross-section and top views are shown in Figure 20A.  Chemotaxis µ-slides are 

composed of three side-by-side chambers including a 6-µL central chamber located 

between two 65-ÕL chambers labeled by ñsinkò and ñsourceò in Figure 20A. The middle 

chamber is where the cell-collagen mixture is pipetted, and the side chambers are media 

reservoirs. A small difference in the concentrations of media components pipetted into the 

sink and source chambers results in the formation of a gradient across the collagen gel. 

Figure 20C depicts the dynamics of gradient formation across the collagen gel as a result 

of having a 50 nM 405-dextran concentration difference between the source and sink 

media. Figure 20D depicts a quantified version of Figure 20C showing that the chemical 

gradient forming across the collagen gel in ibidi chemotaxis µ-slides is stable for more than 

32 hours (from 8 to 40 hours post-gradient formation) which is the time window that is 

used in this study to assess the chemotaxis behavior of the HS-578T cells. Since the 

steepness of the chemical gradient that cells are exposed to can vary the robustness of cells 

chemotaxis [120], in this study, we tested four different FBS gradient steepness values by 

varying the FBS concentration in the source chamber (Figure 20B). Figure 20E shows the 

steepness of the FBS gradients 40 hours post-gradient formation for all tested FBS 

concentrations in the source chamber.  
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Figure 20. Establishing single and dual-cue 3D environments where cancer cells are 

simultaneously exposed to both chemical gradients and aligned fibers: A. A schematic 

showing ibidi chemotaxis µ-slide cross-section and top views. B. A schematic showing 

various chemical gradient steepness values and fiber conformations tested in this study. C 

&  D. Dynamics of 405-dextran diffusion through the collagen gel in the ibidi chemotaxis 

µ-slides over 40 hours depicted by micrographs (C) and quantification of 405-dextran 

fluorescence intensity across the width of the gel (D). E. FBS concentration gradients 

across the width of the collagen gel at 40 hours post-gradient formation. F. Magnetically 

aligned collagen fibers in the µ-slides imaged by reflection confocal microscopy. G. 

ctFIRE reconstructed fiber map overlaid on fiber micrographs shown in F. H. Angle 

distribution of aligned fibers measured and quantified by ctFIRE. Reported p-value 

pertains to a KS distribution test performed on fiber angle distributions from three 

biological replicates showing the reproducibility of fiber alignment. I . Bar plot showing 

average fiber length in aligned and randomly organized collagen samples. Error bars are 

SEM. 
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In order to incorporate the contact guidance cue in the µ-slides, we used a 

previously published protocol of magnetically aligning collagen fibers using paramagnetic 

microbeads [33], [172]. Figure 20F is a representative micrograph of aligned collagen 

fibers imaged with reflection confocal microscopy. The distribution of fiber angles is 

quantified using ctFIRE [173], which first generates a reconstructed fiber image (Figure 

20G) and then calculates the angle of each fiber in the field of view. As depicted in Figure 

20H, the majority of the fibers in the aligned samples are vertically oriented. The P-value 

of the KS test performed on angles of aligned fibers distribution suggests that our method 

of aligning collagen fibers yields reproducible results. The length of the fibers (Figure 20I ) 

is another output of the ctFIRE showing no significant difference between the average 

length of the collagen fibers in aligned versus non-aligned samples. 

While our experimental device only allows establishing a horizontal chemical 

gradient (Figure 20A) across the cell-containing collagen gel, collagen fibers alignment 

can be performed both vertically and horizontally (Figure 20B). Therefore, our setup 

allows for stimulating directed cell migration under both orthogonal and parallel dual-cue 

conditions.  

4.3.2. Characterizing 3D cell migration in random and aligned collagen fibers 

In an orthogonal dual-cue environment, an individual cellôs direction of migration 

is the only metric to indicate which cue the cell migrates towards. However, determining 

the actual direction of migration is not a trivial task, because cell migration is a process 

that is accompanied with an extreme amount of stochasticity causing cells to show large 

short-term deviations from the direction of a guiding cue. In addition, as shown in Figure 
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20F-H, despite aligning collagen fibers, there is a minimum number of non-aligned 

collagen fibers that can temporarily guide the cells towards directions other than that of the 

majority of the fibers (vertical direction). Hence, it is highly crucial to carefully 

characterize the 3D cell migration in our random and aligned 3D collagen gels in order to 

elucidate the range of directions that correspond to contact guidance in our system. 

To this purpose, we imaged HS-578T cells 3D migration in random and aligned 

collagen fibers. Cells were labeled with a cytoplasmic marker (cell tracker), and collagen 

fibers were imaged via reflection confocal microscopy. In order to assess the relationship 

between fiber angles and cell migration direction, we developed a custom-written 

algorithm in MATLAB, Fiji , and ctFIRE (Figure 21). In the first step, the algorithm selects 

z-slices of the time-lapse movies containing the cells (Figure 21A and B) and generates z-

projected images of the fiber (Figure 21C.i) and cell channels (Figure 21D.i). Next, the 

fiber images are segmented using ctFIRE (Figure 21C.ii), and the cell cytoplasmic images 

are thresholded to create a binary mask of the cells (Figure 21D.ii). The algorithm will 

then multiply the segmented fiber images to their corresponding cell binary masks (Figure 

21C.iii ) removing any fiber that is not in contact with the cell. Next, the spatial information 

of remaining collagen fibers is used by the algorithm to calculate an average fiber angle. 

The average fiber angle, cell shape (Figure 21D.ii), and cell trajectory (acquired by 

tracking the cell) are then used by the algorithm to extract three vectors of average fiber 

direction, cell orientation, and cell motion for every frame of the time-lapse movies 

respectively (Figure 21D.iii ).   
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Figure 21. Workflow of the developed algorithm analyzing the relationship between fiber 

angles, cell orientation and cell motion. A. A micrograph showing a HS-578T cell (red; 

labeled with cell tracker) in non-aligned collagen fibers. The orthogonal YZ and XZ views 

are used to assess which z-slices contain fibers that the cell is in direct contact with. B. 

Fluorescent micrographs depict z-slices #6 and #7 containing fibers that directly interact 

with the cell. C &  D. The workflow of assessing ñfiberò and ñcell orientationò vectors. 

This process includes the following 5 steps (numbered arrows): 1. Using ctFIRE to segment 

the z-projected image of the fibers from z-slices shown in B (C.i &  ii ); 2. Thresholding the 

z-projected image of the cell tracker channel (D.i) to get a binary image of the cell (D.ii); 

3. Multiplying the binary image of the cell (D.ii) with the segmented fiber image (C.ii) to 

acquire the fibers that are in direct contact with the cell (C.iii ); 4. Using ctFIRE output to 

calculate a length weighted average angle of the fibers that are in contact with the cell. The 

average fiber angle will be used to calculate the fiber vector (D.iii ); 5. Using MATLAB 

function, ñregionpropsò, to automatically calculate the cell orientation from the cell binary 

image. Cell orientation vector will be assessed from the output of this function (D.iii ). 
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Figure 22 depicts the relationship between the extracted vectors from time-lapse 

movies acquired from individual cells migrating in random and aligned collagen fibers. 

Figure 22A and F show representative micrographs of cells migrating in random and 

aligned collagen fibers, respectively. In these micrographs, cell migration tracks are shown 

with solid magenta lines. Figure 22B and G show a summary of the workflow and results 

of our algorithm in extracting fiber, cell orientation, and cell motion vectors for five 

representative frames within each cell migration track. Panels in the first row of Figure 

22B and G depict cell binary images generated via thresholding of the fluorescent images 

of the cell cytoplasm. In the second row, panels depict a reconstructed fiber network 

generated via ctFIRE. The algorithm only considers the fibers overlapping with the cell 

shape to calculate a length-weighted average fiber direction. In the third row, panels depict 

the fiber vectors (cyan), cell orientation vectors (red) and the cell tracks (magenta), which 

will define the direction of cell motion vectors. This analysis is performed on more than 50 

cell tracks per each condition. 

Figure 22C and H show the distribution of the angle between fiber and cell 

orientation vectors for cells migrating in random and aligned 3D collagen. When cells 

migrate within collagen fibers, they locally reorient them [174]. In order to monitor the 

extent of this local fiber reorientation, two fiber vectors were calculated for each field of 

view. One of the vectors corresponds to the fibers that overlap with the cell during the 

migration (used in histograms indicated by red bars in Figure 22C-E and 3H-J). The other 

vector corresponds to the fibers overlapping with the cell shape but sampled when the cell 

has not reached the field of view yet (used in histograms indicated by blue bars Figure 22 
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Figure 22. Characterizing HS-578T cells 3D migration in random and aligned collagen 

fibers: A &  F. Representative micrographs showing HS-578T cells migrating in random 

(A) and aligned (F) 3D collagen fibers. Cell cytoplasm is labeled with cell tracker (red) 

and collagen fibers are imaged via reflection confocal microscopy (cyan) B &  G. 

micrographs showing a summary of the algorithm extracting the vectors of fiber angles, 

cell orientation and cell motion in 5 representative frames numbered in the migration tracks 

shown in A &  F. C &  H. depict the distribution of angles between fiber and cell orientation 

vectors in random (C) and aligned (H) collagen fibers respectively. D &  I . depict the 

distribution of angles between cell orientation and cell motion vectors in random (D) and 

aligned (I ) collagen fibers respectively. E &  J. depict the distribution of angles between 

fiber and cell motion vectors in random (E) and aligned (J) collagen fibers respectively. 

The color of the bars represents the time of fiber sampling. Red bars correspond to sampling 

the fibers when the cell is in the FOV and blue bars correspond to when the cell has not 

reached the FOV yet. 
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C-E and 22H-J). In random collagen (Figure 22C), while the blue histogram is uniform 

and does not show any correlation between the two vectors, the red histogram shows an 

exponential distribution with a mean angle of 27º. In contrast, both red and blue histograms 

in aligned collagen fibers (Figure 22H) show an exponential distribution in the angle 

between fiber and cell orientation vectors. The mean angle of the red histogram in the 

aligned collagen fibers is 24º and slightly lower than that of the randomly organized 

collagen fibers showing that the two vectors have a slightly better correlation when cells 

migrate in aligned collagen fibers.  

Figure 22D and I  represent the distribution of the angles between cell orientation 

and cell motion vectors. Both distributions depict a strong correlation between the two 

vectors independent of the status of collagen fibers structure, suggesting that cells mostly 

migrate toward the direction that they are polarized towards [175]. This correlation is 

stronger in aligned collagen fibers which can be partly because, in these conditions, cells 

maintain a highly polarized spindle-like shape (Figure 22G, cell mask panels) making the 

cell orientation analysis performed by MATLAB more consistent with the actual cell 

polarization. Figure 22E and J show the distribution of angles between fiber and cell 

motion vectors in random and aligned collagen fibers. In randomly organized collagen 

fibers, similar to histograms shown in Figure 22C, the blue histogram shows a uniform 

distribution while the red histogram shows an exponential distribution. In comparison, in 

aligned collagen fibers (Figure 22J), both distributions are exponential and depict a strong 

correlation between fiber and cell motion vectors with an average angle of 30º ± 19º.  
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4.3.3. Assessing HS-578T cells migration under no-cue and single-cue conditions 

Before testing cell migration under dual-cue conditions, we tested HS-578T cells 

under no-cue and single-cue control conditions. Figure 23 shows a schematic view of cues 

conformation (Figure 23A, C, E, G, I ) as well as their representative cell migration 

trajectories (Figure 23B, D, F, H, J). Figure 24 depicts box plots showing distribution of 

cell average velocity (Figure 24A), migration persistence in the direction the y- axis 

(contact guidance index; Figure 24B), and migration persistence in the direction of the x- 

 

 

 

 

 

 

 

 

 

Figure 23. Testing cancer cells 3D migration in no-cue, single-cue and dual-cue 

conditions: A, C, E, G, I. Schematics depicting collagen fibers conformation 

(random/aligned) and distribution of FBS concentration in no-cue (A), contact guidance 

(C), chemotaxis (E), orthogonal dual-cue (G) and parallel dual-cue (I ) conditions. B, D, F, 

H, J. Representative trajectories of cells migrating in no-cue (B), contact guidance (D), 

chemotaxis (F), orthogonal dual-cue (H) and parallel dual-cue (J) conditions.  
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Figure 24. Velocity and migration persistence of cancer cells are affected differently in 

tested dual-cue and single-cue conditions. A. Boxplot comparing average velocity of cells 

migrating in all the tested conditions. Tabular legend specifies existence/absence of fiber 

alignment and FBS gradient in each condition. Vertical and horizontal fiber alignments are 

denoted by (V) and (H) respectively. B &  C. Boxplots depicting migration persistence of 

cells in the y- (B; contact guidance index) and x-axis (C; chemotaxis index). *P<0.05, 

**P<0.01, ***P<0.001, ****P<0.001 as detected by student t-test. 
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axis (chemotaxis index; Figure 24C). Figure 24A also includes a tabular legend where the 

presence/absence of fiber alignment and FBS gradient, as well as the concentration of the 

FBS, is indicated for all the tested conditions. 

Cell migration under No-Cue conditions (Figure 23A and B) was tested in 

uniformly distributed FBS concentrations of 1, 2, 5 and 10% (indicated by NC1, NC2, 

NC5, and NC10 respectively). As shown in Figure 24A, the average velocity of the 

randomly migrating cells under no-cue conditions shows a monotonic increase with an 

increase in the FBS concentrations. This behavior is previously reported as the dependence 

of cells chemokinesis to the amount of available serum or growth factors [120]. On the 

contrary, cells persistence values measured by contact guidance and chemotaxis indices 

show no significant variation as the FBS concentration changes (Figure 24B and C). On 

these conditions, the values of both indices are relatively low (ranging from 0.1 to 0.2), 

which is due to the Brownian-like nature of the random migration under no-cue conditions 

depicted in Figure 23B.  

Representative migration tracks in the tested single-cue conditions (contact 

guidance and chemotaxis; Figure 23D and F) suggest that exposing HS-578T cells to both 

aligned collagen fibers and FBS gradients stimulates directed migration. Such observations 

are numerically confirmed in Figure 24, where contact guidance and chemotaxis 

conditions are labeled with CG1 to CG 10 and Ch1 to Ch10, respectively. Figure 24A 

shows that the average velocities of contact guiding cells do not respond to FBS 

concentration variations. However, chemotactic cells showed an increase in their average 

velocity when exposed to higher FBS gradient steepness values. Figure 24B shows that 
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the contact guidance indices of cells exposed to contact guidance conditions are 

significantly higher than those of cells migrating in no-cue and chemotaxis conditions. 

Similarly, Figure 24C shows that the chemotaxis indices of chemotactic cells are 

significantly higher than those of cells exposed to no-cue or contact guidance conditions. 

4.3.4. Cells exposed to dual-cue conditions respond to both cues regardless of 

orthogonal or parallel arrangement of the cues 

Dual-cue conditions containing both contact guidance and chemotaxis cues were 

tested in orthogonal (Figure 23G and H, Movie 13 and 14) and parallel (Figure 23I  and 

J) conformation of the cues. The average velocity and directional persistence of the cells 

are shown in Figure 24. In this figure, orthogonally arranged dual-cue conditions are 

labeled with X1 to X10, and the condition containing a parallel arrangement of the two 

cues is labeled by P10. As shown in Figure 24, while the instantaneous velocity of cells 

migrating in orthogonal dual-cue conditions is the same as cells migrating in single- and 

no-cue conditions, their persistence levels range between the persistence levels of single-

cue conditions. This suggests that the migration of the cells in dual-cue conditions is not 

dominated by one of the cues, and both cues contribute to guiding the cells. In the parallel 

arrangement of the cues, however, both average velocity and persistence levels of the cells 

are significantly higher than those of other tested conditions (Figure 24). Results depicted 

in Figure 24 suggest that in both orthogonal and parallel arrangement of the dual-cue 

conditions, both cues affect the directed migration of the cells. While parallel arrangement 

increases all measured metrics of migration, the orthogonal arrangement results in a 

decrease in cell persistence levels compared to single-cue conditions. The analysis 
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reflected in Figure 24, however, does not reveal the level of each cueôs cooperation to cells 

directed migration in orthogonal dual-cue conditions. 

4.3.5. Cells in orthogonally arranged dual-cue conditions follow one cue at a time, 

but may repeatedly switch from one cue to another during the course of migration 

The direction of migration in individual cell tracks can be used to indicate the extent 

of each cueôs contribution to the cell migration process in the orthogonally arranged dual-

cue conditions. Figure 25A and C depict two representative cell tracks migrating in such 

dual-cue conditions. The cell track shown in Figure 25A can be divided into two pieces 

based on its direction of migration. In part i, the cell migrates vertically along the direction 

of aligned collagen fibers for the most part. In part ii, the cell migrates towards the FBS 

gradient. Similarly, the cell track depicted in Figure 25C can be divided into multiple 

vertical and horizontal pieces. In these two examples, the direction of the straight line 

connecting the beginning point of the cell tracks to their ending point does not capture the 

exact direction of the cell migration. Instead, if each cell track could be divided into 

multiple persistent (active) and non-persistent (passive) segments, we could measure the 

extent of each cueôs contribution by measuring the direction and length of each persistent 

segment.  

To this purpose, we applied a previously published Hidden Markov Model (HMM) 

(Figure 25E and F) [176] to every individual cell track. The HMM algorithm is a 

probabilistic model that screens an entire cell track and breaks it into multiple active and 

passive segments based on changes in the direction of migration. Figure 25B and D depict  
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Figure 25. Breaking cell tracks into persistent and non-persistent segments via applying a 

Hidden Markov Model. A &  C. Representative raw tracks of cells migrating in orthogonal 

dual-cue conditions. In A, the contact guidance and chemotaxis parts of the cell track are 

labeled with i and ii respectively. B &  D. panels depict the output of the Hidden Markov 

Model (HMM) with cell tracks shown in A and B as an input. Active and Passive segments 

are shown with solid red and solid blue segments respectively. E. Schematic depicting an 

example hidden sequence and its corresponding observed sequence. Red As correspond to 

active states and Bs correspond to Brownian states. Fs correspond to an observed forward 

migration and Rs refer to observed migration in reverse direction. F. Steps of converting 

observed sequence of a cell trajectory into a hidden sequence: (1-3) converting a cell track 

into an observed sequence of Rs and Fs. (4) Assuming that an active status necessitates 

forward direction and a passive status can result in both forward and reverse migration 

direction, the emission matrix will be formed. (5) HMM processes the observed sequence 

and maximizes the likelihood of the observed sequence. (6) Finding the hidden sequence.   
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the output of the HMM algorithm for the individual cell tracks shown in Figure 25A and 

C. As depicted in both Figure 25B and D, parts of the cell tracks that include a drastic 

change in the direction of migration such as the stall point in Figure 25D are classified as 

passive tracks (blue segments).   

Figure 26A depicts the distribution of active segment angles for all tested 

conditions. The distribution of segment angles in no-cue conditions are very close to 

normal distributions as the average and median values are very close to 45º, and the ratio 

of segments in all four quartiles are relatively equal. In single-cue conditions, the 

distributions are skewed towards the direction of the guiding cues (90º for contact guidance 

and 0 º for chemotaxis). Interestingly, in contact guidance conditions, the average angle of 

the segments ranges from 61º to 63º which is highly in line with the average angle between 

cell motion direction and aligned fibers that we extracted in Figure 22J. In fact, the results 

reflected in Figure 22J validates the efficiency of the HMM algorithm in recognizing the 

active pieces of the cell trajectories. The distribution of segment angles in orthogonal dual-

cue conditions shows a slight skewness toward the contact guidance cue with average 

angles ranging from 50º to 53º.  This shows that cells in these conditions are more affected 

by the contact guidance cue. The distribution of angles in parallel dual-cue condition shows 

an extreme skewness toward the direction of both cues with an average angle of 29º.  

Average angles of segments in single-cue conditions can be used as criteria to 

determine the guiding cue that each cell migration segment in orthogonal dual-cue 

conditions migrates towards. In this regard, Figure 26B shows a schematic depicting the 

contact guidance (green) and chemotaxis (red) regions in the dual-cue conditions. Segment 
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Figure 26. Cells in orthogonal dual-cue conditions are affected by both cues. A. Boxplots 

representing angle distribution of active migration segments in tested conditions. Average 

and standard deviation of each distribution are written on top of each boxplot. Reported p-

value pertains to a Kolmogorov-Smirnov distribution test performed on the selected 

distributions. Angles are measured with respect to the x-axis. B. Schematic showing range 

of angles corresponding to contact guidance (green with horizontal lines) and chemotaxis 

(red with vertical lines).  C. Bar plots showing the percentage of migration segments 

classified as contact guiding or chemotacting segments. Error bars are shown as SEM. D. 

Boxplots depicting the velocity of active migration segments. *P<0.05 and **P<0.01 as 

detected by student t-test. 
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angles ranging from 0º to 38º are classified as chemotaxis, and those with angles ranging 

from 61º to 90º are classified as contact guidance. The segments with angles ranging from 

38º to 61º belong to regions where the effect of both cues overlap, making it impossible to 

determine which particular cue has guided the cells in this region. Figure 26C depicts the 

percentage of segments in the direction of contact guidance and chemotaxis in orthogonal 

dual-cue conditions. As concluded before, the results of this figure show that the cell tracks, 

in orthogonal dual-cue conditions, are made of multiple contact guided and chemotactic 

active segments (>80%). In all tested orthogonal dual-cue conditions, the number of 

contact guiding segments are higher than the number of chemotactic segments. 

Interestingly, the ratio of the segments showing either of the cues does not change by 

changing the steepness of the FBS gradient.  

Finally, Figure 26D depicts the velocity of the active migration segments in all the 

tested conditions. Similar to the average velocity of the cells calculated using the entire cell 

tracks (Figure 24A), the velocity of the active migration segments in orthogonal dual-cue 

conditions shows no significant difference compared to that of single- and no-cue 

conditions. On the contrary, the migration segment velocities of the parallel dual-cue 

conditions are significantly higher than that of all the tested conditions. 

4.4.  Discussion 

Directed migration is an essential component of cancer cell dissemination through 

the tumor stroma and can be induced via several physical and chemical guiding cues 

residing in the tumor microenvironment [99]. While cancer cell directed migration in 

response to many of these cues is studied in isolation [177], few efforts have been made to 
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characterize the directional migration when cells are stimulated with more than one cue at 

a time [178]. In this work, we studied the directed migration of the breast cancer cell line 

HS-578T under both orthogonally and parallelly arranged contact guidance and chemotaxis 

conditions. To this purpose, we employed a commercially available microfabricated in 

vitro chemotaxis device and incorporated the magnetic alignment of collagen fibers with 

it.  

Contrasting the results of the previous reports on non-cancer cells [169], [170], our 

results indicate that in dual-cue conditions, both cues affect the directed migration in cancer 

cells and none of the cues dominate the direction of migration. While in the parallel 

arrangement of the two cues, velocity and migration persistence values significantly 

increased compared to those of single-cue conditions, in the orthogonal arrangement of the 

cues, cells maintained the same velocity as the single-cue conditions but showed lower 

migration persistence values. Using a robust image processing and stochastic analysis, we 

were able to dissect and quantify the role of each cue in orthogonal dual-cue environments. 

We showed that cell migration tracks in these conditions can be divided into multiple 

persistent pieces of contact guiding and chemotactic migration segments. Our findings 

suggest that when cues do not point toward the same directions, cells would most likely 

follow only one cue at a time, but will switch from following one to another.  

In order to characterize and understand the correlation between the direction of 

collagen fibers and cell migration, we first imaged cell migration in random and aligned 

collagen fibers and extracted the correlation between fibers average direction, cell 

orientation, and motion direction in both random and aligned collagen conformations. 
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Using Fiji, MATLAB, and ctFIRE, we developed an algorithm allowing us to consider the 

effect of every single fiber that cells were in contact with. We showed for the first time, to 

the best of our knowledge, that not only in aligned collagen fibers but also in randomly 

organized fibers cells direction of migration correlates with the average direction of the 

fibers that cells are in contact with. However, in randomly organized collagen fibers, the 

average direction of the fibers varies spatially, resulting in a non-persistent migration. 

Previously, a similar observation was reported showing that the direction of freshly grown 

adhesive protrusions are contact guided even in randomly organized collagen gels [159]. 

Other quantitative analyses confirmed that in contact guidance, the direction of fibers 

orientation and cell migration correlate with each other [179], [180], but here, in addition 

to showing the existence of such correlation, we were able to measure the range of angles 

between cell migration and the fiber average direction.  

In line with previous observations [120], [181], our initial analysis on the cell tracks 

showed that the average velocity of cells migrating in no-cue or chemotaxis conditions 

increases with increasing FBS concentrations. In contrast, the velocity of the cells in 

contact guidance conditions showed no correlation with increasing FBS concentrations and 

were maintained at the same level of the highest velocity measured in no-cue or chemotaxis 

conditions. One possible explanation is that in aligned collagen fibers, cell migration does 

not require Rho/ROCK-generated contractility forces [33] which are correlated by the 

amount of serum available to the cells [174], [182]. Moreover, it is shown that the number 

of new adhesive protrusions that cells generate when cultured in aligned matrices is 

significantly lower than those of cells cultured in randomly organized collagen fibers [113]. 
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Hence, it can be inferred that in aligned matrices, cells efficiently create ñin-axis,ò 

functional protrusions [183] making them more efficient in spending their energy and 

perhaps less dependent to its external sources.   

In order to dissect the role of each cue in orthogonal dual cue conditions, a Hidden 

Markov Model was applied to the cell tracks yielding multiple small persistent segments 

from each trajectory. This model is previously applied to intercellular tracking data and 

was used to distinguish whether particle movement at a specific point in a given trajectory 

is in a passive (Brownian) or an active transport state [176]. Applying this model to our 

data allowed us to analyze every particular direction that cells actively and persistently 

migrated toward during their migration. The average angle of the migration segments in 

single-cue conditions were then used as a criterion to classify migration segments in dual-

cue conditions into chemotactic or contact guiding segments. Our results confirmed that in 

both orthogonal and parallel arrangement of the cues, both cues affect the migration of 

cancer cells, and no cue dominates the directed migration of cancer cells. This observation 

is in contrast with a previous report on endothelial cells [171] where contact guidance was 

the dominating cue in the orthogonally arranged dual-cue conditions.  

Finally, our results revealed that in orthogonally arranged dual-cue conditions, cells 

experience a wider dispersion angle compared to other tested conditions (Figure 27). Cells, 

in orthogonal dual-cue conditions, dispersed at an average angle of 53º, whereas the 

dispersion angle in chemotaxis conditions was measured to be 37º. Such a wider angle 

increases the dispersion of the cells and increases the probabilities of cells covering more 



 

97 

areas during their migration toward the source of chemical gradients. In contrast, the 

parallel dual-cue conditions showed a very narrow dispersion angle of 29º.  

In this study, we shed light on the directed migration of cancer cells when the 

contact guidance and chemotaxis cues simultaneously stimulate directed cell migration. 

Both orthogonal and parallel arrangement of the two cues were able to improve distinctive 

aspects of cancer cell migration, namely dispersion levels and migration metrics (velocity 

and persistence), respectively. Our results highlight a new avenue through which tumor 

tissue heterogeneity can foster cancer dissemination into tumor stroma. 

 

 

Figure 27. Contact guidance and chemotaxis synergize to increase cancer cell migration 

efficiency. Schematic figures showing no-cue, single-cue and dual-cue conditions tested. 

Angles shown are the average angle of the active migration segments extracted by the 

Hidden Markov model. Velocity and persistence levels are based on data reported in 

Figure 24. 
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CHAPTER 5 

CONCLUSION AND FUTURE DIRECTIONS  

 In this work, we first established that the cancer invasion process has two main 

components, namely invadopodia-mediated ECM degradation and cell migration. We 

showed that these two events are temporally exclusive and that invading cancer cells 

cyclically switch among these two activities. Having this observation, in this thesis, we 

studied the effect of various extrinsic (ECM cross-linking, fiber alignment and 

chemoattractant gradients) and intrinsic cues (cell cycle progression) on these two 

behaviors of invading cancer cells.  

In the first aim of this study, we strived to characterize the role of ECM cross-

linking on the proteolytic activity of cancer cells. We showed that the effect of ECM cross-

linking variations is transmitted to invadopodia dynamics via ‍1 integrin activation level. 

One of the crucial steps of invadopodia cycle is the delivery of proteases such as MT1-

MMP to invadopodia. This process is tightly linked to the SOCE-mediated dynamics of 

cytosolic calcium concentrations [12] such that the abrogation of calcium spikes halts 

MT1-MMP delivery to invadopodia. In this regard, our findings showed that variations of 

calcium spikes speed correlate with that of invadopodia dynamics, including MT1-MMP 

delivery rates. These findings suggest that there is a pathway connecting the dynamics of 

cytosolic calcium spikes to invadopodia. IQGAP1 is a polarity protein colocalizing with 

invadopodia [5] and acting as a docking protein interacting with MT1-MMP containing 

vesicles through a Cdc42/RhoA-mediated pathway [184]. The activity of IQGAP1 is 

shown to be essential for invadopodia since it helps the cell surface MT1-MMP to 

accumulate at invadopodia [184]. Interestingly, IQGAP1 has a Calmodulin (CaM) binding 

motif [185] which is a ubiquitous intracellular messenger mediating Ca2+ signaling. Hence, 

further experiments can be performed to assess whether IQGAP1 molecule is the missing 

link between cytosolic calcium spikes and MT1-MMP delivery to invadopodia. 
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As outlined in this aim, increasing ECM cross-linking is accompanied by increasing 

the elastic modulus of the substrate. Hence, further experiments are needed in order to 

assess whether the effect of ECM cross-linking variation on invadopodia is related to the 

mechanotransduction pathway. One way to test this is to decouple the ECM cross-linking 

from its stiffness using interpenetrating networks of GELMA and collagen [54]. Being able 

to vary ECM cross-linking and stiffness independently allows us to assess whether the 

effect of cross-linking on invadopodia is transmitted through a unique pathway or via 

integrin-mediated mechanotransduction. 

In the second aim of this thesis, we showed that contact guidance in cancer cells is 

regulated by cell cycle progression such that G1 cycling cells outperformed S/G2 cells in 

both migration velocity and persistence. In contrast to contact guidance, randomly 

migrating cells showed no correlation between their migration metrics and cell cycle 

progression. The reason for this contrasting behavior between contact guiding and 

randomly migrating cells can be elucidated via further experiments. One avenue to tackle 

this question could be looking at the energy level of the cells, for cell migration is a highly 

energy consuming process. Cells invest this energy to propel their migration machinery, 

which is an integration of several pathways controlling the growth of adhesive protrusions, 

cell contractility and cytoskeleton dynamics [29]. There is strong evidence that all of the 

mentioned pathways are affected by ECM architecture [33], [113]. Moreover, cell cycle 

phase progression directly affects the energy level of the cells as preparation for cell 

division is also an energy consuming process. Hence, it is fair to say that cells are 

continuously optimizing the level of their activities (migration and progression through the 

cell cycle) to be able to perform both of them at a time. Therefore, further experiments can 

be performed to assess the energy consumption of the cells while doing contact guidance 

and random migration. Such information could yield an explanation to why G1 cycling 
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cells migrate faster and more persistent only when they are contact guiding and not in 

randomly organized collagen fibers.  

In the third aim of this thesis, we studied cancer cells directed migration under 

contact guidance-chemotaxis dual-cue conditions. We established how cells migrate within 

the dual-cue environments and showed that cells respond to both cues but not 

simultaneously. However, further work is needed to establish why cells switch from 

following one cue to another. One way to answer this question is to mathematically model 

the cell polarization machinery and cell migration in the dual-cue environments. The 

pathways regulating cell polarization are very well studied [101], and quite a few 

mathematical models are developed to explain the dynamics of this system [186]. One of 

the challenges of developing such a model is to integrate all aspects of cell migration in a 

dual-cue condition (e.g., collagen structure, gradient steepness, cell polarization, stochastic 

cell migration). However, should this challenge be addressed, the developed mathematical 

model can be used towards explaining the behavior of cells in the dual-cue conditions. 

The results of this thesis need to be further tested on several breast cancer cell lines 

as well as on cells from various cancer types in order to assess the generality of this workôs 

findings. While the results of the first aim are confirmed in three various breast carcinoma 

cell lines (MDA-MB-231, HS-578T, and MTLn3), the experiments in the following two 

aims are only performed on one single cell line (aim 2: MDA-MB-231 and aim3: HS-

578T). Several breast carcinoma cell lines with varying invasive capabilities as well as 

cells from other cancer types, such as melanoma, can be tested to show whether these 

findings are cancer type-specific or they are generally observed in all cancer cells.  

In general, the findings of this work emphasize how tumor microenvironment 

(extrinsic) properties and cell cycle progression (intrinsic) affect the process of cancer 

invasion. Invading cells continuously probe the variations in the extrinsic properties and 
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they would respond to them depending on their current cell cycle phase. An invading 

cancer cell that switches from migration to invadopodia-mediated ECM degradation will  

respond to the ECM cross-linking level via the activity level of its ß1 integrin molecules. 

Next, this signal is transmitted to invadopodia pathways (possibly through outside-in 

signaling involving talin molecules recruited to invadopodia [8]), and the cell will degrade 

the ECM to pave the way for the next migration cycle. Another work from our lab has 

shown that the cell cycle phase of the invading cells is also a determinant of the 

invadopodia activity levels [187].  

The beginning of a migration cycle is initiated by sensing various guiding cues that 

exist at the cell vicinity. Aligned collagen fibers along with gradients of pH, oxygen, and 

soluble or ECM-bound growth factors are among guiding cues of migration that are 

abundantly present in the tumor microenvironment. Here, cells will respond to the 

existence of such cues using their polarization machinery. Ligation of growth factor 

receptors such as EGFR [188] and formation of new focal contacts with the ECM [189] 

will locally activate polarization molecules Rac1 and Cdc42. Next, cells polarize 

themselves and migrate towards the direction of a growth factor gradient or adhesion 

ligands. Simultaneously, cells progress through the cell cycle, and also, they might sense 

other guiding cues attracting them towards other directions. As we established, cell cycle 

progression drastically affects the contact guidance process but is less important when cells 

perform chemotaxis. Besides, if cells are exposed to parallelly arranged contact guidance 

and chemotaxis cues, the integrated response to such cues would be a synergistic increase 

in the cell velocity and directionality. Any other arrangement in the conformation of the 

guiding cues will result in decreasing the directionality since cells switch from following 

one cue to another.  
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Directional migration of the cancer cells continues until cells reach the perivascular 

niche where high ECM cross-linking stimulates the cells to switch to invadopodia-

mediated ECM degradation facilitating the intravasation process [6]. As outlined in the 

second chapter of this thesis, this switch can be stimulated by an increase in the ß1 integrin 

activity.  

Cancer invasion is a multistep process which is affected by several extrinsic and 

intrinsic cues. The tumor tissue complexity and genomic instability in cancer cells provide 

the invading cells with many external and internal cues affecting the efficiency of the 

invasion process. While having comprehensive knowledge of the cancer invasion is 

necessary for finding an efficient clinical treatment, achieving this knowledge remains 

contingent upon the development of in vitro experimental models mimicking the 

complexity of the tumor tissue.  
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APPENDIX A  

MOVIE CAPTIONS  AND LEGENDS 
 

Movie 1. MTLn3 cell switching from Migration to Invadopodia state. 

Time lapse of Cerulean-cortactin-MTLn3 cells (left) cultured on Alexa 488-Gelatin 

(middle); overlay (right) used for measurements in Figure 1A-D. Centroid tracking is 

shown in blue and representative invadopodia are marked with red circles (starting 380 and 

810 minutes). At the beginning of the movies, cell is migrating across the gelatin layer and 

assembles short-lived invadopodia precursors. When the cell centroid become stationary, 

the number of ECM-degrading invadopodia increases. Time between frames: 10 minutes. 

Scale bar is 10 ɛm. 

Movie 2. MDA-MB-231 cell switching between Migration and Invadopodia states. 

Time lapse movie acquired from a Cerulean-Lifeact-H2B-GFP-MDA-MB-231 cell (left) 

cultured on Alexa 488-gelatin (right). Centroid tracking is shown in blue and invadopodia 

are denoted by red circles (Starting at 110, 370 and 520 min). Time between frames: 10 

minutes. Scale bar 10 µm. 

Movie 3. Oscillations of cortactin fluorescent signal in invadopodia. 

Representative example of time lapse recording of Cerulean-cortactin-MTLn3 cells (left) 

on gelatin with 0.39 cross-linking degree, used for cortactin oscillation measurements in 

Figure 4B. The cortactin punctae were filtered by Laplacian of Gaussian filter (right, Log 

3d). Inserts zoom-in to an individual invadopodium. Time between frames: 30 seconds. 

Scale bars are 10 Õm in the left and right panels and 5 ɛm in the inserts. 

Movie 4. Absence of cortactin oscillations upon F-actin polymerization inhibition by 

Cytochalasin D. 

Representative example of time lapse recording of Cerulean-cortactin-MTLn3 cells (left) 

cultured on gelatin with 0.39 cross-linking degree and treated with 4 µM Cytochalasin D. 

Invadopodia precursors, visible as cortactin punctae, were filtered by Laplacian of 

Gaussian filter (right, Log 3d). Inserts zoom-in to an individual precursor. Time between 

frames: 30 seconds. Scale bars are 10 µm in the left and right panels and 5 ɛm in the inserts.  

Movie 5. Dynamics of calcium spikes measured by Fluo-4-AM. 

Representative example of time lapse recording of Cerulean-cortactin-MTLn3 cells on 

gelatin with 0.39 cross-linking degree. Cells were loaded with Fluo4-AM and used to 

measure calcium spikes in Figure 5A-D. Time between frames: 5 seconds. Scale bar is 10 

ɛm. 

Movie 6. Dynamics of MT1-MMP vesicle delivery to the plasma membrane. 

Representative example of time lapse recording of HS-578T-MT1-MMP-pHluorin cells on 

gelatin with 0.39 cross-linking degree, used to measure frequency of delivery of MT1-

MMP containing vesicles to the plasma membrane in Figure 5E-G. Cross-linking degree 

of 0.39 is shown. Time between frames: 30 seconds. Scale bar is 10 ɛm. 
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Movie 7. Simulation of EGF diffusion within the microchannels.  

The results of the simulation of the formation and dynamics of EGF non-linear gradient 

within the microchannels is shown. Colors correspond to the EGF concentration indicated 

in the legend. Time between frames: 5 hours. 

Movie 8. FUCCI-MDA-MB-231 cells migration on 2D gelatin.  

Time lapse of two representative FUCCI-MDA-MB-231 cells in G1 phase (left, red 

nucleus) and S/G2 phase (right, green nucleus) of the cell cycle. Corresponding centroid 

tracks are shown in red and green. Time between frames: 10 minutes. Scale bar is 50 µm. 

Movie 9. FUCCI-MDA-MB-231 cells migration inside the microchannels.  

Time lapse of two representative FUCCI-MDA-MB-231 cells in G1 phase (bottom, red 

nucleus) and S/G2 phase (top, green nucleus) of the cell cycle migrating inside 

microchannels. Centroid tracking is shown in red and green. Time between frames: 10 

minutes. Scale bar is 50 µm. 

Movie 10.  Computational image segmentation and tracking performed by LEVER. 

The movie is a merged view of mKO2-hcdt1 (red, nucleus marker of G1 phase), mAG-

hGEM (green, nucleus marker of S/G2 phase) and phase channels. Left panel depicts a 

time lapse movie of FUCCI-MDA-MB-231 cells migrating inside vertically aligned fibers 

of 3D collagen. Right panel demonstrates results of cell segmentation via LEVER. Time 

between frames: 10 minutes.  

Movie 11. FUCCI-MDA-MB-231 cells migration in 3D collagen with random fiber 

architecture. 

Time lapse of two representative FUCCI-MDA-MB-231 cells in G1 (red) and S/G2 (green) 

phase of the cell cycle migrating within the isotropic 3D collagen fibers. Corresponding 

centroid tracks are shown in red and green. Time between frames: 10 minutes. Scale bar is 

50 µm. 

Movie 12. FUCCI-MDA-MB-231 cells migration in 3D collagen with vertically aligned 

fiber architecture. 

Time lapse of two representative FUCCI-MDA-MB-231 cells in G1 (red, left) and S/G2 

(green, middle) phase of the cell cycle migrating in vertically aligned 3D collagen fibers. 

Right panel is a merged view of red (mKO2-hCdt1), green (mAG-hGEM) and phase 

channels overlaid with corresponding centroid tracks. Time between frames: 10 minutes. 

Scale bar is 50 µm. 

Movie 13. HS-578T cells migration in the orthogonal dual-cue condition. 

Time lapse of HS-578T cells migration in the ibidi chemotaxis µ-slides incorporating a 

vertical collagen alignment and a left-to-right FBS gradient. Time between frames: 30 

minutes. Scale bar 50 µm. 
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Movie 14. A HS-578T cells migration in the orthogonal dual-cue condition. 

Time lapse of HS-578T cells migration in the ibidi chemotaxis µ-slides incorporating a 

vertical collagen alignment and a left-to-right FBS gradient. Time between frames: 30 

minutes. Scale bar 50 µm. 
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APPENDIX B 

CODES AND DATA PROCESSING PROTOCOLS 
 

1. Combining and concatenating movies in Fiji 

Multiarea time-lapse data acquired from the Fluoview software and the Olympus 

Confocal microscope are saved as single frame images. The single-frame images need to 

be first concatenated to acquire a movie, and resulting movies from all the field of views 

(FOVs) need to be combined together to get one single movie showing the entire imaged 

area. This duty can be performed by running the following code in Fiji.  
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2. Tracking an invadopodium punctate and measuring its size fluctuations 

This analysis is performed in order to measure the extension-retraction speed of 

invadopodia. 

a. Open the time-lapse movie of the cell with the invadopodia marker (e.g. 

cortactin) 

b. Track the location of an invadopodium via SpotTracker plugin in Fiji and save 

invadopodia x and y coordinates in separate CSV files.  

c. Go to the first frame of the movie and run the following macro in Fiji to read 

the variations in the size of the invadopodia puncta. 
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d. Copy the resulting list of gray values over time to an excel sheet for further 

analysis. 

e. Repeat step b with a coordinate data from the cell cytoplasm that does not 

include any invadopodia. 

f. Subtract the resulting gray values from step d from those acquired in step b (the 

background subtraction step). 

g. Run the following MATLAB code on the background data acquired in step d. 

This code applies a Fast Fourier Transform analysis on the background data to 

find the frequency of the noise recorded in the movies. The frequency 

corresponding to the peak of the FFT plot drawn by this code is selected as the 

noise frequency.  

 

 

 

 

 

 

 

 

 

 

clear all  
data=input( 'data:    ' ); % data recorded in step d will be  
                         % copied and pasted here  
Y=fft(data); % Applying the Fast Fourier Transform to the data  
[ n,nn]=size(data);  
Fs=1/30; % Imaging frequency (30 second); vary this value according 

to  
         % your imaging interval  
L=(n);  
T=1/Fs;  
t=(0:L - 1)*T;  
P2=abs(Y/L);  
P1=P2(1:L/2+1);  
P1(2:end - 1)=2*P1(2:end - 1);  
f=Fs*(0:(L/2))/L;  
PowerSpec=abs(P1.^2);  
figure;  
plot(f,PowerSpec)  
axis([0 0.3 0 100])  
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h. Repeat step f on the data recorded in step b (gray value variation of the 

invadopodia) 

i. In MATLAB workspase, double click on variable Y (FFT of the data), and set 

any value beyond the noise frequency equal to zero.  

j. In MATLAB, apply an inverse Fast Fourier Transform (ifft) to the modified 

FFT data in step h and record the denoised invadopodia gray value variations. 
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3. Extracting average angle of the fibers overlapping with a cell 

The input data here includes micrographs containing a channel showing the cell 

cytoplasm (imaged through labeling the cells with green cell tracker), and a reflection 

channel depicting the conformation of the collagen fibers.  

a. Segment the fibers using ctFIRE. ctFIRE makes a folder in the directory where 

the original fiber image is saved (ñFiberImage.tifò). The folder will contain all 

the information that is going to be used in the next steps to calculate the 

direction of the fibers.  

b. Open the micrograph in Fiji and use the point tool to find the coordinates of the 

center of the cells. It is not important to be accurate at this step. Record the x 

and y coordinate of the cell for the next steps. 

c. Use the threshold tool in Fiji and make a cell mask from the cell cytoplasm 

image. Save the cell mask in the same directory where the fiber image is saved 

(ñBG.tifò). 

d. Run The following code to extract the average angle of the fibers that are in 

direct contact with the cell. 

 

 

 

  
 

clc  
clear all  
FiberImage= 'FiberImage.tif' ;  
I=imread( 'BG.tif' );  
MainFolder= '/Users/kamyar/MainPath' ; % Change this address to your    

% local directory  
NewFolder=fullfile (MainFolder, 'ctFIREout1' );  
cd(NewFolder)  
FiberAverageAngle=FiberAverageAngleer(NewFolder,MainFolder,FiberImag

e,X,Y);  
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function  

IN_Func_FiberAverageAngle=FiberAverageAngleer(NewFolder,MainFolder,F

iber,X,Y)  
S=[X,Y];  
s=floor(S);  
myFiles = dir( fullfile(NewFolder, '*.mat' ));  
c=struct2cell(myFiles);  % Reading .mat files  in the ñmyFilesò   

directory  

  
myFiles2 = dir(fullfile(NewFolder, '*.tif' ));  
c2=struct2cell(myFiles2);  % Reading .tif files  in the ñmyFilesò   

%directory  

  
cd(MainFolder)  
BW=imread(F iber); BW=BW/255;  
cd(NewFolder)  

  
load(c{1,1});  
fiberimage=imread(c2{1,1}); [h,w,j3]=size(fiberimage);  
Fiber=zeros(1024);  
jj=1;  
[Fiber,OldFiber]=R1FiberMatrixMaker(Fiber,data,s,BW,jj,w,h);  

  
[L1,A1]=LengthAngleCalculator(Fiber);  

  
IN_Func_FiberAverageAngle (i)=AngleAvger(A1,L1);  
end  

  
function  

[FiberMatrix,OldFiberMatrix]=R1FiberMatrixMaker(Fiber,data,s,BW,jj,w

idth,height)  
if  width==400  
    Xtrans=s(1) - 200;  
    if  Xtrans<0  
        Xtrans=0;  
    end  
else  
    if  s(1)<300  
        Xtrans=0;  
    elseif  s(1)>700  
        Xtrans=s(1) - 200;  
    end  
end  
if  height==400  
    Ytrans=s(2) - 200;  
    if  Ytrans<0  
        Ytrans=0;  
    end  
else  
    if  s(2)<300  
        Ytrans=0;  
    elseif  s(2)>700  
        Ytrans=s(2) - 200;  
    end  
end  
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data.Xai(:,1)=floor(data.Xai(:,1))+Xtrans+1; % fixing the x position 

of the fibers  
data.Xai(:,2)=floor(data.Xai(:,2))+Ytrans+1; % Fixing the y position  
[n,nn]=size(data.Fai);  
kk=1;  
for  j=1:nn  
    Fxy=data.Fai(j).v;  
    [m,mm]=size(Fxy);  
    test=0;  
    for  k=1:mm 
        Fxyk=Fxy(k);  
        Fx=data.Xai(Fxyk,1);  
        Fy=data.Xai(Fxyk,2);  
        if  Fx<1  
            Fx=1;  
        end  
        if  Fx>1024  
            Fx=1024;  
        end  
        if  Fy<1  
            Fy=1;  
        end  
        if  Fy>1024  
            Fy=1024;  
        end  
        if  BW(Fy,Fx)==1  
            Fiber(Fy,Fx)=jj;  
            test=1;  
            if  k==mm 
                jj=jj+1;  
            end  
        elseif  test==1  
            jj=jj+1;  
            test=0;  
        end  
        FiberV(Fy,Fx)=kk;  
        kk=kk+1;  
    end  
end  
FiberMatrix=Fiber;  
OldFiberMatrix=FiberV;  
end  
function  [L,A]=LengthAngleCalculator(Fiber)  
m=max(max(Fiber));  
L=zeros(m,1);  
A=zeros(m,1);  
for  j=1:m  
    [y,x]=find(Fiber==j);  
    [n,nn]=size(x);  
    initD=0; MaxD=0;  
    if  n>1  
    for  ii=1:n  
        for  jj=1:n  
            initD=sqrt((x(ii) - x(jj))^2+(y(ii) - y(jj))^2);  
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MaxD=initD;  
                headX=x(ii); headY=y(ii);  
                tailX=x(jj ); tailY=y(jj);  
            end  
        end  
    end  
    L(j)=MaxD;  
    tailX=tailX - headX; tailY=tailY - headY; tailY= - tailY;  
    angle=atan2d(tailY,tailX);  
    if  angle<0  
        angle=angle+180;  
    end  
    A(j)=angle;  
    end  
end  
end  

  
function  AvgAngle= AngleAvger(AngleMatrix,FiberLength)  
[n,nn]=size(AngleMatrix);  
S=sin(AngleMatrix*pi/180);S=S.*FiberLength;  
C=cos(AngleMatrix*pi/180);C=C.*FiberLength;  
CartMeanY=(sum(abs(S)))/n;  
CartMeanX=(sum(abs(C)))/n;  
if  sum(S)<0  
    CartMeanY= - CartMeanY;  
end  
if  sum(C)< 0 
    CartMeanX= - CartMeanX;  
end  
AvgAngle=atan2(CartMeanY,CartMeanX)*180/3.14;  
end  
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APPENDIX C 

EXPERIMENTAL PROTOCO LS 
 

1. Fabrication of PDMS microchips containing microchannels for the 2D 

contact guidance assay 

a. Make a 10:1 mixture of PDMS:curing agent (Dow Corning, Midland, MI) in a 

plastic cup. Usually 36 grams of PDMS and 4 grams of the curing agent is 

enough for one PDMS casting.  

b. Vigorously stir the mixture for 5 minutes. 

c. Put the PDMS mixture in a vacuum desiccator for 45 minutes to remove the air 

bubbles. 

d. Cast the mixture on the silicon master containing the microchannel design. 

e. Incubate the PDMS mixture in 70 °C for 1 hour. 

f. Peel off the PDMS from the silicon mask. After peeling the PDMS, attach a 

piece of transparent tape on the microchannel side of the PDMS. This will stop 

microchannels from collecting dust and particles. 

g. Cut the peeled PDMS bulk into single-microchip pieces with the microchannels 

being in the middle. Since the silicon wafer contains an array of 10 microchips, 

each PDMS casting yields 10 separate devices, each of which containing an 

array of 20 microchannels. 

h. Punch two holes through each PDMS microchip at the two ends of the 

microchannels using a 5-mm biopsy punch. 
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i. Sterilize the PDMS microchips by immersing them in 70% ethanol for 15 

minutes. 

j. Remove the microchips from ethanol and wash them by immersing in sterile DI 

water for 10 minutes. Repeat this step twice with fresh DI water. 

k. Let the microchips to dry out under a cell culture hood and put each microchip 

in the center of a well of a 6-well plate. The microchannels must face the bottom 

of the wells. All the following steps have to be performed in the cell culture 

hood. 

l. Using a pair of tweezers, press the microchips to the well to make sure that they 

are bound together. If done properly, devices should not drop by inverting the 

6-well plate. 

m. Prepare a 0.01% gelatin solution in PBS. 

n. Pipette 80 µl of the gelatin solution in each hole of the PDMS microchips. 

o. Put the entire 6-well plate in a vacuum desiccator for 2 hours. The vacuum 

forces the gelatin solution to flow through the microchannels and coats them 

with gelatin. This step is crucial, for it transforms the hydrophobicity of the 

PDMS surface to a hydrophile state. 

p. Remove the gelatin solution from each microchip and wash them with sterile 

PBS. Incubate the devices with PBS for 15 minutes in the vacuum conditions. 

Repeat this step three times. 
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q. Pipette 80 µl of 70% ethanol in each hole of the PDMS microchips and incubate 

them in vacuum for 15 minutes (Final sterilization step). 

r. Remove the ethanol from each microchip and wash them with sterile PBS. 

Incubate the microchips with PBS for 15 minutes in the vacuum. Repeat this 

step three times.  

s. At this step, the microchips are ready for the experiments. Alternatively, the 

devices can be maintained in the fridge for a month.  
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2. Establishing a dual-cue 3D cell migration chamber in ibidi chemotaxis 

µ-slides by aligning collagen fibers inside the devices.  

a. A day before seeding the cells and conducting the experiment, place all cell 

culture media, the ɛ-Slide, and plugs into the incubator for gas equilibration. 

To make a humidifying chamber, place a 10-cm dish inside a 15-cm plate. Fill  

the space between the walls of the two dishes with Kimwipes and wet them 

with sterile PBS or water. Place the µ-slide and the plugs inside the 10-cm plate. 

The medium should be put into FACS tubes. This step will prevent formation 

of air bubbles in the media and the collagen gel during the experiment.  

b. The night before the experiment, starve the cells using an FBS-free medium. 

Change the culture media of the adherent cells of interest with same volume of 

starvation media (DMEM containing 0.1% BSA and 1% pen/strep). Before 

adding the starvation media, wash the plate with PBS to make sure that the plate 

is free from any residual FBS. 

c. In the day of the experiment, take the ɛ-Slides out of the incubator and place 

them on ice. This step will reduce the variability in the gelation time between 

each channel. 

d. Label the cells with cell tracker (Invitrogen C7025): 

i. Make 5 ml of starvation media containing 2 µM cell tracker. 

ii.  Remove the starvation media from the plate in which the cells are 

cultured and pipette the cell tracker-containing starvation media into it.  
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iii.  Incubate for 30 minutes. 

e. Trypsinize and harvest the labeled cells. (Note that since harvesting is done in 

starvation media, trypsin is not deactivated. Hence, quickly proceed to next 

step.) 

f. Spin the cells down and resuspend them in 100 µl starvation media. 

g. Count cells and calculate the cell density. 

h. Determine the volume of the cell solution (X) containing 35,000 cells. 

i. Prepare a 50 µl cell-collagen mixture containing 1.5 mg/ml collagen, 

paramagnetic microbeads for collagen alignment and 35,000 cells: 

1. 5 µl 10x PBS 

2. C µl collagen from stock solution  

(C µl * collagen stock concentration in mg/ml = 50 µl * 1.5 mg/ml) 

3. 1 µl estraptavidin coated paramagnetic microbeads (Bang Lab BM551) 

4. N µl 0.2 N NaOH solution 

N = C * 0.023 * 5  

5. M µl starvation media 

M = 50 ï 5 ï C ï 1 ï N ï X  

6. Mix the solution vigorously and avoid air bubble formation. 

7. Add X µl of the cell suspension solution to the collagen mixture. 

8. Mix well and incubate on ice. Avoid bubble formation. 
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j. Take the ibidi chemotaxis micro slides from ice and place on the tissue culture 

hood surface. Using a pair of tweezers, close filling ports C, D, E and F with 

the plugs. Insert the plugs into the ports and gently push with tweezers. 

k. Using special pipette tips (Fisher Brand 02-707-422), drop 6 ɛl of the collagen-

cell mixture to the top of port A (Figure A). 

 

 
 

Figure A. Pipetting collagen-cell mixture in port A of the ibidi chemotaxis µ-

slide. Image taken from ibidi website (ibidi.com) 

 

l. Immediately afterwards, using the same pipette and tip, gently insert the tip into 

the port B and aspirate the air. The collagen-cell mixture from port A will be 

flushed inside the channel between port A to port B, filling the entire channel 

homogeneously. Aspirate until the mixture reaches the pipet tip (Figure B). 

m. Before the gel is allowed to polymerize, insert and immediately remove the 

plugs from ports A and B. This removes residual gel inside the ports, thereby 

restricting the gel (and its polymerization) to the channels only. If collagen is  
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Figure B. Aspirating collagen-cell mixture from port B of the ibidi 

chemotaxis µ-slide. Image taken from ibidi website (ibidi.com) 

 

left inside the ports, it will polymerize in a continuous complex with the gel 

inside the channels. The insertion of the plugs after polymerization will disrupt 

the gel inside the ports, which by extension, may damage the alignment and the 

gel inside the channels. 

n. Place the magnet in the hood on its long and narrow side. The µ-slide should be 

placed with its long side adjacent to the magnet and incubate for 12 minutes.  

o. Loosely plug the filling ports A and B.  

p. Gently remove the plugs from ports E and F.  

q. Fill the ñsinkò reservoir (right reservoir) by injecting 65 ɛl of chemoattractant-

free starvation medium through Port E. With the left hand, lift the slide and hold 

it at 30̄  angle facing you. With the right hand, pipette the media into the port, 
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so that the liquid travels upwards without trapping any air bubbles. Regular 

pipette tips are used in this step (Figure C). 

 

 
 

Figure C. Filling the ñsinkò reservoir with chemoattractant-free media. Image 

taken from ibidi website (ibidi.com). 

 

r. Using a pair of tweezers, close filling ports E and F with the plugs. 

s. Fill the ñsourceò reservoir (left reservoir) by injecting 65 ɛl of chemoattractant-

free medium through Port C (Figure D). 

 

 
 

Figure D. Filling the ñSourceò reservoir with chemoattractant-free media. Image 

taken from ibidi website (ibidi.com). 



 

138 

t. Drop 32.5 ɛl 2X chemoattractant-containing media to the opening of port C. 

(Figure E). 

 
 

Figure E. Adding 2X chemoattractant-containing media to the ñSourceò reservoir. 

Image taken from ibidi website (ibidi.com). 

 

u. Using the same pipette settings and the same tip, insert the tip in the port D and 

aspirate 32.5 ɛl media. (Figure F). 

 
 

Figure F. Aspirating media from port D to flushing the 2X chemoattractant-

containing media into the ñsourceò reservoir. Image taken from ibidi website 

(ibidi.com). 
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v. Put the µ-slides in an incubator for 1 hour and then start imaging cell migration 

in the devices.  
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APPENDIX D 

PUBLICATION PERMISSI ONS 

 Chapters 2 and 3 of this thesis are verbatim from the following peer-reviewed 

papers published in the Biophysical Journal and APL Bioengineering Journal, respectively. 

Reflected below each paperôs title is the correspondence with journalôs managers stating 

that no copyright permission is required for publishing the two papers in this thesis: 

Chapter 2: Esmaeili Pourfarhangi, K., Bergman, A., & Gligorijevic, B. (2018). ECM 

cross-linking regulates invadopodia dynamics. Biophysical journal, 114(6), 1455-1466. 
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Chapter 3: Esmaeili Pourfarhangi, ., Cardenas De La Hoz, E., Cohen, A. R., & 

Gligorijevic, B. Contact guidance is cell cycle-dependent. APL bioengineering, 2(3), 

031904, (2018); licensed under a Creative Commons Attribution (CC BY) license. 

 

 

 


