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One of the earliest steps of cancer metastasis is cellular migration through the 

surrounding collagenous stromal extracellular matrix (ECM) after dissemination from 

the primary tumor. The stroma through which cancer cells navigate is a complex 

network of fiber architectures. It is known that in vivo, some metastatic cancer cells 

migrate through pre-existing tracks within the collagenous ECM matrix.  A subset of 

cells termed as “leader” cells create invasion paths (known as “microtracks”) by 

degrading and remodeling the surrounding matrix using proteolytic enzymes. 

“Leader” cells first migrate through the stroma leaving “tube-like” microtracks within 

the ECM of the stroma and other metastatic “follower” cells utilize these pre-existing 

microtracks as ‘highways’ to escape the primary tumor without any proteolytic 

activities. Despite numerous studies, the mechanisms modulating cancer cell 

migration through the stroma and particularly through these microtracks still remain 

unclear. In general, the process of cellular migration is governed by a balance between 

the molecular mechanisms regulating migration signaling and the physiological cues 

posed by the neighboring tumor microenvironment. However, much less is known 

about how the “follower” cancer cells migrate through these confined in vivo 

microtracks within the ECM. In this thesis, we utilized microfabrication technique to 

recreate in vitro collagen microtracks and recapitulate confined non-proteolytic 
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metastatic cell migration to study the behavior of “follower” cells. Our results indicate 

that cell adhesion and polarization facilitate directional migration in in vitro collagen 

microtracks. Additionally, cellular focal adhesion dynamics and traction stresses 

dictate cell migration behavior in confined and partially confined spaces within the 

microtracks. Moreover, cell compliance and energy requirement impact cell migration 

choices in confined microtracks. These results help us to define how intracellular 

signals and extracellular microenvironments direct single cell migration in 

microtracks. Our findings could potentially lead to a targeted therapeutic approach to 

inhibit cell migration and ultimately cancer metastasis. 
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CHAPTER 1 
 

Introduction 
 
 
 
 
Cell migration in the complex tumor microenvironment  

Cancer metastasis is a major contributor of cancer-related deaths (Steeg, 2016). One 

of the earliest steps of cancer metastasis is cell migration through the surrounding 

tumor microenvironment after dissemination from the primary tumor (Friedl and 

Wolf, 2003). During metastasis, metastatic cancer cells navigate through the complex 

and constantly evolving stromal microenvironment consisting of different extents of 

extracellular matrix (ECM) crosslinking, topographies, ECM fiber architecture and 

orientation (Kumar and Weaver, 2009; Levental et al., 2009, Friedl and Alexander, 

2011). Cancer cells sense, process, and respond to the various biophysical cues from 

the ECM that enable them to navigate the complex microenvironment successfully 

(Kumar and Weaver, 2009).  Cells utilize various migration mechanisms to physically 

move through the surrounding barriers in the microenvironment.  One primary 

mechanism by which cells migrate through the matrix is by degrading the surrounding 

ECM with matrix metalloproteinases (MMPs) (Wolf et al., 2007).   Additionally, cells 

generate force that enable them to mechanically remodel and reorganize the fibrous 

structures within the ECM and guide their migration away from the primary tumor 

(Wolf et al., 2007, Rösel et al., 2008).  

 

In general, the process of cell migration is governed by a balance between molecular 

mechanisms regulating migration signaling and physiological cues posed by the 



 17 

neighboring tumor microenvironment. Sometimes cancer cells migrate in a collective 

manner, where cells move as sheets, strands, clusters or ducts; and other times they 

migrate individually as single cells (Friedl and Wolf, 2008; Friedl and Gilmour 2009). 

A single cancer cell navigates in the complex tumor microenvironment in vivo through 

isotropic, bulk matrices, naturally occurring interstitial spaces or via narrow, tunnel-

like pre-existing microtracks (Figure 1.1) (Wolf et al. 2007). 

 

 

 

 
 
 
 
 
 
 
Cell migration through pre-existing tracks 
 
During metastasis, cancer cells are often observed to follow the same path to escape 

the primary tumor (Friedl and Wolf, 2008). Cells are known to create these migration 

paths or ‘microtracks’ by gradually degrading their surrounding ECM mediated by the 

release of MMPs or through a combination of cell-mediated matrix degradation and 

changes in matrix fiber orientation mediated by cellular forces that physically 

rearrange the matrix (Bremer et al., 2001; Fisher et al. 2009; Provenzano et al., 2008). 

It has been proposed that there exists ‘leader’ cancer cells that escape from the primary 

tumor first and form these microtracks utilizing matrix degrading or fiber 

rearrangement techniques, which then ‘follower’ cancer cells migrate within to escape 

the primary tumor without much effort (Friedl and Wolf, 2003).   These microtracks 

Figure 1.1. Ex situ confocal reflectance 

image of a pre-existing in vivo microtrack 

in the stromal extracellular matrix 

(purple) in a murine mammary tumor 

model; arrowheads denote a microtrack. 

Inset magnification 1.5X. Scale bar 

50µm. (Rahman et al., 2016) 
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can also occur naturally along ECM fibers in the interstitial space, between muscle 

and nerve fibers, along or within blood vessels (Weigelin et al., 2012; Gritsenko et al., 

2012; Alexander et al., 2008; Paul et al., 2017; Lugassy et al. 2014; Bentoliliat et al., 

2016). Despite the ways these microtracks are formed, cancer cells utilize these pre-

existing microtracks as ‘highways’ to escape the primary tumor, which enable them to 

move through the ECM more easily. 

 

These tube-like microtracks are found in varying widths ranging from less than 3μm 

to 30μm and lengths ranging from 100μm to 600μm (Wolf et al. 2009). When the 

cross-sectional area of the microtrack is less than ∼7 μm2, then further matrix 

degradation or remodeling is required for cancer cell migration to occur (Wolf et al. 

2013). In response to the various degrees of physical confinements, cells adapt to 

different migration mechanisms and modulate signaling pathways and intracellular 

cytoskeleton and adhesion organization (Friedl and Wolf, 2010; Tong et al. 2012; 

Hung et al. 2013). Various engineering techniques and migration platforms have been 

developed in vitro to recapitulate these microtracks found in vivo to understand the 

effect of well-defined physical confinements on cell migration behavior. 

 

Engineered platforms to study cell migration behavior in pre-existing 

microtracks 

To mimic the complex tumor microenvironment and to understand cell migration 

behavior, cell migration has been studied in in vitro one dimensional (1D), two 

dimensional (2D) and three-dimensional (3D) migration platforms. A single ECM 
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fiber sheet-like surface coated with ECM proteins and spatially heterogeneous 

meshwork of ECM fibrils have been utilized to study 1D, 2D and 3D migration, 

respectively (Poole et al., 2005, Kim et al., 2006; Doyle et al., 2009; Wolf et al., 2007; 

Wolf et al., 2009). Interestingly, migration through pre-existing in vivo microtracks 

resembles both, 2D and 3D migration. Microtracks reflect 2D migration as cells do 

not require MMP activities or forces to move through matrix and it already exists 

within the ECM. On the other hand, microtracks reflect 3D migration as cells bind to 

four walls of the tube-like microtracks. To recapitulate this unique migration 

environment, track-like migration platforms have been developed using micro- and 

nano-fabricated substrates. Many of these microchannel based devices have been 

micromolded using polydimethylsiloxane (PDMS) (Duffy et al., 1998; Berthier et al. 

2012; Sackmann et al. 2014). PDMS has been used for its physical properties such as 

optically transparent, oxygen diffusion and fabrication ease (Friend et al., 2010). 

Chemotactic and physical gradients have been introduced to the micromolded PDMS 

channels to capture the complex intricacies of in vivo tumor microenvironment (Tong 

et al. 2012, Mak et al., 2011). In addition to micromolding PDMS microchhanel, 

hydrogels are micromolded to recreate microtrack like structure as their stiffness are 

more physiologically relevant. Polyacrylamide (PA) gels have been micromolded to 

form tunnel-like microtrack structures (Pathak and Kumar, 2012). In addition, 

nanotopographically defined geometries such as parallel grooves, ridges, posts have 

been created to promote microtrack migration-like directional migration (Kim et al., 

2012). Materials such as polystyrene (PS), poly(methyl methacrylate) (PMMA), 

polycarbonate (PC), and poly(ethylene glycol) (PEG), silicon have been utilized to 
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develop in vitro microtrack like nanotopographic platforms (Bettinger et al. 2010). 

Interestingly, micropatterned 1D substrates were found to closely mimic 3D migration 

along ECM fibers, but were in distinct contrast to 2D migration mechanisms (Doyle 

et al., 2009). Therefore, micro-contact printed lines are often utilized to mimic 

directional migration similar to cell migration in microtracks (Wang et al. 2007; 

Sharma et al. 2012).  These engineered migration platforms have been utilized to 

investigate the migration mechanisms, and the effect of extracellular properties such 

as different spatial constraints posed by the ECM on cell migration behavior in pre-

existing tracks.  

 

Cell migration mechanisms in engineered microtracks 

Disseminating cancer cells have to navigate a range of pre-existing microtrack 

dimensions to spread to distant sites, and various microtrack confinements are known 

to modulate intracellular molecules that impact cell cytoskeletal architecture, 

morphology, deformability, mode of migration, cell-matrix interaction, cell adhesion 

and contractility.  

 

Cell Morphology 

Physical confinement regulates cell morphology via reorganization of cytoskeletal 

structures (Balzer et al., 2012). Cells in wide tracks adopt highly spread morphologies 

by orienting their F-actin stress fibers in radially uniform fashion compared to cells in 

narrower tracks, where stress fibers strongly co-align with the long axis of the track. 

(Pathak and Kumar, 2012). Cell morphology varies in wider tracks, while cells exhibit 
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uniform cell length and a cuboidal morphology with F-actin distributed to the cell 

poles and track interfaces (Balzer et al., 2012). Interestingly, physical confinement in 

microtracks induces a switch in migration mode from a mesenchymal to an amoeboid 

mode, which affects cell migration speed in confinements (Liu et al. 2015). A balance 

between cell adhesion, contractility and protrusions is known to control the mode of 

motility in different migration environment (Lämmermann and Sixt, 2009). 

 
Cell-matrix adhesion 
 
Cells adhere to the ECM via integrins and form focal adhesion (FA) complexes with 

help of numerous proteins such as scaffolding proteins, GTPases, kinases, 

phosphatases and lipases (Wozniak et al., 2004; Whittaker et al., 2006; Berrier et al., 

2007). During directional migration, a cell requires continuous, coordinated FA 

formation and turnover to grasp the ECM at the leading edge of the cell body and 

detach from the ECM at the rear end. The combined effect of firm adhesions at the 

front, and contractions and detachment at the rear helps the cell to move forward 

(Webb et al., 2002; Broussard et al., 2008). Studies show that physical confinement 

suppresses formation of FA and exhibits reduced presence of FA in PDMS (Balzer et 

al., 2012). Additionally, focal adhesions are observed to be smaller on grooved silicon 

oxide substrates, and with increasing groove width FAs tend to increase size (Teixeira 

et al., 2003). Studies also show that when mesenchymal cells are prevented from 

forming focal adhesions, they make physical confinement a requirement for cell 

migration as cells are unable to hold on to the surrounding substrate. In the absence of 

adhesion, confinement enables force transmission and this phenomenon has been 

termed as “chimneying” (Lie et al., 2015). 
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Cell contractility 
 
Actomyosin contractility is a critical step in regulating cell migration, which is 

controlled by the phosphorylation of the myosin light chain (MLC) of myosin II and 

involves a number of regulators such as the Rho-associated kinase (ROCK) and 

myosin light chain kinase (MLCK) (Totsukawa et al. 2000). In wide non-confining 

PDMS channels, inhibition of ROCK by Y27632 inhibitor does not seem to affect cell 

migration speed but induces long-branching protrusions that cannot retract, which 

moderately increases the speed in narrow confined spaces (Balzer et al. 2012).  

Additionally, when actin–myosin interactions are disrupted by myosin II inhibitor 

blebbistatin, cells exhibit less sensitive response to pillar or grooved PDMS 

topography (Frey et al. 2006). Interestingly, increased physical confinement induces 

myosin II activity and localization of actin and myosin II at the rear of the cell cortex, 

which results in faster cell migration by transforming to amoeboid mode of migration 

(Liu et al. 2015). Overall, cell contractility plays a critical role in governing cell 

migration by sensing and responding to physical confinement. 

 

Cell deformation 

Metastatic cancer cells are considerably less stiff compared to their normal epithelial 

counterparts, and stiffness is known to decrease with metastatic potential (Guck et al., 

2005; Cross et al. 2007). Cell stiffness is an important biophysical property that 

influences cell migration through confined spaces as lower cell stiffness helps cells to 

deform more easily, hence, helping them to migrate quickly through narrow confined 

spaces (Guck et al., 2005). For migration through narrower confined spaces that are 
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smaller than the nucleus or cell body, increased contractility or traction force is 

required for promoting cell-mediated matrix remodeling and propelling the nucleus 

forward to facilitate migration (Wolf et al, 2003; Abhilash et al., 2014; Wolf et al., 

2013). Notably, the nucleus, the stiffest organelle in cell, can be an obstacle in 

successful migration through regions with particularly narrow confined spaces (Wolf 

et al., 2013). In pre-existing tracks, where dimensions are wider than nucleus, cells can 

move easily without deforming nucleus. But during migration in narrow confining 

tracks, nuclear deformation causes nuclear envelope (NE) rupture and compromises 

DNA integrity, which may promote cancer progression by requiring DNA damage 

repair for survival (Denais et al., 2016). 

 

 
Micromolded 3D collagen microtracks  
 
While the engineered systems reported previously attempt to describe mechanisms of 

cell migration in pre-existing microtracks and the effects of different spatial 

confinements on several key cell functions, it remains difficult to interpret their 

physiological relevance as the materials used still fail to completely recapitulate the 

properties of ECM components and their stiffness. Therefore, to more accurately 

recreate the in vivo tumor microenvironment, we have developed micromolded 

collagen based microtracks using state-of-art microfabrication technique (Kraning-

Rush et al. 2013). Collagen is the one of the bulk components of the ECM and the 

utilization of collagen matrix allows the cells to proteolytically degrade and reorganize 

the collagen fibers, which are not feasible in other systems. To create in vitro collagen 

microtracks with defined dimensions, we micromolded wells in a neutralized collagen 
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solution using a PDMS stamp cast from an etched silicon master wafer. After collagen 

polymerization, we seeded cells onto microtracks at a low density. Finally, we placed 

a collagen lid to enclose the microtrack from top (Kraning-Rush et al. 2013). We used 

confocal reflectance microscopy to confirm dimensionality and collagen fiber 

architecture of the micropatterend microtracks (Figure 1.2). 

 

Using our collagen microtrack system, we have found that microtracks permit the 

rapid and persistent migration of epithelial cells that are unable to invade a 3D collagen 

matrix, and MMP inhibition does not slow down migration (Kraning-Rush et al. 2013). 

We also demonstrated that microtrack migration is matrix density-independent and 

does not require β1-integrin adhesion (Carey et al. 2015). Additionally, we showed 

that actin and MT cytoskeletal dynamics regulate cell migration through collagen 

microtracks. Inhibition of myosin II by blebbistatin decreases migration speed in 

collagen microtracks (Carey et al. 2015).  However, the detailed molecular 

mechanisms guiding cancer cell migration within collagen microtracks, and effects of 

spatial gradients on collagen based microtrack migration still need to be determined.  

 

 

 

 
 
 
 
 
 

 
 

Figure 1.2. Confocal  reflectance 

image of an in vitro micromolded 

collagen microtrack with a 

width of 15µm. Yellow dots 

outline the microtrack. Scale 

bar= 50µm 
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Organization of the Dissertation 
 
The goal of this dissertation is to elucidate how intracellular signals and extracellular 

microenvironments direct migration in micromolded 3D collagen microtracks. Herein, 

I present data describing intracellular migration properties such as cell-matrix 

adhesion and cell polarization to learn how migration is directed in microtracks and 

how extracellular properties such as different spatial constraints posed by the collagen 

affect cell-matrix adhesion dynamics, traction stress generation and migration 

direction decision-making in microtracks. 

 

In Chapter 2, we examine the role of proteins involved in focal adhesion formation in 

3D collagen microtrack migration. We find that vinculin, an early-recruited focal 

adhesion protein, plays a significant role in directing unidirectional migration in in 

vitro 3D collagen microtracks. Knockdown of vinculin in highly metastatic breast 

cancer cell, MDA-MB-231, results in repeated reversals of migration direction during 

migration and disrupts cell polarity. Additionally, we find that vinculin is necessary 

for Focal Adhesion Kinase (FAK) activation as vinculin knockdown results in reduced 

FAK activation and halts cell migration in 3D collagen microtracks.   

 

Having shown that an adhesion protein like vinculin is significant in maintaining cell 

polarity and unidirectional migration, we next set out to understand the significance of 

cell polarization in directional microtrack migration. In Chapter 3, we focused on 

understanding the role of Girdin, an actin binding prometastatic protein involved with 

cell polarity protein Par-3 (Partitioning defective-3), in 3D mircotrack migration. We 
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find that absence of Girdin impacts cell motility, morphology and organization of 

internal organelles. Moreover, Girdin-depletion impairs actin organization and stress 

fiber formation, which can be partially restored by upregulating the GTPase RhoA. 

 

In Chapter 4, we demonstrate that cells’ interaction with the surrounding local matrix 

in governing cell motility is dependent on the extent of cell confinement in collagen 

microtracks. Confinement promotes faster migration speed, focal adhesion turnover 

and greater traction stress parallel to the direction of movement. Overall, we describe 

how migration parameters are regulated by the local physical attributes of 3D collagen 

microtracks. 

 

In Chapter 5, we explore the effects of spatial confinement in migration direction 

decision-making in 3D collagen microtracks. We observe that cells prefer to choose 

the direction, where they encounter less confinement and physical resistance. 

Interestingly, we show that cells’ direction choice can be altered by modifying cell 

compliance. Notably, cell direction decision-making is also depended on energetic 

costs. Altogether, we discover a relationship between cells’ migration choice, 

compliance and energetic demands based on microtrack confinement. 

 

In Chapter 6, additional data related to side projects is discussed. In Chapter 7, 

conclusions and future directions are presented. Experimental protocols are provided 

in the appendices. 
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CHAPTER 2 
 

Vinculin Regulates Directionality and Cell Polarity in 2D, 3D Matrix 

and 3D Microtrack Migration 

 

This chapter was published in Molecular Biology of Cell (Rahman et al., 2016). 

Portions of the data in this chapter were contributed by Dr. Casey Kraning-Rush, Dr. 

Shawn Carey, Dr. Francois Bordeleau, Dr. Marsha Lampi and Zachary Goldblatt. 

 

Abstract 

During cancer metastasis, cancer cells can use proteolytic activity to form tube-like 

“microtracks” within the extracellular matrix (ECM).  Using these microtracks, cancer 

cells that follow can metastasize unimpeded through the stroma. To investigate the 

molecular mechanisms of microtrack migration, we developed an in vitro 3D 

micromolded collagen microtrack platform that mimics the tracks formed in vivo. 

When in microtracks, cells tend to migrate unidirectionally, rarely changing directions. 

Since focal adhesions are the primary mechanism by which cells interact with the 

ECM, we examined the roles of several focal adhesion molecules in driving 

unidirectional motion. Vinculin, an early-recruited focal adhesion molecule, 

significantly impacts unidirectional cancer cell migration. Vinculin knockdown results 

in the repeated reversal of cell migration direction compared to control cells. Tracking 

the position of the Golgi centriod relative to the position of the nucleus centroid reveals 

that vinculin knockdown disrupts cell polarity in mirotracks. Vinculin also directs 

migration in 2D substrates and 3D uniform collagen matrices, indicated by reduced 
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speed, shorter net displacement and lower sense of directionality during migration in 

Vinculin deficient cells. In addition, our data indicate that vinculin is necessary for 

Focal Adhesion Kinase (FAK) activation as vinculin knockdown results in reduced 

FAK activation only in 3D uniform collagen matrix and microtracks, and accordingly, 

FAK inhibition halts cell migration in microtracks. Together, our data indicate that 

vinculin plays a key role in polarization during cell migration.  

 

Introduction 

Cancer cell migration is a key step in the dissemination of cells from a primary tumor 

through the collagenous stromal extracellular matrix (ECM) during cancer metastasis. 

Metastatic cancer cells escape from primary tumors using diverse microenvironment-

dependent migration strategies, and cells can migrate through the stroma both 

individually and as collectives of cells forming sheets, files, or clusters (Friedl and 

Wolf, 2003). Critically, proteolytic- and force-mediated matrix remodeling by 

migrating cells can lead to the formation of cleared pathways or “microtracks” within 

the ECM  (Gaggioli et al., 2007; Friedl and Gilmour, 2009; Giampieri et al., 2009). 

Interestingly, cancer cells can escape from the primary tumor in a proteolysis-

independent manner by coopting these microtracks, and cells’ unidirectional migration 

within microtracks includes elements of both 2D and 3D cell migration  (Kraning-

Rush et al., 2013; Carey et al., 2014). Migration through these microtracks reflects 2D 

migration, in part, since cells do not require proteolytic activity, while it also resembles 

3D migration because cells can bind to fibrillar collagen in three-dimensions during 

migration. Previously, we developed in vitro micropatterned 3D collagen microtracks 



 29 

using state of art microfabrication techniques (Kraning-Rush et al., 2013) and showed 

that mechanical cell-matrix interactions are not necessarily required for migration 

through 3D collagen microtracks  as matrix-free cleared pathways provide less 

resistance and eliminate the need for matrix remodeling, traction generation and 

extensive cell body deformation (Carey et al., 2014) . However, it is not yet clear how 

cells adhere to and migrate through these physiological collagen microtracks and 

which molecular mechanisms govern this unique mode of migration. 

 

Various molecular mechanisms including regulation of cytoskeletal protrusion, cell-

matrix adhesion, proteolysis, and actomyosin contractility are essential for effective 

cell migration (Lauffenburger and Horwitz, 1996; Friedl and Gilmour, 2009). Many 

studies have comparatively explored molecular mechanisms of migration in 2D 

substrates and 3D environments, often finding that 2D migration behavior does not 

always reflect 3D migration behavior. For example, Meyer et al failed to observe 

correlation between growth factor–induced cell migration responses on a 2D substrate 

compared to those within a 3D ECM (Meyer et al., 2012). Alternatively, they 

identified that 2D protrusions can predict growth factor-induced cell migration in 3D 

matrix. Zaman et al. showed that tumor cell migratory response to matrix stiffness is 

fundamentally different in 3D matrices as compared to 2D substrates (Zaman et al., 

2006).  Additionally, there has been little association found between the roles of 

specific focal adhesion proteins during 2D and 3D migration   Numerous proteins 

involved in focal adhesion assembly and disassembly in 2D play different roles and 

have differing degrees of importance in regulating 3D cell migration (Fraley et al., 
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2012; Friedl et al., 2012; Doyle et al., 2013). Since cell-matrix adhesion is a 

fundamental element of cell migration, it is critical to understand the role of adhesion 

molecules during 3D microtrack migration separately from their role in 2D substrate 

and 3D uniform collagen matrix migration.  

 

Vinculin, a prominent and well-characterized focal adhesion protein, has been shown 

to be critical in regulating cell motility through both structural and signaling means 

(Mierke et al., 2010; Goldmann et al., 2013). It mediates the connection of the cell 

cytoskeleton to the extracellular matrix and helps to transmit cellular forces by binding 

F-actin as well as talin, and α-actinin, which bind to integrins (Ziegler et al., 2006). 

Vinculin is also required in early focal adhesion formation (Galbraith et al., 2002), 

where nascent focal adhesions can be highly transient (Tan et al., 2010). Moreover, 

vinculin knockdown has been correlated with rapid focal adhesion turnover resulting 

in the formation of smaller and fewer focal adhesions (Saunders et al., 2006; Srichai 

and Zent, 2010).  In addition to vinculin, zyxin and p130Cas  (a scaffolding protein) 

have previously been suggested to play a role in mediating migration within 3D 

collagen matrices (Fraley et al., 2012). Previous studies suggest that both of these 

proteins are recruited to mature focal adhesions on 2D substrates, and may be less 

common or absent in nascent adhesions (O’Neill et al., 2000; Beningo et al., 2001). 

However, it is not clear how their role in 2D translates to their role in 3D or microtrack 

migration.  

 

To examine whether and how focal adhesions contribute to unidirectional microtrack 
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migration, we utilized a microfabricated collagen microtrack platform that closely 

mimics the structural, mechanical, and chemical properties of migration-enabling 

microtracks within the stromal ECM (Kraning-Rush et al., 2013). Recently, we used 

this system to show that microtracks within 3D ECM eliminate resistance to migration, 

and thus reduce the need for traction force generation and matrix remodeling, whereas 

3D collagen matrix migration requires mechanical cell-matrix interaction (Carey et 

al., 2014). Here, our primary goal was to understand the role of focal adhesion 

molecules in 3D microtrack migration. Interestingly, our results indicate that vinculin, 

an early focal adhesion molecule, plays a unique role in maintaining unidirectional cell 

migration in microtracks. MDA-MB-231 cells persistently migrate in one direction in 

microtracks while vinculin-deficient cells show impaired unidirectional migration, 

with cells repeatedly reversing their direction of movement. Vinculin provides 

directional cues and mediates polarity during migration. Further investigation 

demonstrated a 3D-specific role for vinculin in activation and localization focal 

adhesion kinase (FAK) at the protruding end of the migrating cells in 3D migration. 

 

Materials and Methods 

Cell Culture and Reagents 

Highly metastatic MDA-MB-231 breast adenocarcinoma cells  (HTB-26; ATCC, 

Manassas, VA) were maintained in DMEM supplemented with 10% FBS and 1% 

penicillin-streptomycin  (Life Technologies, Grand Island, NY). Cells were 

maintained in culture at 37oC and 5% CO2.  Wild type vinculin and vinculin-null 
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mouse embryonic fibroblast cells  (MEFs) were maintained as previously described 

(Dumbauld et al., 2013). 

 

Preparation of murine tumor model and imaging 

MMTV-PyMT transgenic mice on the FVB strain background were obtained from the 

Jackson Laboratory  (Bar Harbor, ME). All mice were maintained following a protocol 

approved by the Cornell University Institutional Animal Care and Use Committee. 

Mice were euthanized at 8 weeks of age by CO2 asphyxiation and mammary tumors 

were collected and snap frozen. Confocal reflectance imaging of freshly thawed tumor 

stroma was performed ex situ as described previously (Carey et al., 2014). 

 

RNA Interference 

MDA-MB-231 cells were transfected with 2 nM non-targeting scrambled  (control) 

siRNA or siRNA targeting vinculin, p130Cas, or zyxin using Lipofectamine 2000  (2 

μg/ml, Invitrogen). The non-targeting sequence was 5`-

UUCCUCUCCACGCGCAGUACAUUUA-3`. Targeting siRNA accession numbers 

and sequences were: vinculin  (accession number NM_001191370.1, 5`-

UCCUGGAAAUCAAGCUGCUUAUGAA-3`), p130Cas  (accession number 

NM_001170715.1, 5`-GCCUCAAGAUCUUGGUGGGCAUGUA-3`) and zyxin  

(accession number NM_003461.4, 5`-CAUGACCAAGAAUGAUCCUUUCAAA-

3`). All siRNAs were custom synthesized by Life Technologies and RNA interference-

mediated knockdown was confirmed using western blot.  
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Western blotting 

MDA-MB-231 cells were rinsed with ice-cold PBS and lysed using preheated  (90°C) 

2x Laemmli sample buffer as described previously (Huynh et al., 2013). For the study 

of FAK-inhibited cells embedded within 1.5 mg/ml collagen gels, cultures were 

subjected to a quick spin to remove excess media before lysing and snap freezing. 

Afterwards, all frozen collagen samples were ground using a liquid nitrogen-cooled 

mortar and pestle and lysed. All cell lysates were cleared by centrifugation at 14,000 

× g and the supernatant was snap frozen and stored at -80oC until analysis. All samples 

were subjected to sodium dodecyl sulfate  (SDS)-polyacrylamide gel electrophoresis 

with a Mini-PROTEAN Tetra System  (Bio-Rad, Hercules, CA) and electro-

transferred onto a polyvinylidene difluoride membrane.  Blots were probed using 

antibodies against vinculin  (V284; Millipore, Billerica, MA), zyxin  (Z4751; Sigma-

Aldrich, St. Louis, MO), p130cas  (sc-860; Santa Cruz Biotechnology Inc., Santa Cruz, 

CA), phosphorylated FAK at tyrosyne-397  (pMLC)  (#3283; Cell Signaling 

Technology, Beverly, MA), total FAK  (#3285, Cell Signalling Technology), 

glyceraldehyde-3-phosphate dehydrogenase  (GAPDH, MAB374, Millipore). Anti-

rabbit and anti-mouse horseradish peroxidase  (HRP) conjugated secondary antibodies 

were obtained Rockland  (Limerick, PA). After incubation with SuperSignal West 

Pico Chemiluminescent Substrate  (Thermo Scientific, Rockford, IL), blots were 

exposed and imaged using a FujiFilm ImageQuant LAS-4000. Protein densitometry 

of blots was determined with ImageJ software  (version 1.47k, National Institutes of 

Health, Bethesda, MD). 
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Phase contrast and confocal microscopy  

Phase contrast and confocal fluorescent images were obtained as previously described 

in custom temperature-, humidity- and CO2-controlled incubation chambers (Kraning-

Rush et al., 2013; Carey et al., 2014). Phase contrast images were obtained using a 

Zeiss observer Z1m inverted microscope equipped with a Hamamatsu ORCA-ER 

camera and operated by AxioVision software  (version 4.8.1.0, Carl Zeiss Microscopy, 

Thornwood, NY). Confocal fluorescence imaging was performed with a Zeiss 

LSM700 laser scanning confocal microscope on a Zeiss AxioObserver Z1 inverted 

stand using a long working distance water immersion C-Apochromat 40×/1.1 NA 

objective and operated by Zen software  (version 2010). For activated FAK and 

filamentous actin staining, cells were allowed to spread over night and stained with 

anti-pFAKY397 antibody  (Cell Signaling Technology) and Alexa Fluor 568-

conjugated phalloidin  (Life Technologies) as previously described (Kraning-Rush et 

al., 2013). For nuclei staining, samples were incubated for 5 minutes with a 1:1000 

dilution of Hoechst 33342, trihydrochloride trihydrate  (Invitrogen) in complete 

medium. Samples were then incubated overnight with Golgi-RFP  (Cell Light®, 

BacMam 2.0, Life Technologies) for live-cell fluorescence imaging of the nucleus and 

Golgi apparatus.   

 

3D and 2D cell migration studies 

For 3D migration studies, three-dimensional collagen microtracks and matrices were 

prepared using type I collagen extracted from rat tail tendons as previously described 

(Kraning-Rush et al., 2013; Carey et al., 2014). Briefly, 3 mg/ml (for 3D microtracks) 
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and 1.5 mg/ml  (for 3D matrix) collagen solutions were prepared from a 10 mg/ml 

collagen stock solution using ice-cold complete medium and 1N NaOH  (to neutralize 

at pH 7.0). MDA-MB-231 cells were seeded within collagen scaffolds at low cell 

density to obtain isolated cells for single cell migration studies. Where indicated, 

siRNA-treated cells were used or complete medium was supplemented with the FAK 

inhibitor PF573228  (5 µM; Santa Cruz Biotechnology Inc., Santa Cruz, CA). 

 

For 2D single-cell migration experiments, siRNA-treated MDA-MB-231 cells were 

seeded on culture plastic. For 2D wound healing experiments, MDA-MB-231 cells 

were seeded on 4 cm2 plastic culture wells in complete media at 50-60% confluence 

for 12-18 h before transfection. Samples were transfected as described above and 

incubated at 37°C until cells reach 100% confluence to form a monolayer. To create a 

wound, the cell monolayer was lightly scratched in a straight line with a p200 pipet 

tip. For the MEF wound healing assay, plastic culture wells were coated with 

fibronectin (F1141; Sigma) prior to seeding cells and scratching.  

 

3D and 2D cell migration analysis 

All cell migration imaging was performed using time-lapse phase contrast and 

confocal microscopy. Image analysis was performed using ImageJ.  

 

For 3D microtrack migration studies, cells were seeded in microtracks and allowed to 

adhere for 6 hours. Time-lapse imaging was performed every 20 minutes. Cell 

migration distance was quantified by determining the displacement of the cell from its 
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initial position and the relative positions of the nucleus and Golgi apparatus were 

determined by outlining cell, nucleus and Golgi apparatus and measuring centroid 

position for each using Image J. Cell migration speed and motility were calculated as 

previously reported (Kraning-Rush et al., 2013; Carey et al., 2014). All data were 

presented for n>3 experiments per treatment. 

 

For both the 3D and 2D migration studies, time-lapse phase contrast imaging was 

performed at 10x magnification every 20 minutes for 24 hours. All imaged cells were 

analyzed between 12-18 hours after seeding. Cell trajectories, step-wise net 

displacement and step-wise cell speed were calculated by measuring cell centroid 

position based on cell outlines as previously described (Kraning-Rush et al., 2013). 

Directionality of migration was determined by measuring the ratio of the shortest, 

linear distance from the starting point of a time-lapse recording to the end point 

compared with the total net displacement of the cell (Pankov et al., 2005). For 3D 

migration studies, images were acquired >200µm above the bottom surface; time to 

cell elongation and front-rear cell polarity axis was measured, respectively, by 

recording the time when cells were clearly elongated (aspect ratio > 1.75) and the time 

when a head and tail of cells were clearly distinguished and had initiated migration, 

not just protrusions. All data are represented for > 45 cells and obtained from n = 3 

independent experiments. For 2D wound healing migration, time-lapse phase contrast 

imaging was performed at 5x magnification every hour for 20 hours. Wound closure 

rate (per hour) was determined by outlining and calculating remaining wound area 

using ImageJ.  
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Polyacrylamide gel synthesis and traction force microscopy 

Polyacrylamide gels embedded with 0.5 μM diameter fluorescent microsphere beads  

(Invitrogen) were synthesized with a bisacrylamide:acrylamide  (BioRad) ratio of 

7.5:0.175 to achieve a Young’s modulus of 5 kPa and were coated with 0.1 mg/mL rat 

tail type I collagen  (BD Biosciences, Frankliin Lakes, NJ) as described previously 

(Califano and Reinhart-King, 2008). Control and vinculin siRNA treated MDA-MB-

231 cells were seeded on the gel surface and allowed to adhere overnight. Cellular 

traction vectors and the total magnitudes of force were determined using the LIBTRC 

analysis library developed by Micah Dembo  (Boston University, Boston, MA). The 

overall force exerted, | F |, was calculated as the integral of the traction vector 

magnitudes over cell area (Reinhart-King et al., 2005) and are presented for n=3 

experiments and > 40 cells per treatment.  

 

Statistical Analysis 

Data are presented as mean + SEM or box and whisker plot or scatter plot. The non-

parametric Wilcoxon Rank Sum test statistical analysis was conducted in JMP (v.10, 

SAS, Cary, North Carolina). Microsoft Excel and Matlab (R2010a) were used to 

compare data for all cell migration and traction force analysis. P-value < 0.05 and 

<0.001 was considered statistically significant. 
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Results 

Cancer cells exhibit unidirectional migration in microtracks 

In our previous studies, we developed in vitro microfabricated collagen microtracks 

that closely mimic tube-like ECM structures found in the stromal matrix in vivo 

(Kraning-Rush et al., 2013; Carey et al., 2014). These microtrack-like features exist 

in the stromal ECM surrounding primary tumors in the MMTV-PyMT murine 

mammary tumor model (Figure 2.1A). When seeded into our fabricated microtracks, 

MDA-MB-231 cancer cells generally migrate in unidirection (Figure 2.1B). The cells 

migrate long distances (100-250 µm) in one direction for an average of more than 300 

minutes in 3D collagen microtracks (Figure 2.1C) before changing direction. 

 

Figure 2.1. Unidirectional migration of cancer cells in microtracks. A) Ex-situ 

confocal reflectance image of an in vivo microtrack in the stromal extracellular matrix 

(purple) in a murine mammary tumor model, arrowheads denote a microtrack width 

= 10 μm, 3x inset magnification. B) Time-lapse phase contrast image of an MDA-MB-

231 cell migrating unidirectionally through a microfabricated 3D collagen microtrack 

in vitro. C) Quantification of the displacement of MDA-MB-231 cells migrating 

through in vitro collagen microtracks; Scale bars = 50μm. [Figure 2.1A contributed by Dr. 

Francois Bordeleau] 
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Vinculin promotes persistent, unidirectional microtrack migration 

We previously showed that microtrack migration has a unique and diminished 

requirement for cell-matrix mechanocoupling (Carey et al., 2014). Since focal 

 

Figure 2.2. Vinculin is critical for maintaining directionality within collagen 

microtracks. A) Western blotting confirmed knockdown of focal adhesion proteins 

vinculin, p130Cas, and zyxin. B) Quantification of MDA-MB-231 cell displacement 
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from the cells’ original location as a function in time following knockdown of 

p130Cas, zyxin or vinculin. Note vinculin siRNA treated MDA-MB-231 cells migrate 

back and forth, reversing direction several times. C) Quantification of the number of 

reversals in migration direction over a 6-hr period of time in micromolded mirotracks 

in control, p130Cas, zyxin or Vinculin knockdown 231 cells; *** indicates p < 0.001, 

* indicates p < 0.05, > 50 cells. D) Time-lapse phase contrast images and 

displacement curves of a single control (blue) and vinculin (red) siRNA treated 231 

cell migrating through an in vitro collagen microtrack. While control MDA-MB-231 

cell migrating in one direction, vinculin siRNA treated MDA-MB-231 cells reverse 

directions several times; Arrows indicate reversals, Scale bars= 100μm. E) 

Quantification of MDA-MB-231 cell migration speed with and without vinculin 

knockdown;  > 100 cells. All quantitative data are pooled from 3 individual equivalent 

experiments. [Figure 2.2 contributed by Dr. Casey Kraning-Rush] 

 

 

adhesions are critical to bidirectional cell-matrix signaling (Geiger et al., 2009; Prager-

Khoutorsky et al., 2011; Carisey et al., 2013), we aimed here to determine the role of 

focal adhesions in microtrack migration. We targeted the focal adhesion proteins 

vinculin, p130Cas and zyxin using siRNA and confirmed the knockdown of these 

three proteins by western blotting post-siRNA transfection (Figure 2.2A). To examine 

the role of focal adhesions in microtrack migration, we seeded MDA-MB-231 cells 

treated with scrambled (control) or focal adhesion protein-targeting siRNA in 3D 

microtracks. While p130Cas and zyxin knockdown cells were able to migrate 

unidirectionally for several hours similarly to control cells, vinculin-deficient cells 

failed to migrate persistently in one direction (Figure 2.2B). Specifically, vinculin 

knockdown cells reversed direction multiple times. Similar to control cells, 
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approximately 70% of p130Cas- and zyxin-deficient cells migrated unidirectionally in 

microtracks, but only ~30% of the vinculin knockdown cells were able to maintain 

persistent directionality (Figure 2.2C). While control cells eventually reversed 

direction over longer time periods (typically upon reaching the end of the channel), 

vinculin-deficient cells showed frequent reversals, often in rapid succession (Figure 

2.2D). Interestingly, despite their unique migration behaviors, vinculin knockdown 

cells exhibited similar migration speeds to control siRNA treated cells (Figure 2.2E).  

 

Vinculin regulates cell polarity in 3D microtrack migration 

Since cell polarity is essential for unidirectional migration (Etienne-Manneville, 2008) 

and our data indicate vinculin mediates unidirectional migration, our next focus was 

to examine if cell polarity is perturbed in non-unidirectional vinculin siRNA treated 

MDA-MB-231 cells. Previously, it has been established that unidirectional migration 

requires orientation and maintenance of a front-rear cell polarity axis (Ridley et al., 

2003; Etienne-Manneville, 2008). Since the relative localization of organelles such as 

the Golgi, centrosomes, and nucleus are indicative of cell polarization during cell 

migration (Iden and Collard, 2008; Hehnly et al., 2010), we examined the relative 

centroid position of the cell, nucleus and Golgi in control siRNA-treated and vinculin 

siRNA-treated cells during collagen microtrack migration (Figure 2.3A). Interestingly, 

the nucleus was consistently positioned ahead of the cell centroid toward the leading 

edge of cells and in the direction of movement in control siRNA-treated cells, while 

the nucleus and Golgi repeatedly switched positions relative to cell centroid in 

vinculin-siRNA treated cells (Figure 2.3B). Unidirectional microtrack migration in 
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control cells was accompanied by anterior Golgi localization relative to cell centroid 

100% of the time, whereas vinculin-deficient cells displayed anterior Golgi 

localization approximately 50% of the time (Figure 2.3C).  

 

 

Figure 2.3. Control siRNA cells maintain cell polarity during unidirectional 

microtrack migration A) Representative time-lapse phase contrast and confocal 

fluorescence images (overlaid) of a control siRNA treated MDA-MB-231 cell, which 

maintain cell polarity during unidirectional microtrack migration by positioning the 

nucleus  (blue) at the leading edge, followed by the Golgi apparatus  (red); Arrow 

indicates the direction of movement; Scale bar = 50μm. B) Quantification of the 

position of the cell centroid relative to centroid of the nucleus and Golgi during 

migration in a microtrack. While the nucleus is strictly positioned at the leading edge 

of a control siRNA treated MDA-MB-231 cell, the nucleus and Golgi move back and 

forth in a MDA-MB-231 cell treated with siRNA for vinculin during microtrack 

migration. C) Quantification of the centroid position of the nucleus relative to the 

Golgi of migrating 231 cells in microtracks. The nucleus is observed ahead of the cell 

centroid and Golgi relative to the direction of cell motion in control siRNA treated 

MDA-MB-231 cells throughout the period of observation and only ~50% of the time 

in vinculin siRNA treated MDA_MB-231 cells; * indicates p < 0.05. 
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Vinculin is required for directional migration in 2D and 3D 

Cell migration behaviors are not always conserved between 2D and 3D environments 

and focal adhesions have been shown to have unique mechanistic roles in regulating 

2D and 3D migration (Meyer et al., 2012). Since microtrack migration includes 

elements of both 2D and 3D migration (Kraning-Rush et al., 2013; Carey et al., 2014), 

we next aimed to test whether the unique migration behavior of vinculin-deficient cells 

observed in 3D microtracks was conserved in 2D substrate and 3D uniform collagen 

matrix migration systems.  

 

In 3D uniform collagen matrices, cells treated with vinculin-targeting siRNA generally 

traveled shorter distances as compared to control siRNA treated cells (Figure 2.4A).  

Vinculin knockdown cells exhibited significantly reduced step-wise cell migration 

speed (Figure 2.4B) and net displacement from their initial position (Figure 2.4C) as 

compared to control siRNA treated cells. In addition, control siRNA treated cells 

showed higher 3D migration directionality than vinculin-deficient cells (Figure 2.4D). 

Analysis of initial cell spreading in 3D uniform collagen matrix indicated that vinculin 

knockdown cells spread more slowly and achieve clear front-rear morphologies 

indicative of mesenchymally migrating cells (Friedl and Gilmour, 2009) as compared 

to control siRNA treated cells (Figure 2.4E). Together, these data indicate that vinculin 

plays an important role in cell spreading, migration efficiency, and migration 

directionality in 3D ECM microenvironments. 
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Figure 2.4. 3D collagen matrix migration is regulated by vinculin A) Rose plots show 

trajectories of control siRNA and vinculin siRNA treated MDA-MB-231 cells in 3D 

collagen matrices over several hours. Vinculin siRNA cells B) show slower migration 

speed (µm/min), C) travel less far over the same observation window (µm), D) lose 

persistent directionality, and take more time to E) elongate and F) establish front-rear 

polarization compared to control siRNA cells. *** indicates p < 0.001, 45 cells. All 

quantitative data are pooled from 3 individual equivalent experiments. [Figure 2.4 

contributed by Zachary Goldblatt] 
 

As in 3D uniform collagen matrix migration, cells treated with vinculin siRNA and 

seeded on 2D substrates traveled shorter distances (Figure 2.5A), exhibited reduced 

step-wise cell migration speeds (Figure 2.5B), and showed reduced net displacement 

compared to cells treated with non-targeting control siRNA (Figure 2.5C). In addition,  
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Figure 2.5. 2D migration is regulated by vinculin A) Rose plots of the trajectories of 

control siRNA and siRNA vinculin-treated MDA-MB-231 cells on a 2D plastic surface 

over several hours. B) Migration speed of control and siRNA vinculin-treated MDA-

MB-231 cells (*** indicates p < 0.001; 45 cells). C) Net displacement of control and 

siRNA vinculin-treated MDA-MB-231 cells in 2D (*** indicates p < 0.001; 45 cells) 

D) Directionality of control and siRNA vinculin-treated MDA-MB-231 cells, ** 

indicates p < 0.01; 45 cells#. E) Time-lapse phase contrast images of control and 
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vinculin siRNA treated MDA-MB-231 cells during wound healing, scale bar= 100 μm. 

F) Wound closer rate for control and siRNA vinculin-treated MDA-MB-231 cells (*** 

indicates p < 0.001#). G) Quantification of the wound closer rate for wild type vinculin 

MEFs compared to vinculin-null MEFs; *** indicates p < 0.001. All quantitative data 

are pooled from 3 individual equivalent experiments. [Figure 2.5 A-D  contributed by 

Zachary Goldblatt] 
 

 

vinculin knockdown induced a significant decrease in migration directionality (Figure 

2.5D). Despite the significant differences in 2D migratory behavior induced by 

vinculin siRNA treatment, cell migration on planar substrates is unconstrained and is 

therefore largely random (Wu et al., 2014). Thus, we further examined the role of 

vinculin in a wound-healing model, where directional 2D migration can be more 

effectively measured. Vinculin knockdown significantly reduced closure rate (Figure 

2.5, E and F). To determine if vinculin regulates directional motility in cell types other 

than MDA MB 231s, we studied the motility of vinculin-null and wild-type vinculin-

expressing fibroblasts (Dumbauld et al., 2013). Similar to siRNA-treated MDA-MB-

231 cells, vinculin-null MEFs displayed a significantly slower wound closure rate 

compared to wild-type vinculin-expressing MEFs (Figure 2.5G). Together, these data 

show that vinculin is important for maintaining efficient and directional migration in 

2D microenvironments. 
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Vinculin regulates traction force generation   

Since force generation is a fundamental component of cell motility (Pelham and Wang, 

1998; Dembo and Wang, 1999) and is mediated by focal adhesions (Beningo et al., 

2001; Oakes et al., 2012; Sim et al., 2015), we investigated whether vinculin regulates 

 

 

Figure 2.6. Vinculin siRNA cells generate reduced traction force. A) Traction force 

color-contour map and phase contrast images of a control and vinculin siRNA treated 

MDA-MB-231 cells; Scale bar= 30 μm. B) Quantification of the total force, |F|, 

generated (nN), C) spread area (μm2), and D) normalized force per cell area 

(nN/μm2), in control and siRNA vinculin-treated MDA-MB-231 cells, E) 

Corresponding scatter plot of the traction force as a function of the cell area with 

linear regression line. * indicates p < 0.05; > 40 cells. All quantitative data are pooled 

from 3 individual equivalent experiments. [Figure 2.6 contributed by Dr. Marsha Lampi] 
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traction force generation.  Traction force microscopy on control and vinculin   

knockdown MDA-MB-231 cells was used to measure the effect of vinculin 

knockdown on cell contractility. Vinculin-deficient cells exhibited different traction 

profiles (Figure 2.6A), generating significantly reduced traction forces compared to 

control siRNA treated cells  (Figure 2.6B). Notably, control and Vinculin siRNA 

treated cells exhibited difference in cell area. Vinculin knockdown cells showed 

reduced cell area and spread less compare to control siRNA treated cells (Figure 2.6C). 

Therefore, we measured normalized force (per area) and as expected did not observe 

a significant difference between control and Vinculin knockdown cells (figure 2.6D). 

But interestingly, we observed a clear increase in traction force generation as an 

increasing function of cell area when we plotted force as a function of cell area in a 

scatter plot.  Scatterplot (Figure 2.6E) showed two distinguish clusters for Control 

siRNA and Vinculin siRNA treated cells. Control siRNA treated cells generated more 

force with greater area change compared to Vinculin siRNA treated cells (Figure 

2.6E). 

 

Vinculin co-regulates FAK in 3D, but not 2D  

Like other focal adhesion proteins, a critical function of vinculin is to establish both 

physical and biochemical connections between the ECM and intracellular domain of 

the cell by binding to the cytoplasmic actin cytoskeleton and transmembrane integrins 

(Wozniak et al., 2004). As integrins associate with the actin cytoskeleton through 

vinculin, other focal adhesion proteins are recruited to the complex, including various 

scaffolding proteins and adaptor proteins, which can further associate with additional 
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signaling molecules and activate various pathways (Amano et al., 2010). One such 

protein is FAK, which modulates focal adhesive strength by reducing vinculin 

 

 

Figure 2.7. Vinculin regulates FAK activity in 3D migration A) Western blotting of 

MDA-MB-231 cells in 2D and 3D environments with and without knockdown of 

vinculin.  Vinculin knockdown reduces FAK phosphorylation of MDA-MB-231 cells 

in 3D matrix and not 2D substrate, B) Quantification of pFAK activation in control 

and vinculin siRNA treated MDA-MB-231 cells during 2D  (p = 0.475) and 3D matrix 

migration, * indicates p < 0.05.  C) Confocal fluorescence images of control and 
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vinculin siRNA cells on 2D substrate, in 3D uniform collagen matrices and 3D 

collagen microtrack; Scale bars= 25 μm. D) Fraction of motile cells in microtracks 

with and without FAK inhibition using PF573228, *** indicates p < 0.001; > 60 cells.  

E) Migration speed of control MDA-MB-231 cells and MDA-MB-231 cells treated 

with the FAK inhibitor in microtracks; *** indicates p < 0.001; > 60 cells. All 

quantitative data are pooled from 3 individual equivalent experiments. [Figure 2.7 A-B 

contributed by Dr. Francois Bordeleau; C (left panels), D, E contributed by Dr. Shawn Carey; C (middle 

panels contributed by Zachary Goldblatt)] 
 

 

 localization to focal adhesion complex (Dumbauld et al., 2010). Interestingly, 

whereas vinculin knockdown in MDA-MB-231 cells induced a modest but statistically 

insignificant reduction in FAK activation on 2D substrates, vinculin knockdown 

dramatically and significantly reduced FAK activation in 3D collagen matrix   (Figure 

2.7, A and B). Similarly, while vinculin knockdown had no effect on pFAK 

accumulation at focal adhesions on 2D substrates (Figure 2.7C; left panels), vinculin-

deficient cells were unable to localize pFAK to cell protrusions in 3D uniform collagen 

matrix  (Figure 2.7C; middle panels). Moreover, vinculin-deficient cells also failed to 

localize pFAK at protruding end in 3D collagen microtrack (Figure 2.7C, right panels).  

To directly test if FAK activity regulates cell migration in 3D collagen microtracks, 

we treated MDA-MB-231 cells with the FAK inhibitor PF573228 and found that FAK 

inhibition significantly reduced the fraction of motile cells (Figure 2.7D) as well as 

cell migration speed (Figure 2.7E) in microtracks. Together, these results demonstrate 

that vinculin uniquely contributes to FAK activation and localization in 3D collagen 

microenvironments, but not on 2D substrates.  
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Discussion 

In this work, we have demonstrated that the focal adhesion protein vinculin helps to 

maintain cell polarity and unidirectional migration in 3D in vitro collagen microtracks. 

Likewise, vinculin expression is also required for efficient, directional migration in 

isotropic 2D substrates and 3D uniform collagen matrices. Specifically, we found that 

vinculin-deficient cells displace significantly shorter distances, migrate with lower 

step-wise speeds, and exhibit reduced migration directionality in 2D substrates and 3D  

collagen matrix. In addition, vinculin-deficient cells generate less traction force and 

both siRNA-treated MDA-MB-231 cells and vinculin-depleted fibroblasts show 

significantly reduced directional migration in a wound healing migration model. 

Interestingly, we found that vinculin plays a microenvironment-specific role in the 

regulation of FAK by contributing to its activation and localization in 3D uniform 

collagen matrix, but not in 2D substrates. 

 

The ability of adherent cells to migrate and invade depends on the dynamic regulation 

of cell–matrix linkages at focal adhesions (Parsons et al., 2010). Moreover, directional 

migration of the cell requires continuous, rapid, and coordinated formation and 

turnover of focal adhesions at the leading edge of the cell body (Webb et al., 2002; 

Nagano et al., 2012). The focal adhesion protein vinculin is required for early focal 

adhesion formation, with some evidence indicating its presence in nascent focal 

adhesions, which are highly transient (Tan et al., 2010). Additionally, vinculin 

knockdown has been shown to correlate with smaller and fewer focal adhesions, which 

turn over rapidly (Saunders et al., 2006; Srichai and Zent, 2010). Recent findings show 
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that vinculin is upregulated in highly migratory cells and vinculin expression at focal 

adhesion complexes has been associated with increased cell migration as well as 

metastasis formation in vivo (Mierke, 2009). In this study, we have uncovered that 

vinculin regulates directional cell migration by showing loss of directionality not only 

in 2D substrates or 3D uniform collagen matrix, but also in 3D collagen microtracks 

where cells typically migrate with high unidirectional persistence.  

 

Previous work has demonstrated that vinculin-deficient cells are significantly less 

invasive and show decreased directional persistence in 3D matrix (Mierke et al., 

2010). Our finding that vinculin enables efficient and directional migration in 2D 

substrates and 3D uniform collagen matrices is consistent with these results. 

Furthermore, the loss of unidirectional microtrack migration in vinculin-deficient cells 

provides additional insight into microtrack-specific migration mechanisms (Kraning-

Rush et al., 2013; Carey et al., 2014). Persistent, directional migration is enabled by 

front-rear cell polarization that can include anisotropic organization of cell organelles, 

intracellular signaling networks, and the cytoskeleton (Pegtel et al., 2007; Iden and 

Collard, 2008; Hehnly et al., 2010). Since nucleus-Golgi organization, front-rear cell 

polarity, and FAK activation in 3D microevnvironments were perturbed by vinculin 

knockdown and direct FAK inhibition significantly reduced microtrack motility, our 

results suggest that vinculin contributes to cell polarity during migration and may do 

so by regulating signaling through FAK. Future work will examine the role of 

vinculin-FAK signaling in establishing and maintaining cell polarity during migration. 
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Notably, vinculin plays a key role in the transmission of extracellular mechanical 

stimuli leading to the reorganization of cell polarity (Carisey et al., 2013), and also 

contributes to traction force strength (Dumbauld et al., 2013; Dumbauld et al., 2014).  

Mierke et al. demonstrated that vinculin-expressing cells generated enhanced traction 

forces that enable them to overcome the restrictive environment of a dense 3D matrix 

more effectively than their low vinculin-expressing counterparts (Mierke et al., 2010). 

Here, we find that, in addition to generating reduced traction forces, vinculin 

knockdown cells show phenotypic change accordingly by exhibiting reduced cell area 

compare to controls. This phenotypic change could explain cells’ impaired  ability to 

move efficiently within permissive collagen microtracks that provide little resistance 

to migration and reduce the mechanistic burden of movement (Kraning-Rush et al., 

2013; Carey et al., 2014).  

 

The absence of vinculin may trigger other subsequent signaling in 3D and 2D 

migration through different mechanisms (Wozniak et al., 2004). Our results show that 

Vinculin deficiency results in lower speed on 2D substrates and in 3D collagen 

matrices, but there was no significant cell speed differences in 3D microtrack 

migration. In recent studies, it has also been shown that vinculin-FAK co-regulation 

in 2D migration systems can be quite different to the results obtained with 3D 

migration system (Mierke, 2013). While cytoskeletal dynamics, adhesion turnover, 

and the transmission and generation of traction forces play essential roles in 2D 

motility, cell motility in 3D systems is further regulated by cellular stiffness, cell 

deformability, and matrix remodeling  (Mierke, 2009; Carey et al., 2012). Previous 
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work has demonstrated increased activation of adhesion adapter proteins like FAK in 

vinculin knockout MEFs on 2D culture systems (Saunders et al., 2006; Mierke, 2009). 

Also, vinculin recruitment and localization to focal adhesions is regulated by FAK on 

micropatterned substrates (Dumbauld et al., 2010). Thus, our finding that vinculin 

knockdown reduces FAK activation uniquely in both types of 3D microenvironments, 

3D collagen matrix and 3D microtracks, and not on 2D substrates is not inconsistent 

with these data, and in fact, provide further insight into the microenvironment-specific 

regulation of cell-matrix adhesion signaling networks. Because of the differences in 

adhesion substrate composition, conformation, and mechanics between 2D and 3D 

ECM (Cukierman et al., 2001), it is plausible that cues in the microenvironment 

mediate both upstream and downstream elements of adhesion signaling. Future work 

should continue to address extracellular control of cell-matrix adhesion composition 

and signaling as well as downstream outcomes including, but not limited to, cell 

polarity and migration. 
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CHAPTER 3 

Cell Migration in Microfabricated 3D Collagen Microtracks is Mediated 

through the Prometastatic Protein Girdin 

 

This chapter was published in Cellular and Molecular Bioengineering, and featured 

on the journal cover (Rahman-Zaman et al., 2018) 

   

Abstract 

In vivo, cancer cells can utilize tube-like microtracks formed within the extracellular 

matrix (ECM) of the stroma as ‘highways’ to escape the primary tumor, however very 

little is known about the molecular mechanisms that govern cell migration through 

these microtracks. Cell polarization and actin organization are both essential for 

efficient cell migration and cells are known to migrate very unidirectionally in 

confined spaces. In this study, we focused on understanding the role of Girdin during 

unidirectional migration. Girdin is a prometastatic protein known to be involved in cell 

polarity by directly interacting with the cell polarity protein Par-3 (Partitioning 

defective-3) and also known as an actin binding protein. We utilized a microfabricated 

platform to recreate these microtracks in vitro using collagen and used siRNA to 

knockdown Girdin in MDA-MB-231 cells.  

 

Our data indicate that knockdown of Girdin results in decreased cell speed during 3D 

collagen microtrack migration. Loss of Girdin also results in altered cell morphology 

and cell orientation. Moreover, Girdin-depletion impairs actin organization and stress 
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fiber formation, which can be restored by upregulating the GTPase RhoA. Activation 

of RhoA induces actin stress fiber formation, restores elongated migratory cell shape 

and partial cell migration in 3D collagen microtracks in the absence of Girdin.  Our 

data suggest that Girdin helps directional migration in collagen microtracks by 

promoting actin cytoskeletal organization and maintaining morphological cell 

polarity. 

 

Introduction 

One of the earliest steps of breast cancer metastasis is cellular migration through the 

surrounding collagenous stromal extracellular matrix (ECM) after cells dissociate 

from the primary tumor. The stroma through which cancer cells navigate is a complex 

network of fiber architectures, (Friedl and Wolf, 2003; Friedl et al., 2012) and 

numerous studies have investigated the mechanisms by which cells move through 

isotropic collagen networks (Zaman et al., 2006; Fraley et al., 2010; Meyer et al., 

2012). However, it is also known that in vivo, metastatic cancer cells can migrate 

through pre-existing tracks within the collagen matrix (Friedl and Wolf, 2003; Friedl 

and Wolf, 2008).  A subset of cells termed as “leader” cells create invasion paths 

(known as “microtracks”) by degrading and remodeling the surrounding matrix using 

proteolytic enzymes. Leader cells first migrate through the stroma leaving tube-like 

microtracks within the ECM of the stroma and other metastatic “follower” cells utilize 

these pre-existing microtracks as ‘highways’ to escape the primary tumor without any 

proteolytic activities Friedl and Wolf, 2003; Friedl and Wolf, 2008; Friedl and Wolf, 

2009; Friedl et al., 2012). Despite numerous studies, the mechanisms modulating 
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cancer cell migration through the stroma and particularly through these microtracks 

still remain unclear.  

 

In our earlier studies, we developed a microfabricated platform to recreate three 

dimensional (3D) collagen microtracks similar to the preformed physiological 

microtracks found in vivo during cancer metastasis (Kraning-Rush et al., 2013). Using 

our 3D collagen microtrack system, we investigated migration behaviors of invasive 

and non-invasive breast cancer cells, the roles of cytoskeletal and contractility 

regulators, and the effects of cell matrix adhesion mechanisms in highly invasive 

breast cancer cells during migration through the microtracks (Kraning-Rush et al., 

2013; Carey et al., 2015; Rahman et al., 2016). Interestingly, our most recent work 

revealed that vinculin, a well characterized focal adhesion protein, regulates cell 

directionality by maintaining cell polarity in 3D microtrack migration (Rahman et al., 

2016).  Given the highly polarized nature of migration within microtracks, we focused 

here on investigating the role of Girdin, a protein highly expressed in breast cancer 

cells that has been showed to regulate the establishment of cell polarity, in directing 

microtrack migration (Liu et al., 2012; Ohara et al. 2012). 

 

One of the most thoroughly characterized protein families involved in determining cell 

polarity are the components of the partitioning-defective (Par) protein complex, 

specifically Par-3, Par-6 and atypical protein kinase C (aPKC) (Ohno, 2001; Fukata et 

al., 2003; Macara et al., 2004; Suzuki et al., 2006). Girdin has been identified as a 

novel protein present in the Par protein polarity complex that comprises Par3, Par6 
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and aPKC, and its role in determining cell polarity has been established due to its direct 

physical interaction with Par-3 (Ohara et al.; 2012; Sasaki et al., 2015). Girdin 

(GIRDers of actIN filaments) is a prometastatic protein, and it binds to actin and 

regulates migration of breast cancer cells in a PI3K-Akt/PKB signaling pathway 

dependent way. It is a binding substrate of Akt and an Akt phosphorylation enhancer 

(APE) (Enomoto et al., 2006; Jiang et al., 2008; Weng et al., 2010). Girdin is also 

termed as a GIV (G -interacting vesicle-associated protein) for its ability to recruit and 

activate a class of trimeric G proteins (Gi) as a non-receptor Guanine Exchange factor 

(GEF), which leads to the enhancement of downstream signaling like PI3K-Akt/PKB, 

Focal Adhesion Kinase (FAK) and small GTPases, resulting in increased cell 

migration (Garcia-Marcos et al., 2015; Leyme et al., 2015; Lopez-Sanchez et al., 2015; 

Leyme et al., 2016). Given its known role in 2D migration, 3D migration, and cell 

polarity (Jiang et al., 2008; Ohara et al., 2012; Gu et al., 2014), we are interested in 

investigating Girdin’s role in directing migration in 3D collagen microtracks that 

mimic the pre-existing tracks and interstitial spaces found in vivo.    

 

To investigate the roles of Girdin in microtrack migration, we utilized a 

microfabricated in vitro 3D collagen microtrack system (Kraning-Rush et al., 2013; 

Carey et al., 2015; Rahman et al., 2016). Our findings indicate that depletion of Girdin 

in MDA-MB-231 cells results in reduced migration speed and changes in cellular 

morphology within microtracks. Moreover, cells fail to orient their internal 

machineries in the direction of migration, and they fail to form and organize actin 

stress fibers, which are essential for promoting directional cell migration (Vallenius, 
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2003). Migration can be partially restored in the absence of Girdin by inducing stress 

fiber formation through the activation of RhoA. 

 

Methods and Materials 

Cell culture and reagents 

 Highly migratory breast adenocarcinoma MDA-MB-231 cells (HTB-26, American 

Type Culture Collection (ATCC), Manassas, VA) were cultured at 37oC and 5% CO2, 

and maintained in complete DMEM medium (Life Technologies, Grand Island, NY) 

supplemented with 10% fetal bovine serum (Atlanta Biologicals, Flowery Branch, 

GA) and 1% penicillin-streptomycin (Life Technologies). 

 

Small interfering RNA (siRNA) transfection 

 MDA-MB-231 cells were transfected with 15nM of scrambled control siRNA oligos 

(5`-UUCCUCUCCACGCGCAGUACAUUUA-3`), or 15nM of Girdin-siRNA oligos 

(5ʹ-GAAGGAGAGGCAACUGGAUUU-3ʹ) (Gu et al., 2014) using Lipofectamine 

2000 (2 μg/ml, Invitrogen). Both siRNAs were purchased from Life Technologies. 

Girdin siRNA was custom synthesized by Life Technologies. RNA interference-

mediated knockdown in transfected cells was confirmed using western blot. Western 

blot and time-lapse migration assays were performed within 48 to 72 hours post 

transfection. 

 

Western blotting 
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 siRNA-transfected MDA-MB-231 cells were lysed using preheated (at 90°C) 2x 

Lammeli sample buffer after a quick rinse with ice-cold phosphate buffer saline (PBS) 

as described previously (Huynh et al., 2013). Cell lysates were subjected to sodium 

dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis with a Mini-PROTEAN 

Tetra System (Bio-Rad, Hercules, CA) and electro-transferred onto a polyvinylidene 

difluoride (PVF) membrane.  Blots were probed using antibodies against Girdin (sc-

393757; Santa Cruz Biotechnology Inc., Santa Cruz, CA) and glyceraldehyde-3-

phosphate dehydrogenase (GAPDH, MAB374, Millipore). Anti-mouse horseradish 

peroxidase (HRP) conjugated secondary antibody was obtained from Rockland 

(Limerick, PA) to use against primary antibodies. After incubation with SuperSignal 

West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL), blots were 

exposed and imaged using a FujiFilm ImageQuant LAS-4000.  

 

Three-dimensional migration studies 

Three-dimensional (3D) collagen (1.5 mg/ml) uniform isotropic bulk matrices and 

collagen (3.0 mg/ml) microtracks were prepared using type I collagen extracted from 

rat tail tendons. As previously described, collagen solutions of desired concentrations 

were prepared from a 10 mg/ml collagen stock solution by diluting with ice-cold 

complete media and 1N NaOH to neutralize the solution to pH 7.0 (Kraning-Rush et 

al., 2013; Carey et al., 2015; Rahman et al., 2016). The final dimensions of the 

longitudinal collagen microtracks were 1000µm, 10µm and 20µm respectively in the 

X, Y and Z directions (X= length, Y=width and Z=height). For 3D uniform isotropic 

bulk matrices studies, siRNA-treated MDA-MB-231 cells (suspended in media at a 
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density of 70,000 cells/ml) were added to the collagen solution and then allowed to 

polymerize. For 3D collagen microtrack studies, siRNA-treated MDA-MB-231 cells 

were seeded after collagen was polymerized. In both cases, cells were seeded at a low 

density (70,000 cells/ml) to obtain isolated cells for single cell migration studies. 

Where indicated, siRNA-treated cells were incubated in complete medium 

supplemented with the Rho Activator II (CN03-A; Cytoskeleton, Inc.; Denver, CO).  

 

2Confocal fluorescence and phase contrast microscopy 

Confocal fluorescence imaging was performed with a Zeiss LSM700 laser scanning 

confocal microscope on a Zeiss Axio Observer Z1 inverted stand using a long working 

distance water immersion C-Apochromat 40×/1.1 NA objective operated by Zen 

software (version 2010). For filamentous actin imaging, siRNA-treated cells seeded in 

microtracks were fixed, permeabilized, blocked as previously described8 and stained 

with Alexa Fluor 568-conjugated phalloidin (Life Technologies) overnight. For nuclei 

and Golgi apparatus imaging, live cells in microtracks were incubated in complete 

media for 5 minutes with a 1:1000 dilution of Hoechst 33342, trihydrochloride 

trihydrate (Invitrogen) and incubated overnight with Golgi-RFP (Cell Light®, 

BacMam 2.0, Life Technologies) respectively. Live-cell time-lapse confocal 

fluorescence imaging of the nucleus and Golgi apparatus was performed in 

temperature-, humidity- and CO2-controlled incubation chambers. Live cell phase 

contrast time-lapse images of cells were obtained using a Zeiss observer Z1m inverted 

microscope equipped with a Hamamatsu ORCA-ER camera operated by AxioVision 

software (version 4.8.1.0, Carl Zeiss Microscopy, Thornwood, NY). 
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Migration study analysis 

All images were analyzed using ImageJ software (version 1.47k, National Institutes of 

Health, Bethesda, MD). For 3D collagen microtrack migration studies, cells were 

allowed to adhere for 6 hours before performing time-lapse imaging at 10x 

magnification every 20 minutes for up to 15 hours. Cell migration distance was 

quantified by determining the displacement of the cell from its initial position, and the 

relative positions of the nucleus and Golgi apparatus were determined by outlining the 

cell, nucleus and Golgi apparatus and measuring centroid position for each using 

Image J. Cell migration speed and motility were calculated as previously reported 

(Kraning-Rush et al., 2013; Carey et al., 2014). For 3D uniform bulk collagen matrices 

migration studies, time-lapse phase contrast imaging was performed at 10x 

magnification every 20 minutes for 24 hours. All imaged cells were analyzed between 

12-18 hours after seeding. Cell trajectories, average displacement and average cell 

speed were calculated by measuring cell centroid position based on cell outlines as 

previously described (Kraning-Rush et al. 2013). Directional cell persistence during 

migration in both 3D uniform matrices and 3D collagen microtracks was calculated 

by measuring the ratio of the sum of displacements between each time point and the 

total displacement of the cell from the initial to the end time point of the observed time 

interval. Calculated persistence value ranges between 0 to 1, persistence value 1 

indicates migration without changing direction during the observation time (Zhang et 

al. 2014). Aspect ratio and circularity values of cell shape were generated by analyzing 

time-lapse phase contrast images of cells in 3D collagen microtracks and 3D bulk 

uniform matrix using ImageJ software. Aspect ratio (major axis/minor axis or 
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width/height) describes the elongation of a cell and is larger than 1, with increasing 

values denoting elongated morphology. Circularity (4π x area/perimeter2) describes 

the roundness of a cell and can range from 0 to 1, with 1 denoting circular cells. All 

data are represented for 35-45 cells and obtained from a minimum of 3 independent 

experiments per treatment. 

 

Statistical analysis 

Statistical analysis was carried out using JMP Software (v.11, SAS, Cary, North 

Carolina). Data were presented as mean ± SD and scatter plots. generated using 

Microsoft Excel 2016 and Prism 7.03. For migration analysis, statistical significance 

for comparisons between two groups was determined using two-tailed Student's t-test, 

and one-way ANOVA was performed to test mean differences for more than two 

groups with additional post hoc Tukey HSD test to show an overall statistically 

significant difference in group means. Statistical significance was considered with a 

p-value <0.05 and <0.01. All images are representative of a minimum of 3 replicate 

studies. 

 

Results 

Girdin depletion impairs cell migration in 3D collagen matrices and microtracks 

In previous work, we demonstrated the molecular mechanisms governing migration 

through 3D isotropic collagen matrices are different than cell migration mechanisms 

in 3D collagen microtracks (Carey et al., 2015; Rahman et al., 2016). Cancer cells 

employ context-specific mechanisms to migrate (Carey et al., 2015; Rahman et al., 
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2016). While migrating through 3D collagen microtracks, cells encounter little 

resistance and do not require significant traction generation, matrix remodeling, or cell 

body deformation (Carey et al., 2015). Therefore, we sought to test the effects of 

Girdin depletion in migration through two different 3D collagen systems: bulk 

matrices and tube-like microtracks. We confirmed the depletion of Girdin protein in 

Girdin siRNA-treated MDA-MB-231 cell using western blot (Figure 3.1A). In 3D 

isotropic bulk collagen matrices, Girdin siRNA-treated cells travelled less far 

compared to control (scrambled) siRNA-treated cells over a period of 100 minutes 

(Figure 3.1B), and cell trajectories indicate that Girdin knockdown cells moved slower 

(Figure 3.1C). In 3D collagen microtracks with an average width of 10 microns (Figure 

3.1D), cells travelled significantly shorter distances in the absence of Girdin (Figure 

3.1E). Average cell migration speed was significantly less in Girdin siRNA-treated 

cells compared to control siRNA-treated cells in both 3D collagen matrices and 

microtracks. Interestingly, the average migration speed of Girdin-depleted cancer cells 

in 3D collagen microtracks was significantly higher than both Girdin-depleted cells 

and control cells migrating through 3D collagen isotropic matrices (Figure 3.1F). In 

addition, Girdin siRNA treated cells’ directional migration persistence is significantly 

lower compared to control cells, in both 3D uniform bulk matrices and 3D microtracks. 

In 3D microtracks, control siRNA treated cells show higher persistence than control 

cells in 3D matrices, and knockdown of Girdin results in less persistent cells.  
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Figure 3.1. Girdin regulates migration through 3D isotropic bulk collagen matrices 

and microtracks. (A) Western blot confirming the knockdown of Girdin in siRNA-

treated MDA-MB-231 cells; (B) Time-lapse phase contrast images of control 

(scrambled) siRNA-treated  (top), and Girdin siRNA-treated (bottom) MDA-MB-231 

cells showing migration distance travelled by siRNA-treated cells in a 100 minutes 

time interval. Yellow dashed outlines indicate the initial positions of cells; (C) Rose 
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plots showing trajectories of control and Girdin siRNA-treated cells in 3D collagen 

matrices, # of cells presented = 15; (D) Phase contrast (left) and confocal reflectance 

(right) images of a control siRNA-treated MDA-MB-231 cell (double arrowheaded) 

migrating through a 3D in vitro microfabricated collagen microtracks, (E) Average 

travelled distance of control and Girdin siRNA-treated MDA-MB-231 cells in 

microtracks over a period of more than 6 hours. (F) Comparison of average migration 

speeds and (G) directional persistence of control and Girdin siRNA-treated MDA-MB-

231 cells in 3D collagen isotropic matrices and 3D collagen microtracks.  # cells per 

treatment= 32-45, scale bars 25 µm, * represents p-value 0<0.05, ** represents p-

value 0<0.01. 

 

 

Altogether, Girdin knockdown cells become significantly less persistent compared to 

control cells in 3D microtracks (P<0.01) than Girdin knockdown cells compared to 

control cells (P<0.05) in 3D isotropic collagen matrices. 

 

Girdin knockdown alters cell shape during migration through microtracks 

Cell morphology and migration are closely interrelated cell behaviors (Carey et al., 

2012).  The cell body must modify its shape to migrate. During migration, a cell 

becomes elongated as it extends the leading edge to attach to the surrounding ECM, 

and contracts at the rear end to pull the entire cell body forward (Friedl and Wolf 

2003). Time-lapse phase contrast migration imaging demonstrates that control siRNA-

treated cells elongate their cell body during migration through microtracks, whereas 

Girdin knockdown cells were unable to elongate their cell body (Figure 3.2A). Plotting 

aspect ratio against time further demonstrates that control cells exhibit dynamic shape 

changes as they move, whereas the aspect ratio remained unchanged for Girdin 
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Figure 3.2. Knockdown of Girdin results in morphological differences. (A) Time-

lapse phase contrast images of a single control and Girdin siRNA-treated cell in a 

microtrack over a period of 120 minutes, yellow arrows and dashed outlines indicate 

the direction of migration and initial positions of cells at the beginning of migration, 

respectively; (B) Plotted aspect ratio of the same single control and Girdin siRNA-

treated cells (showed in 3C) migrating through microtracks in a total time period of 

120 minutes at 20 minutes intervals; (C)  Average    aspect   ratio     and (D) Average 

circularity of control and Girdin knockdown MDA-MB-231 cells in microtracks. Scale 

bars 25 µm, # of cells per treatment= 35, ** indicates p-value <0.01. 
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knockdown cells (Figure 3.2B). The average aspect ratio of control siRNA-treated 

cells was significantly higher than Girdin knockdown cells (Figure 3.2C) and 

correspondingly the average circularity was significantly lower for control cells 

compared to Girdin knockdown cells (Figure 3.2D). These data indicate that Girdin 

helps to maintain cell elongation and direct migration in 3D collagen microtracks. 

 

Absence of Girdin impacts cell orientation   

Previous studies performed using an in vitro wound healing assay model showed that 

Girdin is involved in determining cell polarity and orienting cells towards the direction 

of migration (Ohara et al., 2012). To test Girdin’s ability to polarize and orient cells 

within microtracks, we tracked the position of the Golgi apparatus in control and 

Girdin siRNA-treated MDA-MB-231 cells using a fluorescent Golgi tracker. The 

Golgi were consistently positioned behind the nuclei in control cells migrating through 

the microtracks, but the Golgi were not positioned behind the nuclei in the absence of 

Girdin (Figure 3.3A). In control siRNA-treated cells, the Golgi centroid was located 

further away from the nuclei centroid as the cell was able to polarize its cell body, 

whereas the Golgi centroid was located in very close proximity of the nuclei centroid 

in the absence of Girdin (Figure 3.3B). The average distance between the nuclei and 

the Golgi centroid was significantly greater within the control cells compared to the 

Girdin knockdown cells (Figure 3.3C). Altogether, our results indicate that Girdin 

enables cell elongation and affects the location of the Golgi relative to the nucleus.   
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Figure 3.3. Girdin facilitates migration by orienting cell in the direction of 

migration. (A) Time-lapse confocal fluorescence imaging of nucleus (blue) and the 

Golgi apparatus (red) positions of  migrating single control siRNA-treated (left) and 

single Girdin siRNA-treated (right) MDA-MB-231 cell over a period of 80 minutes in 

3D microtracks, white arrows indicating the direction of movement, scale bars 25µm; 

(B)  Centroid positions of nucleus and the Golgi in a representable control and Girdin 

knockdown cell relative to time; (C) Average distance between Nuclei and Golgi 

centroids in control cells is greater compared to Girdin knockdown cells, # of cells 

per treatment=12, ** indicates p-value <0.01. 
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Activation of RhoA partially restores migration in the absence of Girdin 

Girdin is known to be an actin binding protein, and depletion of Girdin has been 

showed to disrupt F- actin rearrangement (Gu et al., 2014; Wu et al., 2016). Therefore, 

we sought to focus on investigating the organization of actin filaments in siRNA-

treated MDA-MB-231 cells during migration through 3D collagen microtracks. Actin 

polymerization was impaired in Girdin-depleted cells, and the cells exhibited rugged 

boundaries compared to control cells, in which cortical actin at the periphery of the 

cells and actin stress fibers within the cells was clearly observed (Figure 3.4, A and 

B). To determine role of RhoA in the absence of Girdin, we incubated Girdin 

knockdown cells with RhoA activator and visualized formation of stress fibers and 

cortical actin in the cells (Figure 3.4C). RhoA is a small GTPase that can directly 

promote actin stress fiber formation (Qi et al., 2009). Interestingly, Girdin knockdown 

cells treated with the RhoA activator migrated significantly faster compared to 

untreated Girdin knockdown cells, but their average speed was significantly lower 

compared to control siRNA-treated cells (Figure 3.4D). Interestingly, RhoA activated 

control siRNA treated cells also migrated with significant reduced speed compared to 

untreated control cells, but higher speed compared to Girdin knockdown cells (Figure 

3.4D). The average aspect ratio and circularity of treated cells were similar to control 

cells (Figure 3.4, E and F). Overall, these data indicate that Girdin knockdown impairs 

actin polymerization and impedes cell migration ability, and these effects can be 

ameliorated by activating RhoA.  
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Figure 3.4. Activation of RhoA restores cell shape and migration in Girdin 

knockdown cells. Confocal immunofluorescence (top) and reflectance (bottom) 

images showing actin filament (red) organization of (A) control (B) Girdin 

knockdown, and (C) RhoA Activator treated Girdin knockdown MDA-MB-231 cells 

during 3D microtrack migration, Inset magnification 2X, White arrows indicate 

presence of actin stress fibers (red) in control and RhoA activator treated Girdin 

knockdown cells; (D) Average speed of control siRNA, RhoA activated control siRNA, 

Girdin siRNA and RhoA activated Girdin siRNA-treated cells during migration 

through microtrack;  (E) average aspect ratio and (F) average circularity of control 

and RhoA treated Girdin knockdown cells; # of cells per treatment = 44-45, * indicates 

p-value <0.05, ’n.s.’ indicates p-value >0.05, Scale bars= 25 µm. 
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Discussion 

In this study, we demonstrated that Girdin, a protein known to be involved in numerous 

cellular processes including cancer metastasis, regulates unidirectional MDA-MB-231 

cell migration in 3D in vitro collagen microtracks. Our results indicate that Girdin-

depleted MDA-MB-231 cells migrate with significantly slower speed and less 

directional persistence in 3D collagen microtracks compared to control cells. In 

addition, in the absence of Girdin, cells fail to achieve the elongated migratory 

morphology that is generally observed when control cells migrate through the 3D 

collagen microtracks.  Cells exhibit lower aspect ratio and higher circularity compared 

to highly migratory control cells. Similarly, Girdin-deficient cells are unable to 

polarize and orient their cell body in the direction of migration based on our analysis 

of the location of the Golgi apparatus. Furthermore, Girdin knockdown cells have 

impaired actin filament organization that can be partially restored through 

pharmacological activation of RhoA, which also partially restores migration ability in 

Girdin-depleted cells. 

 

Cell migration is a complex process that involves organization and activation of 

various internal molecular machineries within the cell. Cell body polarization and actin 

cytoskeleton remodeling are two essential processes that enable a cell to move forward 

during cell migration (Pollard and Briosy, 2003; Vicente-Manzanares, 2005; Li et al., 

2008; Gu et al., 2014; Goldstein et al. 2017).   During directional migration, cells must 

become polarized by establishing a front-rear orientation, and continuously reorganize 

the actin cytoskeleton to move the cell body forward and coordinate directed migration 
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(Pollard and Borisy, 2003; Vicente-Manzanares, 2005; Pellegrin and H. Mellor, 2007; 

Tojkander et al., 2012; Mak et al., 2015). It is well-known that Partitioning defective 

(Par) proteins constitute a signaling pathway that helps cells to polarize and orient 

themselves during migration (Goldstein et al., 2007). Interestingly, Girdin is a protein 

that not only physically interacts with Par3 to play a role in establishing cell polarity, 

but it is also an actin binding protein (Jiang et al., 2008; Ohara et al., 2012; Gu et al., 

2014). In the absence of Girdin, we observed impaired cell migration in 3D collagen 

microtracks suggesting that knockdown of Girdin impedes migration by disrupting 

cell polarization and modifying actin organization.   

 

Previous migration studies on Girdin indicate that a reduction in Girdin expression 

impairs cell migration ability in both 2D and 3D migration platforms (Ohara et al. 

2012, Gu et al., 2014,). When we compared migration within 3D collagen microtracks 

to migration within 3D isotropic collagen matrices, we found a similar result.  

Knockdown of Girdin with siRNA resulted in reduced migration speed and persistence 

in both 3D collagen isotropic matrices and 3D collagen microtracks.  However, Girdin-

depleted cells migrated with a relatively increased average migration speed in 3D 

collagen microtracks compared to the average speed of both the Girdin-depleted cells 

and the control siRNA-treated cells in 3D collagen matrices. This increased speed and 

persistence is likely because cells encounter minimal physical barriers, less resistance 

and are only allowed to move in one direction while migrating in preformed collagen 

microtracks.  However, there was no visible formation of actin stress fibers or cortical 

actin in the absence of Girdin, and cells exhibited rugged boundaries at the cell edges 
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and a more circular and non-migratory morphology. Girdin-depleted cells failed to 

reorganize actin cytoskeleton and elongate the cell body to form lamellipodia at the 

leading edge which are critical for directional cell migration (Krause et al., 2014). 

Previously, we observed that when actomyosin contractility regulators are inhibited, 

cell speed decreases in microtracks but migration is not completely stalled (Carey et 

al., 2015).  Of the inhibitors we previously tested, cell motility only stops completely 

when actin polymerization is inhibited (Carey et al., 2015). Altogether, these data 

suggest that both the architecture of the matrix and the molecular machinery in the cell 

determine the migratory phenotype of cells.  

 

The Golgi apparatus, the location of which is known to be an indicative of cell 

polarization (Hehnly et al., 2010), was not positioned away from the nucleus in the 

absence of Girdin during microtrack migration. This data supports results from a 

previous study demonstrating that the actin cytoskeleton promotes the symmetry-

breaking process, which permits the establishment of a polarized distribution of 

regulatory molecules (Li and Gundersen et al., 2008). In this study, we observed 

impairment of the actin cytoskeletal organization and Golgi positioning in Girdin-

deficient cells. The cytoskeleton structure is involved in localization of the Golgi 

within the cell body, and the Golgi orientation leads to directional cell migration 

(Millarte and Farhan et al., 2012; Egea et al., 2015). As such, these data suggest that 

Girdin contributes to directional migration in the 3D collagen microtracks by 

promoting actin cytoskeleton organization and orienting the Golgi within the cell 

body.  
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Disruption of actin polymerization results in changes to cytoskeletal dynamics and 

morphological phase transition (Mak et al., 2016). RhoA activation is known to 

directly induce actin polymerization by structurally changing the actin monomers to 

filaments and facilitate cell migration (Giehl et al., 2015; Reffay et al., 2014). Our 

results show that activation of RhoA can partially overcome Girdin-mediated 

disruption of actin stress fibers and cortical actin. Interestingly, with the activation of 

RhoA, actin cytoskeletal structural integrity was restored and cells exhibited shapes 

with higher aspect ratio and less circularity, more closely resembling control cells. 

However, despite these cytoskeletal and morphological changes, cells were only 

partially able to increase average migration speed with RhoA activation. Additionally, 

we observed that activation of RhoA impeded migration speed of control siRNA 

treated cells. This result is consistent with previous studies, where authors 

demonstrated that excessive Rho activity can inhibit cell migration by increasing stress 

fiber formation, adhesion and preventing focal adhesion turnover (Besson et al., 2004). 

In the absence of Girdin, when actin stress fiber organization is compromised and cell 

migration is impaired, activation of RhoA helped to counteract migration inability by 

forming adequate stress fibers within the cell to partially restore cell migration. But in 

control cells, excess stress fiber formation by RhoA activation had the opposite effect 

on speed, cell migration speed was significantly reduced.  

 

Our results indicate that RhoA is only one of several important downstream effectors 

of Girdin that help in promoting cell migration. Certainly, there are other regulators 

that are affected by Girdin deficiency that could also potentially be responsible for the 
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impaired migration in the presence of RhoA. For example, STAT3 (Signal transducer 

and activator of transcription-3) is known to promote directional cell migration and is 

a central regulator of cancer metastasis (Teng et al., 2009; Pan et al., 2015). 

Interestingly, STAT3 signaling is activated by RhoA pathway, and also is enhanced 

by Girdin’s function as a guanine exchange factor, in a RhoA independent pathway 

(Debidda et al., 2005; Garcia-Marcos et al., 2015). Moreover, Girdin depletion has 

showed to reduce active RhoA (Leyme et al., 2015). In our study, activation of RhoA 

partially restored migration in the absence of Girdin, but upregulation of STAT3 can 

further promote migration in the microtracks. In addition, it would be interesting to 

examine microtubule dynamics in Girdin-deficient cells. Microtubules are important 

for directed cell migration as they are involved in maintaining cell polarization and 

orientation (Etienne-Manneville, 2013). On the other hand, Girdin contains a hook 

domain that interacts with microtubules (Kenakin, 2012). Our study indicated that 

Girdin depleted cells fail to orient Golgi Apparatus in the direction of migration. 

Further investigation of the inter-relationship between microtubules and Girdin during 

directional migration may help further elucidate the mechanism by which girdin 

mediates migration. 

 

In summary, our data suggests that Girdin helps to promote actin cytoskeleton 

organization, maintain morphological cell polarity, and enable cell migration in 3D 

collagen microtracks. In addition, RhoA activation restores cell shape and migration 

in the absence of Girdin. Our findings demonstrate a way to disrupt the directional 

migration in interstitial spaces or microtracks within the ECM by targeting Girdin
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CHAPTER 4 

Focal Adhesion Dynamics and Traction Stress Orientation Correlate 

with Cell Migration Speed in Confined Collagen Microtracks 

 
This chapter is in review 

 

Abstract 

Cancer cells navigate through a spatially heterogeneous extracellular matrix (ECM). 

The physical properties of ECM, including the degree of confinement, influences cell 

migration behavior. Here, we demonstrate that cells’ interaction with the surrounding 

local matrix in governing cell motility is dependent on the extent of cell confinement 

in in vitro three dimensional (3D) collagen microtracks. We found that cells migrate 

faster when they are ‘confined,’ in contact with all four walls (top, bottom and two 

sides) of the collagen microtrack compared to cells that are ‘partially confined’, not in 

contact with all four walls. When confined, cells exhibit smaller vinculin-containing 

focal adhesions and the focal adhesion turnover is faster. Additionally, cells exert 

traction stresses that are aligned with the microtrack wall in the direction of cell 

movement. In contrast, when cells are not in contact with all four walls (‘partially 

confined’), focal adhesion turnover is slower and traction stresses are mostly directed 

perpendicular to the microtrack wall rather than aligned with the direction of 

movement. Increasing contractility of cells in partial confinement via activation of Rho 

increases focal adhesion turnover rate, reorients traction stresses in the direction of 



 
 
 
 

78 

migration and increases cell migration speed.  In contrast, when cells are fully 

confined, traction stresses become oriented more perpendicularly to the direction of 

motion and cell migration speed decreases. Altogether, these results illustrate how 

focal adhesion dynamics, traction stresses, and overall migration are regulated by the 

extent of confinement in 3D matrices. 

 

Introduction 

Spatial heterogeneity is a hallmark of the tumor microenvironment, and is particularly 

important in metastatic cancer cell migration. The stromal matrix is composed of 

complex, permeable structures where pore sizes range from 1 to 20 µm in diameter 

(Wolf et al., 2009; Paul et al., 2016a). Moreover, metastatic cells are able to maneuver 

through the stroma, creating tunnel-like channels within the matrix using proteases 

(Friedl et al., 2011). However, the mechanisms cells employ to move through these 

channels are still not well understood. 

 

Several models have recreated these three-dimensional tracks in vitro (Mak et al., 

2011; Pathak and Kumar, 2012; Tong et al., 2012; Paul et al., 2016a; Paul et al., 

2016b). Polydimethylsiloxane (PDMS) is a widely-used polymer that is molded to 

simulate three-dimensional (3D), single-cell microchannels with variable stiffness 

ranges, while polyacrylamide (PA) gels are similarly used for their versatility and 

tunability (Chiu et al., 2000; Irima and Toner, 2009; Rolli et al., 2010; Heuzé et al., 

2011; Mak et al., 2011; Pathak and Kumar, 2012; Lautscham et al., 2015). These 
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models have revealed distinct behaviors of migratory cells depending on the degree of 

confinement.  When bound in channels molded from PA gels, cells in narrow channels 

moved significantly faster than those in wider channels, adopting a more amoeboid-

like movement (Pathak and Kumar, 2012). On the other hand, decreased and biphasic 

behavior in cell speed was observed for cells in decreasing sized PDMS channels 

(Hung et al., 2013; Lautscham et al., 2015; Liu et al., 2015). Furthermore, cells exhibit 

smaller or reduced presence of focal adhesion (FA) in narrow confined PDMS channel 

(Balzer et al., 2012; Liu et al., 2015). Interestingly, these focal adhesions vary in size 

and intensity, and little is known about their mechanism of formation and traction force 

transmission during cell migration in 3D tube-like channels (Beningo et al., 2001). 

Although it is clear that focal adhesions are important to anchor cells to the matrix, 

little is known about active traction forces that might be transmitted through these 

structures to propel cell movements in confined spaces.  

 

Most studies on cell migration in confined channels have been performed using PDMS 

or PA gels with comparatively higher stiffness than native tissue (Chiu et al., 2000; 

Mak et al., 2011; Pathak and Kumar, 2012), making it difficult to quantify cellular 

traction stress as these materials can be impervious to deformation by cells. Moreover, 

these systems lack several other key features of the in vivo microenvironment 

including similar adhesive site presentation and fiber structure. Therefore, in this 

study, we utilized our previously developed 3D collagen microtrack platform 

(Kraning-Rush et al., 2013).  This system allows us to create channels in fibrous 
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collagen to more closely mimic physiological conditions and tune channel dimensions 

and wall stiffness while also permitting quantification of matrix deformations due to 

cellular traction stresses.  We introduced microbeads to the collagen surrounding the 

microtracks, enabling the quantification of cell-induced matrix strains. In this study, 

we focused on studying cell behavior in two types of confinement within the 

microtrack- ‘confined’ and ‘partially confined’. We define cells as ‘confined’ as a cell 

is in contact with all four walls - top, bottom and two side walls -- of the collagen track 

during migration, and we define ‘partially confined’ as when a cell contacts some 

fraction of, but not all of, the four of the walls. We examined cell speed, matrix 

deformations as a marker of traction stresses, and focal adhesion structure and 

dynamics as a function of confinement within the collagen microtracks, providing 

further insight to the mechanisms of cancer cell migration in 3D microenvironments.  

 

Materials and Methods 

Cell culture and reagents 

Highly metastatic breast adenocarcinoma cells, MDA-MB-231 (HTB-26, ATCC, 

Manassas, VA) were maintained at 37°C and 5% CO2 in Dulbecco’s Modified Eagle’s 

Medium (DMEM, Life Technologies, Grand Island, NY) supplemented with 10% fetal 

bovine serum (FBS; Atlanta Biologicals, Flowery Branch, GA) and 1% penicillin–

streptomycin (Life Technologies). For a subset of experiments, MDA-MB-231 cells 

were incubated in complete medium supplemented with 0.5 μg/ml Rho Activator II 

(CN03-A; Cytoskeleton, Inc.; Denver, CO). 
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DNA constructs and lentiviral transductions  

The lentiviral vector, pRRL-vinculin-EGFP was created by replacing venus from 

pRRL-vinculin-venus (Addgene plasmid # 111833) with EGFP from pHIV-EGFP 

(Addgene plasmid #21373; deposited by Bryan Welm and Zena Werb). EGFP was 

amplified by PCR using forward and reverse primers, 

ccgattagaattcatggtgagcaagggcgagga and ttacttgtacagctcgtccatgcctctagataatcgg, 

respectively. EGFP was then inserted using XbaI and EcoRI cloning sites. pRRL-

vinculin-EGFP lentiviral particles were prepared by transient transfection of 

HEK293T cells with the lentiviral expression vector and second generation packaging 

constructs psPAX2 and pMD2.G using TransIT-LT1 according to manufacturer's 

instructions (Mirus). Lentiviral particles were harvested from HEK293T media at 48 

h and 72 h post-transfection, concentrated 100-fold with Lenti-X Concentrator 

(Clontech, Mountview CA), and used for stable cell transduction in the presence of 8 

μg/mL polybrene.  

 

Three-dimensional microtracks fabrication 

Collagen microtracks were prepared as previously described (Kraning-Rush et al., 

2013., Carey et al., 2015; Rahman et al., 2016). In brief, a silicon wafer mold was used 

to cast poly(dimethylsiloxane) (PDMS; Dow Corning) stamps by curing crosslinker 

and monomer (1:10 ratio) at 60oC for 2 hours.  Acid-extracted type I collagen stock 

solution (10 mg/ml) from rat tail tendons was diluted to 3 mg/ml concentration using 

ice-cold complete culture medium and neutralized with NaOH. PDMS stamps were 
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lightly coated with neutralized collagen solution, inverted over a drop of neutralized 

collagen solution and allowed to polymerize for 90 min at 37°C. PDMS stamps were 

removed, and MDA-MB-231 cells were seeded onto patterned collagen at a low 

density of 70,000 cells/ml to minimize cell-cell interactions. Patterned collagen 

matrices were closed from top with a collagen layered glass coverslip to form 3D 

collagen microtracks. Final length and depth of the collagen microtracks were 1000μm 

and 15μm respectively. Straight longitudinal microtracks were created with widths of 

5μm, 10μm, 15μm and 20μm, and tapered microtracks with a 20μm to 5μm wide 

spatial gradient. Collagen microtracks were prepared on plastic bottom 6-well plates 

for phase-contrast imaging and glass bottom 6-well plates with no. 1.5 cover glass 

(Cellvis) for confocal imaging. For the matrix displacement study, 0.5-μm-diameter 

carboxyl-modified fluorescent polystyrene beads (Invitrogen, Grand Island, NY) were 

dispersed in neutralized collagen solution prior to polymerization. 

 

Time-lapse and confocal microscopy 

Time-lapse phase contrast imaging was performed on a Zeiss Axio Observer Z1 

inverted microscope equipped with a Hamamatsu ORCA-ER camera using a 10x/0.3 

NA objective and operated by AxioVision software. MDA-MB-231 cells were imaged 

every 20 minutes for 12 hours. Prior to all time-lapse imaging, cells were incubated in 

complete media for 4-6 hours to allow for cell adhesion and spreading. Rho Activator 

II was added to complete media, where indicated. Confocal reflectance was performed 

a Zeiss LSM800 inverted confocal microscope equipped with a 40x/1.1 NA long 
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working distance water-immersion objective. To observe vinculin, vinculin-EGFP 

expressing MDA-MB-231 cells were imaged at 0.50μm z axis intervals. Prior to 

imaging, cells were fixed with 3.2% paraformaldehyde, permeabilized with 1% 

TritonX-100, and washed with PBS/0.2% tween to remove cytoplasmic background 

noise. For Fluorescence Recovery after Photobleaching (FRAP) experiments, confocal 

images of vinculin-containing focal adhesion (FA) sites at the leading and rear edge 

of the cells were initially recorded with low laser power at 0.5–1% of the intensity of 

the 488-nm line followed by photobleaching of a 1.0 μm2 area in FAs at 60% laser 

power for 10 iterations. The fluorescence recovery was then followed with low laser 

power at 1 second intervals until the fluorescence intensities recovered to a plateau. 

To track fluorescent bead displacement, time-lapse confocal fluorescence imaging was 

performed every 20 minutes for 12 hours at 0.50 z intervals using a 20x/0.8 NA 

objective. All live-cell imaging was performed in an environmental chamber 

maintained at 37oC and 5% CO2. 

 

Migration analysis 

In 3D collagen microtracks, cell migration speed was calculated by averaging the 

distance between cell centroids (from frame to frame in the time-lapse series) and 

dividing by the total time step. Cell centroid position was determined by outlining cells 

in ImageJ (version 1.49b, National Institutes of Health, Bethesda, MD). Speed 

measurements were taken over a minimum of 6 hours. Cells that divided or interacted 

with other cells during migration were excluded from analysis. 
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3D focal adhesion structure analysis 

Confocal z-stack images of vinculin-EGFP expressing MDA-MB-231 cells were 

converted to maximum intensity 3D-projections and subjected to a top-hat filter and a 

median filter using ImageJ to extract focal adhesion structures. After thresholding the 

3D construct, focal adhesion number was quantified with the ImageJ 3D object 

counter. Focal adhesion volume and cell volume were calculated by counting voxel 

number (20). Quantified cells were randomly selected to exclude selection bias. 

 

Fluorescence Recovery after Photobleaching (FRAP) analysis 

Confocal images of FRAP time series were transferred to ImageJ and adjusted for 

photobleaching to analyze FRAP kinetics. Background was subtracted, and corrected 

recovery fluorescence intensities were normalized to pre-bleach intensity. To calculate 

half recovery time (t1/2) and recovery rate (k), the normalized recovery data were fitted 

to one phase association model using Prism 7.0 software by Graphpad.  

 

Measurement of bead and matrix displacement  

To quantify bead displacement, initial bead positions were monitored in cell-free 

collagen microtracks and final cell-induced displacement was tracked using the 

Trackmate plugin in ImageJ. In Trackmate, the median filter was used to automatically 

detect fluorescent beads and the track analysis function was utilized to quantify 

maximum distance and path length travelled by the beads, average bead speed, and 

bead displacement angle. For bead displacement angle measurements, 0o angle was 
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considered parallel to the microtrack side walls and 90o angle was perpendicular to 

side walls. 

 

Statistical analysis 

Data in graphical form are presented as the mean ± SE, box-and-whisker plots, or 

histograms. Statistical analysis was conducted using GraphPad Prism 7.0. Normality 

in the spread of data for each experiment was tested using the D’Agostino–Pearson 

omnibus normality test. To evaluate statistical significance, analysis of variance 

(ANOVA) with a Tukey’s honestly significant difference (HSD) test to compare more 

than two groups and two-tailed Student’s t-tests were used to compare two groups. 

Non-parametric Kolmogorov–Smirnov test (KS test) was used to compare focal 

adhesion volume distribution between confined and partially confined cell groups. 

Statistical significance was considered with a p-value <0.05. All data are 

representative of a minimum of 3 replicate studies. 

 

Results 

Increased cell-matrix contact increases cell migration speed 

To understand the effects of spatial confinement in cancer cell migration, we created 

uniform width straight in vitro microtracks molded into collagen with widths of 5µm, 

10µm, 15µm and 20µm (Figure 4.1A) to expose cells to the range of pore sizes found 

in the body (Wolf et al., 2009; Weigelin et al., 2012; Tadeo et al., 2016). Cells within  
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Figure 4.1 Cell migration speed depends on the extent of confinement (A) Confocal 

reflectance images of 5µm, 10µm, 15µm, and 20µm width collagen microtracks; (B) 

Phase contrast  images of 5µm, 10µm, 15µm, and 20µm width microtracks with single 

MDA-MB-231 cells; (C) Percentage of MDA-MB-231 cells that are either partially 

confined or confined by all four walls as a function of channel width; (D) Average 
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migration speed of MDA-MB-231 cells during migration in 5µm, 10µm, 15µm, and 

20µm width sized microtracks, n =35-50 cells; (E) Confocal reflectance image of a 

tapered collagen microtrack with decreasing width ranging from 20 µm to 5 µm, Scale 

bar = 25 µm; (F) Time-lapse phase contrast images and (G) migration speed of a 

single MDA-MB-231 cell when partially confined and confined by all four walls within 

the tapered microtrack; black dotted line indicates the switch in confinement; (H) 

Average migration speed of MDA-MB-231 cells when partially confined and confined 

by all four walls, n = 47 cells; * indicates p value < 0.05; n.s. indicates non-significant 

difference. 

 

 

the microtracks were either ‘confined’ and contacted all four walls of the microtrack 

or ‘partially confined’ depending on microtrack widths (Figure 4.1B).  In uniform 

width microtracks, over 90% of the cells contacted all four walls in the narrowest 5µm 

width microtrack, while only 20% in 20µm width microtracks (Figure 4.1C).  In 10µm 

and 15µm width microtracks, approximately 50% of the cells contacted all four walls 

of the microtrack during migration (Figure 4.1C). Notably, average cell migration 

speed significantly increased when cells were confined by all four walls during 

migration compared to cells that were partially confined regardless of the width of the 

microtracks (Figure 4.1D). Furthermore, we created tapered microtracks with 

decreasing width from 20µm to 5µm (Fig. 1E), and observed cell migration behavior 

from the wider to the narrower region (Figure 4.1F) to investigate whether cells switch 

migration speed as they become confined and contact all four walls. Indeed, cells in 

tapered tracks exhibited higher migration speed in the narrower region of the 
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microtracks when they contact all four walls compared to cells that are in wider regions 

of the tracks (Figure 4.1, G and H). These data suggest that increased confinement 

facilitates cell migration.  

 

Cells exhibit increased number of smaller vinculin-containing focal adhesions 

when confined in tracks  

To investigate cell adhesion behavior in confinement, we studied vinculin adhesion 

structures when cells were ‘confined’ and ‘partially confined’ within the microtracks. 

We examined vinculin-EGFP localization when cells were confined by all four walls 

and partially confined (Figure 4.2A). There were no significant differences in the 

number of vinculin-containing focal adhesions, average focal adhesion volume, or cell 

volume (Figure 4.2, B, C and D). Interestingly, focal adhesion volume probability 

distribution is affected by confinement. We found significant differences in focal 

adhesion volume of less than 0.4µm3 in cells within two different confinements (Figure 

4.2E).  Cells exhibited a significantly increased number of smaller volume (<0.4µm3) 

focal adhesions when confined by all four walls (Figure 4.2E). Altogether, we found 

that there was no significant difference in the average focal adhesion volume and focal 

adhesion number, but a significant difference in focal adhesion size distribution. These 

data indicate that a larger percentage of focal adhesions in cells that are confined 

within microtracks are small compared to the cells that are partially confined.  
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Figure 4.2 Vinculin-containing focal adhesion size varies based on confinement. 

(A) Confocal reflectance (top) and fluorescent images (bottom) of single cells when 
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partially confined and confined by all four walls within the microtracks,  green 

represents vinculin-containing focal adhesion protein, XY, ZX and YZ represent top, 

side and front view of microtrack respectively, 5x inset magnification, white 

arrowheads indicate individual focal adhesion; scale bars= 25µm; (B) Number of 

focal adhesion, (C) average focal adhesion volume and (D) cell volume when partially 

confined and confined by all four walls in microtracks; (E) Cumulative distribution 

probability from Kolmogorov–Smirnov (K-S) test when cells are partially confined 

and confined by all four walls, inset 2x magnification, black double head arrow 

indicates,  n = 44 cells, ** indicates p value < 0.01; n.s. indicates non-significant 

difference. 

 

 

Vinculin-containing focal adhesion turnover is faster when confined 

Given that there is a difference in focal adhesion size distribution depending on cell 

confinement and a linkage between focal adhesion size, lifetime, and dynamics 

(Parsons et al., 2010; Berginski et al., 2011; Stehebens and Wittmann, 2012), we 

investigated the kinetics of vinculin in focal adhesions. We examined vinculin 

turnover at the leading and rear edge of the cells via fluorescence recovery after 

photobleaching (FRAP) when cells were ‘confined’ and ‘partially confined’ within the 

microtracks (Figure 4.3A). Half recovery time (t1/2) decreases and recovery rate (k) 

increases when cells are confined by all four walls, suggesting a faster focal adhesion 

turnover rate (Figure 4.3, B, C and D). These data suggest the extent of cell 

confinement in tracks affects focal adhesion turnover rate, and the turnover rate 

correlates with migration speed: cells move faster and exhibit increased focal adhesion 

turn-over rate when confined by four walls of a track.  
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Figure 4.3 Vinculin-containing focal adhesion turnover in confinement. (A) Time-

lapse sequence illustrating vinculin-EGFP Fluorescence Recovery after 

Photobleaching (FRAP) kinetics when cells are partially confined and confined by all 

four walls within microtracks, white arrowheads indicate the FRAP site, time is in 

seconds; (B-D) FRAP kinetic analysis showing (C)  half recovery time (t1/2) and (D) 

recovery rate (k) related to the graphs in B. Data are fitted to one-phase association 

model, n = 16 cells, 22 FAs, scale bar = 2µm, ** indicates p-value < 0.01; * indicates 

p value < 0.05. 
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Magnitude and direction of traction stress vary based on confinement 

Focal adhesions form foci at which forces are exerted by the cell on the substrate 

(Miyamoto et al., 1995; Burrdidge et al., 1996; Schoenwaelder and Burridge, 1999). 

Given that focal adhesion dynamics and size can affect traction stress generation (Rape 

et al., 2011; Stehbens and Whittmann, 2014), we measured collagen matrix 

deformation by determining cell-induced fluorescent bead displacement during 

‘confined’ vs. ‘partially confined’ migration (Figure 4. 4A). We quantified maximum 

distance travelled by beads, maximum displacement of bead path length, and bead 

displacement angle (Figure 4.4B). As expected, beads located closer to the track wall 

travel longer distance compared to the beads further away from the wall. Interestingly, 

however, cells that were confined by all four walls displaced beads to a significantly 

greater extent compared to cells that were not (Figure 4.4, C and D), suggesting they 

are exerting higher forces. Similarly, the bead displacement track path and bead speed 

were significantly higher when cells were confined by all four walls (Figure 4.4, D 

and E). Notably, bead displacement angle was parallel to the microtrack wall (closer 

to 0 degree) and in the direction of cell movement when cells were confined by all 

four walls during migration compared to partially confined cells, where the beads tend 

to moved perpendicularly to the microtrack side wall and direction of cell motion 

(Figure 4.4, F and G). These results indicate that cellular forces exerted by cells are 

greater and more aligned to the direction of migration when cells are confined by all 

four walls during microtrack migration. 
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Figure 4.4 Orientation and magnitude of cell-generated matrix deformation are 

dependent on the extent of confinement. (A) Time-lapse phase contrast and 
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fluorescent images showing bead location before (top) and after (bottom) cell 

migration into microtracks when partially confined and confined by all four walls, 

yellow dotted lines represent microtrack walls, blue dots represent bead position, 

green arrowheads indicate bead displacement, white lines represent cell outlines; (B) 

Schematic of the parameters used to quantify matrix deformation by measuring 

displacement of 0.5-μm-diameter carboxylated polystyrene beads during cell 

migration in 3D collagen microtracks; (C) Distance travelled by  beads as a function 

of their position from the microtrack wall; (D) Maximum distance travelled by the 

bead; (E) path length travelled by beads and (F) average bead speed; (G-H) 

Distribution of bead displacement angle during single cell migration when partially 

confined and confined by all four walls; * indicates p value < 0.05; n= 8 cells and a 

total of >100 beads were tracked; Scale bars = 25µm. 

 

 

Contractility alters cell migration behavior in confinement  

Our results indicate adhesion turnover rate and cellular contractility are affected by the 

degree of confinement. Given that contractility modulates assembly of vinculin-

containing focal adhesions and directs traction force generation (Lemmon et al., 2009; 

Dumbauld et al., 2010, Rothenberg et al., 2018; LaCroix), we asked whether 

alterations to cell contractility would differentially modify migration behavior 

depending on the extent of microtrack confinement. We treated cells with Rho 

Activator II to increase cell contractility. With Rho Activator II treatment, cell 

migration speed significantly increased when ‘partially confined’ and decreased when 

‘confined’ by all four walls compared to their respective controls (Figure 4.5A).  

Interestingly, with Rho activation, focal adhesion turnover significantly increased  
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Figure 4. 5 Activation of Rho alters cell migration behavior in confinement. (A) 

Average cell migration speed, n= 15-45 cells; (B-C) Vinculin-EGFP FRAP kinetics, 

n= 17-21 cells, 27-31 FAs and (D) bead displacement, n= 6-8 cells and a total of >100 

beads were tracked; with Rho treatment when cells were partially confined and 

confined by all four walls within the microtrack. n.s. indicates non-significant 

difference; * indicates p value < 0.05. 

 

 

when cells were partially confined, but no change in turnover rate was observed when 

cells were confined by all four walls (Figure 4.5, B and C). Of note, with increased 

contractility, bead displacement angles were more aligned and parallel to the direction 
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of movement when cells were partially confined, and they were oriented 

perpendicularly to the microtrack walls towards the cell body when cells were 

confined by all four walls compared to their respective controls (Figure 4.5D). These 

data suggest that the differences in contractility-dependent changes in migration speed 

during confined migration may be related to alterations in focal adhesion dynamics 

and traction stress orientation.  

 

Discusssion 

In this study, we describe how physical confinement governs cell motility in 3D 

collagen microtracks by altering focal adhesion dynamics and traction stress 

orientation. When cells are ‘confined’, in contact with all four walls (top, bottom and 

two sides), cell migration speed increases compared to cells that are partially confined. 

Our results show that, when confined by all four walls, cells exhibit smaller focal 

adhesions as well as faster focal adhesion turnover rate, revealed by fluorescence 

recovering after bleaching (FRAP) analysis. Most interestingly, we find that 

magnitude and direction of traction stress are a function of the extent of cell 

confinement. Cellular forces are oriented parallel to the direction of cell motion in 

confined spaces where cell migration speed is higher.  Furthermore, when cells are 

partially confined and cell contractility is pharmacologically increased via Rho 

activation, we observe switch in cell migration speed, focal adhesion dynamics, and 

traction stresses that mimics that behaviors of cells that are confined by all four walls 

without Rho activation. Altogether, this study suggests that cells exhibit distinct 
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migration behaviors based the extent of confinement that correlates with adhesion 

dynamics and traction stresses. 

 

In examining the effects of physical constraint on cell adhesion, we observe faster 

vinculin-containing focal adhesion turnover when cells are confined by all four walls 

in the microtracks. Vinculin is a key element in the molecular clutch that links cellular 

cytoskeleton to the extracellular matrix (Hu et al., 2007; Thievessen et al. 2013; 

Goldmann, 2016; Rothenberg et al., 2018). When cells are confined by all four walls 

of the microtrack, they are fully spread, and the cytoskeleton is presumably linked to 

all four walls via vinculin-containing focal adhesions. Prior work has shown that the 

spatiotemporal organization of proteins within focal adhesion complex regulate their 

activity and function (Case et al.; 2015). Together with our findings, these results 

suggest that the spatial distribution of vinculin-containing focal adhesions over the 

entire cell body may have coordinated cytoskeletal organization that triggers faster 

focal adhesion turnover and promotes faster migration speed by generating leading-

edge protrusions.   

 

Cells form increased numbers of smaller vinculin-containing focal adhesions when 

confined by all four walls. Of note, it has been showed that small, nascent focal 

adhesions exhibit larger traction forces to propel the cell body forward (Beningo et al., 

2001). We measured bead displacements as a metric of traction stresses via matrix 

deformation by cells and observed greater displacements when cells were in contact 
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with all four walls (Bloom et al., 2008; Gjorevski et al., 2012). This result is consistent 

with the finding that smaller focal adhesions exert larger traction forces (Beningo et 

al., 2001). More notable, however, when cells are confined by all four walls the 

orientation of traction stress is along the migratory axis, whereas traction stresses are 

less directed when cells are partially confined. Direction of traction stress has been 

reported to be correlative with cell migration (Koch et al., 2012; Lange et al., 2013), 

as cell tractions are directed along the particular migration path to facilitate efficient 

cell migration (Koch et al., 2012). Similarly, here we found increased migration speed 

when confined by all four walls where larger magnitude of traction stresses are 

directed along the migratory axis.  The underlying mechanism driving oriented traction 

stresses in confined cells is not yet clear, but nonetheless, these data suggest that cells 

in contact with multiple walls are able to exert higher, more efficient tractions to drive 

faster motion. 

 

Previous studies indicate that contractile force is required during 3D migration, and 

could be matrix confinement-dependent (Doyle et al., 2009; Wolf et al., 2013; Riching 

et al., 2015; Lautscham et al., 2015). Indeed, we find that the increased contractility 

via Rho activation leads to increased speed in partial confinement compared to non-

treated controls when cells were partially confined. Moreover, we observe faster focal 

adhesion turnover and more oriented traction stresses along with increased migration 

speed. Our data suggest, when cells are partially confined, increased contractility aids 

cell motility via alteration in adhesion dynamics and traction generation compared to 
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the non-treated counterparts. Surprisingly, adhesion turnover was not sensitive to Rho 

activation when cells were confined by all four walls, although we observed a decrease 

in speed and less directed traction stresses along the migratory axis compared to their 

respective controls. Studies show that Rho activation assembles adhesion protein 

complexes that includes vinculin (Dumbauld et al., 2010; Zhang et al., 2012). In our 

study, Rho activation may have guided vinculin-containing focal adhesion dynamics 

when cells were confined by all four walls, and we observed adhesion turnover that 

was similar to control condition. However, with Rho activation, cells generated 

traction stresses that were directed towards cell body rather than direction of 

movement, which may have contributed to reduced migration speed. Altogether, these 

findings suggest that the orientation of traction stresses may affect cell migration speed 

when cells are confined within the microtrack. 

 

In summary, our data indicate that the extent of confinement can alter adhesion 

dynamics, traction force magnitude, and traction directionality to drive faster 

migration. 
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CHAPTER 5 
 

Energetic Requirements and Cell Compliance Regulate Directional 

Decision- making in Confined Microtracks 

 

Portions of the data in this chapter were contributed by Matthew Zanotelli  

and Jacob VanderBurgh, and in review 

 
 
Abstract 

During cancer metastasis, cancer cells migrate through various spatial dimensions 

within the stromal extracellular matrix (ECM). Heterogeneity of spatial confinement 

is known to impact cell migration behavior. Here, we show that MDA-MB-231 cell 

migration through confined spaces depends on cell compliance and cells’ energy 

requirement. To study the effects of spatial confinement on cell migration behavior, 

we utilize an asymmetric width Y shaped bifurcated in vitro 3D collagen microtrack. 

We find that cells choose the direction, where they experience less confinement and 

physical resistance. Additionally, cell migration direction changes with change in cell 

compliance when cells are treated with pharmacological activators, inhibitors and 

siRNAs. Increased cell compliance allows cells to migrate through narrower confined 

spaces.  We also find that the energy requirement of cells varies based on the 

confinement. Cells require higher energy to migrate through narrower spaces, and they 

migrate in the direction that reduces energetic costs. 
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Introduction  

After disseminating from the primary tumor, metastatic cancer cells migrate through 

complex fiber networks within the Extracellular Matrix (ECM). ECM is highly 

heterogeneous spatially, which is consisted of wide and narrow pores, cross-sections 

or pre-existing tunnel-like gaps that typically range from 3 to ~30µm in width (Wolf 

et al., 2009, Weigelin et al., 2012, Tadeo et al. 2016). Physical properties and 

dimensionality of the ECM is known to modulate intracellular cell signaling and 

cancer cell migration behavior (Wolf et al. 2013, Hung et al. 2016, Paul et al. 2017). 

Cells adapt in a spatially controlled microenvironment to the space available without 

significant tissue remodeling or degradation when it becomes challenging for cells to 

go through narrower pores (Charras et al. 2014, Stroka et al. 2015). Understanding 

microenvironment-dependent intracellular molecular mechanisms that govern cell 

migration in narrower confined spaces is essential to comprehend the earlier steps of 

cancer metastasis. 

 

Reprogramming of energy metabolism has been added as one of the hallmarks of 

cancer in the last decade (Hanahan and Weinberg 2011). Cancer cells rewire their 

metabolism and produce ATP at a faster rate by consuming glucose, a phenomenon 

called ‘Warburg effect,’ to fulfill energy demands for cellular activities such as 

growth, proliferation, cell signaling, cytoskeletal remodeling and migration 

(Bershadsky et al., 1983, Locasale et al. 2011; Wellen et al. 2012, Han et al. 2013, 

Liberti et al. 2016). Importantly, cancer cell migration is an energy expensive process 
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(Schuler et al. 2017). Previous studies show that cells need to fulfill localized energy 

demands at the cell leading edge during migration in 3D matrix invasion (Cunniff et 

al. 2016). Interestingly, our very recent study by Zanotelli et al.  gives us insight into 

cell’s energy requirement during migration in different matrix architecture. Cellular 

energy demands increase with increasing matrix density as it gets harder for cells to 

migrate through denser matrix, and energy demand decreases during migrate through 

aligned collagen matrices as aligned matrices favor more directional cell migration 

(Zanotelli et al., 2018).  

 

Additionally, studies indicate that cytoskeletal remodeling, dissolution of actin stress 

fibers and depolymerization of actin filaments increase cell migration through narrow 

pores (Seltmann et al, 2013, Acconcia et al. 2006).  It is also known that metastatic 

cancer cells are more compliant than their non-metastatic cells (Guck et al. 2005, Cross 

et al. 2007; Li et al., 2008, Lin et al., 2015) and may allow migration through confined 

spaces. However, the cellular mechanisms behind cell migration through narrower and 

wider pre-existing confined interstitial spaces still remain unclear. 

 

In this study, we hypothesized that cell migration through wider or narrower confined 

spaces depends on cell compliance and energy requirement. To test our hypothesis, 

we created in vitro Y-shaped bifurcated 3D collagen microtracks consisting of a wider 

and narrower branch. We investigated cells’ direction decision-making ability to a 

narrower and wider branch and found that cells prefer to choose the path of least 
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physical resistance, and more complaint cells are able to migrate through narrow 

confined spaces more frequently. Additionally, we revealed that physical confinement 

regulates cells’ energy requirements. Cell’s energy needs increases when they migrate 

through narrower branches, but more complaint cells are able to migrate towards the 

narrower branch more frequently as the energy requirement is less. Together, these 

findings provide insight into the role of energetics in migration and demonstrate that 

energetic costs determine a cell’s ability to navigate complex environments. 

 

Materials and Methods 

Cell culture and reagents.  

Highly metastatic MDA-MB-231 breast adenocarcinoma cells (HTB-26, ATCC) were 

maintained at 37°C and 5% CO2 in Dulbecco’s Modified Eagle’s Medium (DMEM, 

Life Technologies) supplemented with 10% fetal bovine serum (FBS; Atlanta 

Biologicals) and 1% penicillin–streptomycin (Life Technologies). For ATP:ADP 

studies, MDA-MB-231 cells were transduced with PercevalHR and pHRed as 

previously described (Zanotelli et al., 2018). For studies manipulating cell compliance 

using pharmacological agents targeting cell contractility, cells were treated with 1.25 

μg/ml Rho Activator II (CN03, Cytoskeleton), 1 nM Calyculin A (Sigma-Aldrich), 10 

μM Y27632 (VWR), 20 μM ML7 (EMD Millipore), 5 mM methyl-β-cyclodextrin 

(MβCD; Sigma-Aldrich), or their appropriate vehicle controls. All cell lines were 

tested and found negative for mycoplasma contamination.  
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Small interfering RNA (siRNA)-mediated knockdown of Caveolin-1  

MDA-MB-231 cells were transfected with 25 nM of scrambled control siRNA 

oligonucleotides (5`-UUCCUCUCCACGCGCAGUACAUUUA-3`), or 25 nM of 

Caveolin-1 siRNA oligonucleotides (5ʹ-GGGACACACAGUUUUGACGUU-3ʹ) 

using 2 µg/ml Lipofectamine 2000 (Invitrogen) in Opti-MEM transfection medium 

(Life Technologies). siRNA-mediated knockdown was confirmed by performing 

western blot 72 h post-transfection. MDA-MB-231 cells transfected with siRNAs were 

lysed using preheated (at 90°C) 2x Lammeli sample buffer after a quick rinse with ice-

cold phosphate buffer saline (PBS) as described previously (Huynh et al.; 2013). 

Briefly, cell lysates were subjected to sodium dodecyl sulfate (SDS)-polyacrylamide 

gel electrophoresis with a Mini-PROTEAN Tetra System (Bio-Rad) and electro-

transferred onto a polyvinylidene difluoride (PVF) membrane. Blots were probed 

using polyclonal antibody against Caveolin-1 (Thermo Fisher Scientific) and 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH; MAB374, Millipore). Anti-

rabbit horseradish peroxidase (HRP) conjugated secondary antibody (Rockland) was 

used against primary antibodies. After incubation with SuperSignal West Pico 

Chemiluminescent Substrate (Thermo Fisher Scientific), blots were exposed and 

imaged using a FujiFilm ImageQuant LAS-4000. 

 

Fabrication of collagen microtracks 

Tapered and Y-shaped 3D collagen microtracks were prepared using micropatterning 

techniques. Photolithography was utilized to fabricate a 100 mm diameter silicon 
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wafer mold consisting of an array of tapered wells with a 20 μm to 5 μm wide spatial 

gradient, and Y-shaped wells with a 15 μm wide lateral track bifurcating to 12 μm and 

7 μm wide branches. End-to-end length of the tapered microtrack and the lateral track 

or branches of the Y-shaped microtrack were 1000 µm and 400 µm, respectively. All 

designs were created by L-Edit CAD software and transferred to chrome layered 

photomasks using a DWL2000 mask writer (Heidelberg Instruments). SU-8 25 

negative photoresist (MicroChem) was spun to thickness of 25 µm on a silicon wafer, 

pre-baked, and exposed to i-line UV-light (365 nm) using a contact aligner (ABM-

USA, Inc.) equipped with a 350 nm long-pass filter. Following post-exposure bake, 

the photoresist was developed using SU-8 developer (MicroChem) and treated with 

(1H,1H,2H,2H-Perfluorooctyl) Trichlorosilane as an anti-stiction coating. The silicon 

wafer mold was used to cast poly(dimethylsiloxane) (PDMS; Dow Corning) stamps 

by curing a ratio of 1:10 crosslinker to monomer at 60oC for 2 h. Using the PDMS 

stamps, type I rat tail collagen was micromolded using a working collagen solution of 

3.0 mg/ml from a 10 mg/ml collagen stock solution by diluting with ice-cold complete 

media and neutralizing the solution to pH 7.0 by adding 1N NaOH, as described 

previously (Kraning-Rush et al. 2013). Collagen microtracks were prepared on plastic 

bottom 6-well plates for phase-contrast imaging and glass bottom 6-well plates with 

no. 1.5 cover glass (Cellvis) for confocal imaging.  
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Microtrack migration decision-making 

For all 3D collagen microtrack migration experiments, cells were allowed to adhere 

for 6 h after seeding at a density of 70,000 cells/ml. For cell migration decision-making 

studies in Y-shaped microtracks, all pharmacological agents were added with fresh 

complete media immediately prior to time-lapse imaging, except for Rho Activator II 

and MβCD, which were added with complete media after seeding. For the MβCD 

treatment, seeded cells were incubated with MβCD for 4 h and then replaced with 

fresh complete cultured media prior imaging to avoid interference with cell viability 

(Yang et al., 2012; Guerra et al., 2016). All images were analyzed using ImageJ 

(version 1.47 k, National Institutes of Health). For cell migration decision-making 

studies, cells were carefully observed to determine their contact to one or two side 

walls of the track before reaching the bifurcation site. Cells that divided, interacted 

with other cells, or blocked by other cells was excluded from the analysis. For 

experiments assessing cell and matrix deformation as well as ATP:ADP ratio, cells 

were allowed to migrate in the Y-shaped microtrack for 6 h following treatments as 

described above. 

 

Phase-contrast microscopy 

To study cell migration through collagen microtracks, time-lapse phase contrast 

imaging was performed every 20 min for 12 h on a Zeiss Axio Observer Z1 inverted 

microscope equipped with a Hamamatsu ORCA-ER camera using a 10x/0.3 NA 
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objective and operated by AxioVision software. Imaging was performed in an 

environmental chamber maintained at 37oC and 5% CO2. 

 

Confocal microscopy 

PercevalHR and pHRed signal were imaged on a Zeiss LSM800 inverted confocal 

microscope equipped with a 40x/1.1 NA long working distance water-immersion 

objective. For measuring ATP:ADP ratio during time-lapse studies, a 20x/0.8 NA 

objective was used, and imaging was performed every 10 min for 12 h in an 

environmental chamber maintained at 37oC and 5% CO2. PercevalHR was excited 

using a 488 nm and 405 nm laser corresponding to the ATP–bound and ADP–bound 

conformation, respectively (Tantama et al. 2013), and emission was collected through 

a 450–550 nm bandpass filter. pHRed was excited using 561 nm and 488 nm laser, 

and emission was collected through a 576 nm long-pass filter.  

 

Confocal reflectance microscopy 

Collagen architecture was visualized using a Zeiss LSM800 inverted confocal 

microscope equipped with a 640 nm laser using a 40x/1.1 NA long working distance 

water-immersion objective and operated by Zen 2.3 software. Each collagen 

microtrack was visualized after fabrication. To account for changes in microtrack size 

during microtrack fabrication of Y-shaped tracks, only tracks within the following size 

parameters were used for this study: 15 μm track = 20-15 μm, 12 μm track = 11-13 

μm, 7 μm track = <10 μm. 
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Quantification of cell and matrix deformation. 

Cell features including minor axis, major axis, circularity, and aspect ratio were 

quantified using the measure tool in ImageJ after manually outlining the cell body. 

Elongation (aspect ratio/circularity) was calculated to assess change in cell shape and 

cell body deformation in the microtracks, as previously described (Carey et al., 2016).  

 

Quantification of PercevalHR ratiometric signal.  

Approximate removal of pH bias was performed using a pH calibration as previously 

described (Zanotelli et al., 2018). Briefly, cells were treated with 15 mM NH4Cl to 

vary intracellular pH while maintaining an approximately constant ATP:ADP ratio. 

The linear correlation between uncorrected PercevalHR (F488/F405) and pHRed 

signal (F561/F488) was established to predict pH bias in PercevalHR signal. Only cells 

in the dynamic range of the linear correlation between uncorrected PercevalHR and 

pHRed signal were used in this study. PercevalHR signal was then normalized by 

dividing the uncorrected PercevalHR by the transformed pH-corrected signal.  

 

Acquired images were analyzed and quantified in ImageJ using a customized macro. 

The mean background pixel intensity was measured and subtracted from the entire 

field of view for each channel to minimize interference from background noise. Using 

raw images, channels were then merged, subjected to a median filter (radius = 2 µm), 

and converted to a mask using a Li threshold. Pixels containing fluorescent signal were 

selected by applying the mask to background corrected images and the mean intensity 
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for each channel was calculated, which were used to quantify the normalized 

PercevalHR ratio. To assess energetic costs during migration decision-making, 

ΔATP:ADP was calculated as the ATP:ADP ratio of individual cells minus the average 

ATP:ADP ratio of cells in the 15 µm tracks. To assess energetic costs between the two 

migration paths, ΔATP:ADP 7-12 was calculated as the ATP:ADP ratio of individual 

cells in 7 µm track minus the average ATP:ADP ratio of cells in the 12 µm track.  

 

Atomic force microscopy 

AFM was performed using contact mode atomic force microscopy (MFP-3D, Asylum 

Research). For indentation testing, cells were plated on a collagen-coated glass and 

treated similarly with the pharmacological activators and inhibitors as mentioned for 

migration studies prior to probing with a silicon nitride cantilever having a nominal 

spring constant of 0.01 N/m and 4.5 µm diameter spherical polystyrene bead 

(Novascan). The spring constant of each probe was calibrated before each experiment 

and had a mean spring constant of 0.016 N/m + 0.004 N/m. Force-displacement curves 

were obtained by indenting 1-3 locations on the cell periphery at a constant force of 

500 nN and approach and retract speeds of 1 µm/s. The Young's modulus for each cell 

was determined by fitting force-displacement curves to the Hertz model assuming a 

Poisson's ratio of 0.5 using the Asylum curve fitting software. 
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Statistical analysis  

All statistical analysis was performed using GraphPad Prism 7.0. Normality in the 

spread of data for each experiment was tested using the D’Agostino–Pearson omnibus 

normality test. Statistical significance was performed using two-tailed Student’s t-test 

when two cases were compared. Statistical significance for non-normal distributed 

data was calculated using a two-tailed Mann–Whitney test. To determine significance 

in decision-making between wide and narrow migration paths, a one proportion 

calculation was performed and a Clopper–Pearson confidence interval for observed 

proportion was assessed. To determine if a curve adequately fit data or when 

comparing two curves, the extra sum-of-squares F-test was used. Pearson’s correlation 

coefficient (R) was used to determine correlation. No statistical method was used to 

predetermine sample size. All experiments were reproduced at least three independent 

times. 

 

Results 

Spatial confinement influences cell migration direction decision-making 

To recreate directional choices during cancer cell migration, we utilized a 

microfabrication technique to create Y-shaped microtracks. Microfabrication enables 

the creation of well-defined channels to study migration; however, most channels are 

molded into polydimethylsiloxane (Ambravaneswaran et al., 2010; Mak et al., 2014; 

Lautscham et al., 2015; Paul et al., 2016). Here, we created physiologically relevant, 

3D collagen microtracks (Kraning-Rush et al., 2013) thereby mimicking the complex 



 
 
 
 

111 

architecture of the native ECM and allowing for mechanoreciprocity between cells and 

the matrix, a key determinant for migration (Van Helvert et al., 2018). 

    

 
Figure 5.1. Cell direction decision-making depends on spatial confinement. (A) 

Confocal reflectance image of a tapered collagen microtrack with decreasing width 

ranging from 20µm to 5µm, scale bar= 25µm; (B) Microtrack widths when cells 

contact two side walls of the track and turn around to reverse migration direction, n 

= 20 cells; (C) Confocal reflectance image of a Y shaped collagen microtrack with a 

15µm lateral track (# 1) bifurcating into 12µm (# 2) and 7µm branched track (# 3) 

(top panel) and phase contrast image of a single cell (denoted by arrowheads) at the 
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site of bifurcation in the Y shaped microtrack (bottom panel), Scale bars = 100 µm; 

(D) Confocal reflectance images of wider (12µm) and narrower (7µm) branches 

showing confinement of cell body and cell nuclei, blue represents the nuclei; (E) Time-

lapse phase contrast images and, (F) final chosen direction of cells based on their 

cell-matrix contact before reaching bifurcation, scale bars=  50µm, n= 23-27 cells, * 

indicates p value < 0.05. 

 

 

To determine the physical dimensions of bifurcated Y shaped microtracks, first, we 

created tapered in vitro microtracks with decreasing width ranging from 20µm to 5µm 

to investigate cell-matrix contact behavior in various degrees of confinements within  

the microtracks (Figure 5.1A). We found that the cell body confines fully to both side 

walls where the average width of the tapered track is 11.020 ± 0.471µm (mean ± 

s.e.m.) and they turn around and switch direction in the tapered track when average 

width reaches  6.212 ± 0.126µm (mean ± s.e.m.) (Figure 5.1B). Additionally, studies 

show that the MDA-MB-231 cell body diameter is approximately 10-15µm and the 

average diameter of cell nucleus is approximately 6-8µm (Fu et al., 2012; Truongvo 

et al., 2017). Based on these dimensions, we next created Y shaped bifurcated 

microtracks with a 15µm wide lateral  track bifurcating into 12µm and 7µm wide 

branches to study the effects of spatial confinements in migration direction decision-

making (Figure 5.1C).  Confocal reflectance images with nucleus staining confirmed 

that chosen dimensions allow cells to migrate without deforming their cell bodies in 

the wider branch and migrate without deforming the nuclei in the narrower branch 

(Figure 5.1D). Our time-lapse images of cells making decisions at the site of 
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bifurcation show that directional decision-making depends on cell contact to the 

collagen matrix before reaching the site of bifurcation (Figure 5.1E). Interestingly, 

contact guidance determined migration decision when cells contacted a single side 

wall of the 15 µm lateral track. However, when contacting both side walls of the feeder 

track, cells preferentially migrated into the wider path (~70%) (Figure 5.1F). 

Altogether, these data indicate that cells sense path size in choosing a migration 

direction and migrate in the direction that minimizes physical resistance. 

 

Spatial confinement increases cellular energy state in microtracks 

Collagen matrix architecture is known to impact cell migration and alter cellular 

energetics (Zanotelli et al., 2018). Therefore, we hypothesized that cells require more 

energy to migration in confined spaces and measured the cellular energy state in Y 

shaped microtracks using PercevalHR (Tantama et al., 2013), a ratiometric 

intracellular ATP:ADP fluorescent biosensor (Figure 5.2, A and B). ATP:ADP ratio 

is a sensitive indicator of changes in cellular energy status (Yuan et al. 2013) and 

subcellular ATP:ADP gradients are essential for supporting energy-consuming 

processes underlying cell migration (Van Horssen et al. 2019; Cunniff et al., 2016; 

Schuler et al., 2017). During migration, an elevated ATP:ADP ratio correlates with 

increased glucose uptake and ATP hydrolysis, demonstrating increased energy 

utilization (Zanotelli et al. 2018). Indeed, the ATP:ADP ratio increased exponentially 

with spatial confinement (Figure 5.2C). Furthermore, directly tracking the cellular 

energy state during migration through the Y-shaped microtrack showed that the 
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ATP:ADP ratio increased during migration from the lateral feeder track into the 

branches, with higher ATP:ADP levels in the narrow branch compared to the wider 

branch (Figure 5.2, D and E). Together, these results suggest that migration in 

narrower confined tracks requires  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2  Spatial confinement influences cellular energy levels. (A) Phase contrast 

image of a Y shaped microtrack with cells migrating in wider (12µm)  and narrower 

branches (7µm), and (B)  Representative cells expressing PercevalHR demonstrating 

the sensor bound to ATP (green), ADP (blue), and pH level (red), scale bars= 50µm; 

(F) Quantification of normalized PercevalHR ratio for cells in 15, 12, and 7 µm 

microtracks; n = 91-96 cells; dashed line shows exponential fit; Normalized 

PercevalHR ratio (D) as a function of distance from the bifurcation, and (E) after final 

migration choice, n = 10 cells for 12 µm track, 5 cells for 7 µm track, * indicates p 

value < 0.05. [Figure 5.2 C-E contributed by Matthew Zanotelli] 
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more energy than migration in wider tracks, and migration decision-making is 

influenced by the relative energetic costs between migration path choices. 

 

 Cell compliance influences cells’ migration choice during confined migration  

Studies show that metastatic breast epithelial cells are significantly more compliant 

and have higher metastatic efficiency (Li et al., 2008; Nikkhah et al., 2011; Xu et al., 

2012, Hayashi et al. 2015). Next, we investigated the role of cell compliance in the 

cell’s direction choosing to wider and narrower branches, before entering the site of 

bifurcation, by manipulating cell stiffness using pharmacological agents and short 

interfering RNA (siRNA)-mediated knockdown targeting cell contractility. We 

decreased cell compliance by increasing stress fiber formation via Rho activation and 

increasing cortical stiffness by augmenting myosin II activity via serine/threonine 

phosphatase inhibitor, Calyculin A (Hishiya et al., 1999; Kunda et al., 2008; Kraning-

Rush et al., 2011). On the other hand, we used pharmacological inhibitors such as 

Y27632 and ML7 to decrease compliance by reducing cytoskeleton integrity via 

ROCK inhibition and disrupting cytoskeletal contractility via MLCK inhibition, 

respectively (Dehart et al., 2004). Additionally, we manipulated cell compliance by 

treating cells cholesterol depleting-agent methyl-β-cyclodextrin (MβCD) and 

suppressing Caveolin-1 expression with siRNA treatment (Zidovetzki and Levitan, 

2007; Yang et al. 2012, Baker et al., 2012; Lin et al., 2015, Mahammad et al., 2015).   



 
 
 
 

116 

 

We confirmed increases and decreases in cell compliance with the treatment of 

pharmacological activators and inhibitors by performing atomic force microscopy. 

Our AFM data indicate that cells treated with pharmacological activators (Rho  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. Cell compliance impacts direction decision-making in Y shaped 

microtracks. (A) Young’s modulus of MDA-MB-231 cells post pharmacological 

activators (Rho Activator II, Calyculin A) and inhibitors (Y27632, ML7, MβCD) 

treatment obtained using atomic force microscopy, n= 75-165 cells; (B) Migration 

decision-making following pharmacological treatments, n= 30-48 cells; (C) Western 

blot confirming the knockdown of Caveolin-1 using siRNA; (D) Young’s modulus of 

MDA-MB-231 cells treated with control (scrambled) and Caveolin-1 siRNAs, n= 92-

97 cells; (E)  Migration direction decision-making following siRNA treatment, n= 34-

40 cells; * indicates p value < 0.05. [Figure 5.3 A,D contributed by Jacob Vanderburgh] 
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Activator II, Calyculin A) exhibit significantly higher Young’s Modulus and cells 

treated with pharmacological inhibitors (Y27632, ML7, MβCD) exhibit lower young’s 

modulus compared to their respective controls (Figure 5.3A).  Results of these cell 

decision-making studies indicate that less complaint cells choose the direction of the 

wider branch more frequently compared to their respective controls and more 

complaint cells choose the direction of the narrower branch with equal frequency to 

the wider branch (Figure 5.3B). We observed similar results for the Caveolin-1 

siRNA-treated MDA-MB-231 cells (Figure 5.3C). Caveolin-1 knockdown cells were 

more complaint and chose the direction of the narrower branch more frequently 

compared to control siRNA-treated cells (Figure 5.3, D and E). Overall, we observed 

that increased and decreased compliance affect cell decision making by facilitating 

and impeding migration towards the narrower track, respectively. 

 

Energetic costs vary based on cell stiffness and impact decision-making in 

confined spaces 

While cytoskeletal remodeling requires cells to generate forces through increased 

ATP-dependent actomyosin activity (Bursac et al., 2005; Meshel et al. 2005; Mizuno 

et al. 2007), contractility inhibitors can affect ATP binding, and Rho GTPase activity 

has been linked to cellular metabolism (Wang et al., 2010). Therefore, we next 

examined whether cell compliance-mediated decision-making is governed by 

energetic costs. We observed an increase in the ATP:ADP ratio in the narrower track, 

and this increase amplified with increasing cell stiffness via pharmacological  
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Figure 5.4. Cell compliance influences energetic costs during migration in confined 

spaces. (A) Normalized PercevalHR ratio with increasing confinement, and (B) 

ΔATP:ADP for migration into the 12 and 7 µm microtrack following pharmacological 

treatments, n = 91 -135 cells, and siCav1 knockdown, n= 46-65 cells, * indicates p 

value < 0.05. [Figure 5.4 contributed by Matthew Zanotelli] 

 

 
agents and siRNA treatment (Figure 5.4A).  Also, we observed that energetic costs 

between the 7 µm and 12 µm track increased with cell stiffness, lowering the 
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probability of migration into the narrow path. (Figure 5.4B). Most interestingly, we 

found a relationship between cell stiffness, migration frequency in narrower track and 

energy difference between two migration paths. We found that the difference in 

ATP:ADP ratio between migration paths (ΔATP:ADP 7-12) exponentially increased 

with cell stiffness and migration frequency into narrower track exponentially 

decreased (Figure 5.5), indicating lower ΔATP:ADP 7-12 for more compliant cells 

guided their more indiscriminate decision-making. Hence, migration choice can be 

robustly predicted by assessing the difference in energetic costs for movement 

between possible migration paths.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.5. The relationship between migration frequency into the 7 µm microtracks 

and ΔATP:ADP 7-12 as a function of cell compliance across treatments; dashed lines 

show data fitted to a one-phase decay. 
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Discussion 
 
Understanding cancer cell migration response to various physical constraints is an 

important step in understanding cell migration during metastasis. In this study, we 

utilized Y-shaped bifurcated three dimensional tube-like collagen microtracks to 

investigate the mechanisms that drive cell migration direction decision-making to 

narrower and wider confined spaces. We demonstrate that increased confinement 

imposes a physical limit to cell migration direction choosing. Cytoskeletal 

reorganization impact directional decision-making. Increased cell compliance via 

dysregulation of cytoskeletal reorganization and cell contractility enables cells to 

migrate through narrower confinement. Conversely, decrease in cell compliance via 

enhancement of cytoskeletal reorganization and cell contractility lead cells towards 

less confined spaces. Moreover, we revealed that physical confinement regulates cells’ 

energy requirements. Change in cell compliance and cytoskeletal rearrangement 

impact cells energy demands in confined spaces and promotes cell migration to narrow 

confined space.  

 
 
Extracellular matrix (ECM) properties regulate cell behavior, especially cell migration 

(Disher et al., 2005; Baker et al., 2009; Wirtz et al., 2011). Cell migration in response 

to ECM confinement has been studied using PDMS microchannels, micropatterned 

substrates, 3D scaffolds or hydrogels with different pore sizes in the recent years 

(Chang et al. 2013, Balzer et al., 2012, Mak et al., 2014; Hu et al. 2016). Physical 

confinement induces cytoskeletal restructuring and alters cell phenotype to facilitate 
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migration (Balzer et al. 2012). Increased contractility or traction force is required for 

promoting cell-mediated matrix remodeling and propelling the nucleus forward to 

facilitate migration through narrower pores in 3D matrix migration that are smaller 

than the nucleus or cell body (Abhilash et al., 2014; Wolf et al., 2013). However, 

migration through the narrower branch of micromolded collagen microtracks does not 

require increased contractility to facilitate migration as the invasion path already exists 

and the size of the narrower track does not require nuclear deformation. 

 

Increased contractility, actin polymerization and stress fiber formation are linked to 

cell compliance (Wang et al. 2001, Salker et al., 2016; Tavares et al., 2017). 

Modulation of cell contractility and stress fiber formation modulates cell compliance 

of a single cell line, and indicates a strong correlation between increased cell 

compliance and probability of cell migration to the narrower confined space indeed. 

However, Lautscham et al. observed a weak correlation with cell compliances of four 

different cell types and the ability of the cells to migrate through narrow PDMS 

channels (Lautscham et al. 2015). Different cell types may have different cell 

migration behavior and result in a weak correlation. Utilization of a single cell line 

eliminates the possible differences in migration behavior based on cell type.  

Therefore, our data suggest that cell compliance is a predictor of cell metastatic 

potential in the complex tumor microenvironment. 
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Regulation of actin cytoskeletal assembly at the cell leading edge and contractility at 

the trailing edge during migration require energy (Bershadsky et al., 1983, Le Clainche 

et al. 2008; Yamaguchi et al. 2007). Cells expend energy by hydrolyzing ATP during 

actin polymerization, and while binding Myosin II to actin during contraction (Carlier 

et al. 1996, Pollard et al. 2009). Zanotelli et al. showed that inhibition of migration 

decreases cell intracellular energy level (Zanotelli et al. 2018). Likewise, our result 

indicates increase in intracellular ATP:ADP level with increased confinement in 

control cells. In narrower branch, cells are required to increase cellular activity with 

remodeling of the cytoskeleton to fit into a space that is narrower than their cell body. 

Therefore, we observe increase in intracellular ATP:ADP level. In contrast, cells do 

not need to increase cytoskeletal remodeling and reshape their body to fit into the 

wider branch, which results in decreased ATP:ADP level. This result supports that 

cells produce energy to match the demand of required cellular activity (Bergman et 

al., 1999; Yaniv et al., 2013). 

 

Cancer cells need to adapt to increased demand for ATP during initial migration 

process after detaching from the primary tumor (Weber et al. 2016). Interestingly, 

metastatic cancer cells modulate their migration strategies to compensate for this need 

of higher energy. Liu et al. showed that metastatic cancer cells migrate in collective 

fashion to reduce energy expense during migration through in vitro 3D collagen 

matrices (Liu et al. 2013). Similarly, we observed that control cells choose the wider 

branch during decision-making, which is the direction of reduced energy requirement. 
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Additionally, we found that migration probability to the narrower branch of increased 

compliant cells is higher as the required energy difference between narrower and wider 

branch is lower. Less compliant cells do not choose the narrower branch as they need 

to overcome a higher energy. This study reveals that cancer cells adjust their migration 

direction in a fashion that requires minimal energy expenditure and cells energy 

requirement is a predictor of directing migration through narrower spaces. 

 

Altogether, this study shows a strong correlation between cell migration probability to 

the direction of narrow branch, cell compliance and energy need. It gives us novel 

insight into the role of cellular energy in directing migration in confinements. Future 

work should continue to address localized energy demands within the cells during 

migration in various confinements. It is known that cytosolic intracellular energy 

gradient is required for cell migration (Schuler et al. 2017). It would be interesting to 

investigate the differences in intracellular cytoplasmic energy gradients during 

direction choosing in confinements. 
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CHAPTER 6 
 

Additional Data 
 

 
In addition to the data that resulted in peer-review manuscripts, additional work  

was performed, but not pursued further. This chapter will discuss the motivation,  

methods, results, and conclusions for those studies. 

 
 
 
 

Effects of spatial confinement on MCF-10A cell migration and direction decision-

making 

 

Motivation 

Cancer metastasis requires migration of cancer cells through spatially heterogeneous 

confined spaces, which is known to be mediated by the mechanical properties of the 

cells as well as their interaction with the confined microenvironment (Kuar et al., 

2009; Wirtz et al. 2011). It is well-known that cancer cells are softer compared to their 

normal counterparts (Guck et al., 2005; Cross et al. 2007). Notably, the relative 

softness of cancer cells has been linked to increased invasiveness due to their increased 

compliance (Xu et al., 2012; Byun et al., 2013). When the stiffness of individual 

benign non-invasive (MCF-10A), non-invasive malignant (MCF-7), and highly-

invasive malignant (MDA-MB-231) breast cancer cells was measured, it was indeed 

found that highly invasive MDA-MB-231 cells were more complaint than benign non-
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invasive MCF-10A cells (Corbin et al. 2015). 

 

Interestingly, in our previous study, we observed that benign non-invasive, relatively 

stiffer MCF10A cells are able to move very quickly and persistently when seeded in 

in vitro 3D collagen microtracks where cells penetrate through 3D collagen bulk 

matrices very slowly (Kraning-Rush et al., 2013). Migration speed of MCF10A cells 

significantly increases within the collagen tracks compared to within 3D collagen 

matrices (Kraning-Rush et al., 2013).  Altogether these data suggest that microtracks 

permit rapid and persistent migration of benign epithelial cells that are generally 

unable to invade a 3D collagen matrix. 

 

Of note, in chapter 4, we observe that highly-invasive MDA-MB-231 epithelial breast 

cancer cells’ migration speed elevates when cells are confined by all four walls of a 

track during migration. And in chapter 5, we show that when given a choice in 

direction decision-making, highly-invasive MDA-MB-231 epithelial breast cancer 

cells choose the path of least physical resistance in confined microtracks. Moreover, 

MDA-MB-231 cells modify their migration direction choice when cell compliance is 

manipulated. Therefore, the aim of this additional research work is to investigate the 

migration and direction decision-making responses of benign, non-invasive and 

relatively stiffer MCF-10A breast epithelial cancer cells to different confinements 

within 3D collagen microtracks.  
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Materials and Methods 
 
Cell Culture and reagents 
 
MCF10-A human breast epithelial cells (American Type Culture Collection (ATCC), 

Rockville, MD) were cultured at 37oC and 5% CO2  in Dulbecco’s Modified Eagle’s 

Media supplemented with 5% horse serum, 20 ng/mL EGF (Invitrogen, Carlsbad, 

CA), 10 µg/mL insulin, 0.5 µg/mL hydrocortisone, 100 ng/mL cholera toxin (Sigma-

Aldrich, St. Louis, MO), and 1% penicillin-streptomycin (Invitrogen). For studies 

manipulating cell compliance using pharmacological agents, cells were treated with 

1.25 μg/ml Rho Activator II (CN03, Cytoskeleton), 50 μM blebbistatin (Sigma-

Aldrich), 5 mM methyl-β-cyclodextrin (MβCD; Sigma-Aldrich), or their appropriate 

vehicle controls.  

 

Small interfering RNA (siRNA)-mediated knockdown of Caveolin-1  

MCF10-A cells were transfected with 25nM of scrambled control siRNA 

oligonucleotides (5`-UUCCUCUCCACGCGCAGUACAUUUA-3`), or 25 nM of 

Caveolin-1 siRNA oligonucleotides (5ʹ-GGGACACACAGUUUUGACGUU-3ʹ) 

using 2 µg/ml Lipofectamine 2000 (Invitrogen) in Opti-MEM transfection medium 

(Life Technologies).  

 
3D collagen microtrack fabrication 

Three-dimensional (3D) collagen (3.0 mg/ml) microtracks were prepared using type I 

collagen extracted from rat tail tendons. As previously described, collagen solutions 
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of desired concentrations were prepared from a 10 mg/ml collagen stock solution by 

diluting with ice-cold complete media and 1N NaOH to neutralize the solution to pH 

7.0. Poly(dimethylsiloxane) (PDMS; Dow Corning) stamps were cast from a silicon 

wafer mold with uniform width and Y shaped microtrack patterns. Using the PDMS 

stamps, Prepared collagen was micromolded into microtracks (Kraning-Rush et al., 

2013; Carey et al., 2015; Rahman et al., 2016). 

 

Time-lapse phase contrast microscopy 

Live cell phase contrast time-lapse images of cells were obtained using a Zeiss 

observer Z1m inverted microscope equipped with a Hamamatsu ORCA-ER camera 

operated by AxioVision software (version 4.8.1.0, Carl Zeiss Microscopy, 

Thornwood, NY). All imaging was performed in an environmental chamber 

maintained at 37oC and 5% CO2. 

 

Migration study analysis 

For all 3D collagen microtrack migration experiments, MCF-10A cells were allowed 

to adhere for 6 hours after seeding at a density of 70,000 cells/ml. Cell migration speed 

and motility were calculated as previously reported (Kraning-Rush et al., 2013; Carey 

et al., 2014). For cell migration decision-making studies in Y-shaped microtracks, all 

pharmacological agents were added with fresh complete media immediately prior to 

time-lapse imaging, except for Rho Activator II and MβCD, which were added with 

complete media after seeding. For the MβCD treatment, seeded cells were incubated 
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with MβCD for 4 h and then replaced with fresh complete cultured media prior 

imaging to avoid interference with cell viability (Yang et al., 2012; Guerra et al., 

2016). For cell migration decision-making studies, cells were carefully observed to 

determine their contact to one or two side walls of the track before reaching the 

bifurcation site. Cells that divided, interacted with other cells, or were blocked by other 

cells were excluded from the analysis.  All images were analyzed using ImageJ 

(version 1.47 k, National Institutes of Health). 

 

Statistical analysis 

Statistical analysis was carried out using using GraphPad Prism 7.0. Data were 

presented as mean ± SD generated using Microsoft Excel 2016.  For migration 

analysis, one-way ANOVA was performed to test mean differences for more than two 

groups with additional post hoc Tukey HSD test to show an overall statistically 

significant difference in group means. To determine significance in decision-making 

between wide and narrow migration paths, a one proportion calculation was performed 

and a Clopper–Pearson confidence interval for observed proportion was assessed. 

Statistical significance was considered with a p-value of <0.05. All images are 

representative of a minimum of 3 replicate studies. 

 

Results and discussions 

To understand the effects of spatial confinement in MCF-10A cancer cell migration, 

we molded collagen into uniform width straight in vitro microtracks with widths of 
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5µm, 10m, 15µm and 20µm, and observed single cell migration (Fig 6.1A). We found 

that MCF-10A cell migration speed increased with decreased confinement (Figure 

6.1B). Previously, in chapter 4, we found that MDA-MB-231 cell migration speed 

increases or decreases based on their contact to side walls rather than degree of 

confinement. MDA-MB-231 cells exhibit increased speed when they were in contact 

with all four walls of the microtrack despite the width of the microtrack being  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1 Spatial confinement impacts MCF-10A cell migration speed (A) Phase-

contrast  images of 5µm, 10µm, 15µm, and 20µm width microtracks with a single 

migrating MCF-10A cell, scale bar= 50µm; (B) Average MCF-10A cell migration 

speed in various width micrtracks, * indicates p <0.05. 
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5µm, 10m, 15µm or 20µm. In 3D, motile MDA-MB-231 cells form spindle-like 

elongated shape integrating signals from front to back, where MCF-10A cells form 

spherical structures displaying clear apical-basal polarity with an internal cavity 

(Debnath et al., 2003; Ridley et al. 2003; Ivers et al., 2014). Similarly, MCF-10A cells 

in 3D microtracks show more sphere-like morphology with increasing width and 

MCF-10A cells spread to contact all four sides of the microtrack (Figure 6.1A). It is 

possible that the difference in morphology and polarity give rise to the difference in 

MCF-10A and MDA-MB-231 cell migration speed in microtracks. In the future, the 

localization of polarity proteins that aid migration could be studied to investigate the 

mechanisms behind migration differences of MCF-10A and MDA-MB-231 in 

confinement.  

 

To investigate directional choices for MCF-10A cells during migration, we 

microfabricated Y-shaped microtracks with a 15µm wide later track bifurcating into 

12µm and 7µm branches and observed their migration direction choice (Figure 6.2A).  

Our result indicates that ~80% of MCF-10A cells choose the wider branch (12µm), 

where cells encounter less physical barrier, and ~20% of cells choose the narrower 

branch (7µm) after reaching bifurcation (Figure 6.2B). Interestingly, only ~10% cells 

choose the narrower branch (7µm) when cell stiffness is increased with Rho activator 

treatment.  On the other hand, when stiffness is decreased with blebbistatin, MβCD 

and Caveolin-1 siRNA treatement, ≥40% MCF-10A cells choose the narrower branch 

(Figure 6.3C). Similar to our MDA-MB-231 cell migration direction decision-making  
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Figure 6.2 Migration direction decision-making of MCF-10A cells (A) Time-lapse 

phase contrast images and, (B) final chosen direction of MCF-10A cells, scale bar= 

50µm; (B) MCF-10A cell migration direction decision-making following 

pharmacological reagent and siRNA treatment, * indicates p <0.05. 
 
 
 
 
 
 
data in chapter 5, these data indicate that MCF-10A cell generally choose wider branch 

at bifurcation and increased cell compliance facilitates MCF-10A cell migration in 

narrower branch. In future, the stiffness of MCF-10A cell should be investigated to 

compare MCF-10A and MDA-MB-231 cell stiffness and their migration frequency to 

narrower or wider branch or the microtracks. 
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CHAPTER 7 

Conclusions and Future Directions 

 

Conclusions 

Our knowledge of the mechanisms governing cancer cell migration in pre-existing 

confined interstitial spaces or microtracks within the stromal matrix is continuing to 

expand gradually, and each new study is bringing us closer to more thorough 

understanding of the steps of cell invasion during cancer metastasis. To contribute to 

the ongoing research on cancer cell invasion through pre-existing confined spaces 

within the ECM, in this thesis, we investigated the role of intracellular events such as 

cell adhesion and polarization in regulating unidirectional migration in micromolded 

in vitro collagen microtracks that very closely mimic the fibrillar architecture of the 

ECM. We also investigated how the biophysical properties of the in vitro microtracks 

impact cell migration by governing cell adhesion and traction stress generation. 

Additionally, we explored how mechanical properties and energy expenditure of 

cancer cells direct migration in confined microtracks. Over all, this work suggests 

some potential targets for therapy and exemplifies the need for a more complete 

understanding of cancer invasion and progression. 

 

In chapter 2, we hypothesized that proteins involved in focal adhesion formation 

directs cells to migrate persistently and unidirectionally in pre-existing microtracks. 

Many studies have comparatively explored molecular mechanisms of migration on 2D 
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substrates and in 3D matrix, often finding that migration in 2D does not always reflect 

migration in 3D (Zaman et al., 2006; Meyer et al. 2012). Specifically, numerous 

proteins involved in focal adhesion assembly and disassembly in 2D have different 

degrees of importance in mediating 3D cell migration (Zaman et al., 2006; Fraley et 

al., 2012; Doyle et al. 2013). Movement through 3D microtracks resembles 2D 

migration, in part, since cells do not require proteolytic enzymes. However, because 

cells can bind to all four walls of microtracks, migration in microtracks also mimics 

the modes employed by cells in 3D. Therefore, we sought to study how individual 

focal adhesion proteins in the adhesion complex contribute in directing migration in 

3D microtracks. 

 

We focused our study on three focal adhesion proteins (vinculin, p130cas and zyxin) 

in the MDA-MB-231 cells to understand their roles during migration in microtracks. 

Our data shows that only p130Cas and zyxin knockdown MDA-MB-231 cells treated 

with short interfering RNAs (siRNAs) are able to migrate persistently and 

unidirectionally similar to control cells whereas vinculin deficient cells failed to 

migrate in one direction and instead they reverse directions several times. 

Additionally, the Golgi apparatus and nucleus repeatedly switch positions relative to 

the cell centroid in vinculin knockdown cells, which suggests vinculin’s role in 

maintaining cell polarity and explains reversals in migration directions. Moreover, we 

found that vinculin-deficient cells are unable to localize pFAK at the protruding end 

during migration in 3D collagen matrices and microtracks, whereas vinculin 
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knockdown had no effect on pFAK accumulation at focal adhesions on 2D substrates.  

Notably, we found that cell migration speed decreases on 2D substrates and 3D 

collagen matrices, but remains unchanged during migration in 3D collagen 

microtracks.  Together, these data suggest that absence of vinculin disrupts front-rear 

cell polarity, hence cells fail to migrate in a directed manner. Also, the proteins 

involved in the formation of cell adhesions behave differently in 2D and 3D systems. 

 

Initially we investigated the roles of focal adhesion proteins in microtrack migration 

and discovered vinculin’s role in regulating unidirectional migration by maintaining 

cell polarity. In chapter 3, we hypothesized that proteins involved in cell polarity 

complex or proteins linked to cell polarity proteins play a significant role in microtrack 

migration. To test our hypothesis, we focused on an actin binding protein, Girdin, 

which has been identified in the Par polarity complex with direct interaction with Par 

polarity protein, Par3 (Ohara et al. 2012). Our results demonstrate that Girdin deficient 

cells exhibit reduced migration speed with an altered morphology consisting of 

increased circularity and a decreased aspect ratio during microtrack migration. In 

addition, in the absence of Girdin, cells fail to orient Golgi apparatus and nucleus in 

the direction of migration and are unable to form and organize actin stress fibers and 

cortical actin. These data suggest that Girdin, which links to cell polarity complex, 

helps to direct migration in in vitro 3D collagen microtracks by maintaining front-rear 

cell polarity and regulating actin organization. 
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Cell migration depends profoundly on the confinement and dimensionality of the 

surrounding ECM (Doyle et al. 2013). During the past several decades, in vitro cell 

migration studies have been mostly performed on unconfined 2D surfaces or in 

completely confined 3D matrices (Palecek et al., 1998; Gupton et al., 2006) Only 

relatively recently have microfabrication techniques been used to explore and mimic 

the spatial heterogeneity of the complex tumor microenvironment (Mak et al. 2011, 

Hung et al. 2013, Paul et al., 2016). Rigid glass or polymers like PDMS has often been 

used in fabricating micro-devices to introduce spatial gradients in vitro (Mak et al. 

2011; Lautscham et al. 2015). However, these devices have their own limitations and 

fail to recapitulate the in vivo microenvironment entirely as typical physiological 

surfaces that cells adhere to are softer, fibrous, deformable and degradable tissues 

comprising of the extracellular matrix and other cells (Wakatsuki et al., 2000; Bao et 

al., 2003; Discher et al., 2005; Yeung et al., 2005). Therefore, in chapter 5, we 

hypothesized that spatial confinement impacts cell migration behavior by regulating 

intracellular events like focal adhesion kinetics and traction stress generation.  We 

created 3D collagen microtracks with widths ranging from 5µm to 20µm to introduce 

spatial gradient, and analyze the effects of well-defined physical inputs on cell 

metastatic behavior and intracellular signaling. We demonstrated that cell migration 

speed increases when cells are confined by all four walls of the microtracks, and 

observed a relationship between migration speed, focal adhesion kinetics and direction 

of traction stress generation. We embedded carboxylated microbeads to the collagen 

during micromolding microtracks to be able to measure matrix remodeling and 
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traction generation by tracking bead displacement. We found that when cells are 

confined by all four walls, they exhibit smaller vinculin focal adhesion with faster 

turnover rate and generate greater traction stress that are in parallel to the microtrack 

walls compared to when cells are not confined by all four walls. Our data show that 

cells migrate at an increased speed in confinement when focal adhesion turnover is 

faster and generated traction stress is in the direction of migration.  

 

Different spatial confinements provide different contact guidance cues, which is one 

possible driver for microtrack migration (Paul et al. 2016). The effects of contact 

guidance cues have typically been studied on grooved substrates or microfabricated 

PDMS/glass channels coated with collagen, and the results indicate that contact 

guidance dictates migration direction decision-making (Paul et al. 2016). Inspired by 

contact guidance related cell migration direction decision-making, we sought to 

explore the impact of confinement in direction decision-making, and investigate the 

mechanism behind certain decision-making. Based on our prior study showing matrix 

architecture regulates cells’ energetic needs and migration efficiency (Zanotelli et al., 

2018), in chapter 5, we hypothesized that cells energy requirement governs migration 

direction choice in confined microtracks. To test our hypothesis, we created Y shaped 

bifurcated collagen microtracks with a narrow (7µm) and wide (12µm) branches.   We 

found that cancer cells migrate in the direction the direction of wider branch more 

frequently, where there is minimal physical resistance. We utilized PercevalHR sensor 

to measure energy requirement by quantifying ATP:ADP and found that cells require 
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less energy during migration in wider branch. Of note, cell mechanical properties like 

cell compliance influences cells’ migration direction choice and energy requirement. 

More compliant cells are able to choose narrower branch more frequently as energy 

requirement is less for complaint cells in narrow spaces. Over all, we revealed a 

correlation between cell compliance, energy requirement and migration to confined 

spaces.  

 

Altogether, the work described in this dissertation contributed significantly to our 

knowledge on how intracellular signals and extracellular physical properties direct 

migration in micromolded 3D collagen microtracks. However, in the future, it will be 

critical to develop a more thorough understanding of cancer cell invasion and evaluate 

the distinct mechanisms governing migration behavior.  

 

Future Directions 

Despite the progress we have made, a great deal remains to be discovered regarding 

cancer cell invasion in microtracks in vivo. There are several avenues of approach that 

have potential in progressing the field further.  

 

When a cancer cell is placed in a chemo-attracting growth factor gradient, typically 

activation of Rho GTPases occurs as cells migrate towards higher concentration of 

chemoattractants (Meili et al., 1999; Jin et al. 2000). Given that chemical gradient 

tirggers Rho GTPase activity, future work should investigate the interplay of Rho 
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GTPases in various spatial confinements within the collagen microtracks. Rho 

GTPases such as Rho, Rac and Cdc42 are known to regulate actin dynamics and 

ultimately migration (Raftopoulou and Hall, 2004; Ridley, 2006). Rac and Cdc42 drive 

actin polymerization at the front of the cell (Raftopoulou and Hall, 2004). Rac is 

associated with lamellipodia formation, and Cdc42 is associated with filopodia 

extensions (Ridley et al., 1992; Nobes et al., 1995). Also, Cdc42 plays an essential role 

in establishing cell migratory polarity by acting through the Par polarity complex 

(Ridley, 2015). RhoA has been known to act at the back of migrating cells leading to 

the contraction and detachment at the rear end, but active RhoA has also been found 

to localize to membrane ruffles and lamellipodia under some conditions (Ridley, 

2006). It would be interesting to study the effects of spatial gradients on localization 

of activated RhoA, Rac and Cdc42 during microtrack migration. To study that cancer 

cells can be transfected with fluorophore fused plasmids that will bind to active forms 

of RhoA, Rac and Cdc42. We can expect localization of Cdc42 and RhoA, at the 

extended fliopodia and contracted end of a cell respectively, in both partially confined 

and confined spaces of the microtracks. However, we might find increased localization 

of Cdc42 in confined spaces as higher number of fliopodia extensions are observed in 

a cell within confined spaces of the microtracks. In addition, we can expect to find Rac 

localization only during cell migration in unconfined spaces, which is similar to 

migration on 2D substrates, where lamellipodia extensions are commonly observed. 

Furthermore, we can study the activation of Rho, Rac and Cdc42 during direction 

decision-making at the bifurcation sites of Y shaped microtracks utilized in chapter 5.  
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Under confinement and low adhesiveness, cell promotes faster migration by switching 

to bleb-based amoeboid phenotype (Tozluoglu et al., 2013; Liu et al. 2015). Future 

work should investigate the effects of low and high adhesion on cell migration in 

confined collagen microtracks. For example, addition of fibronectin to collagen during 

micromolding would enhance cell-matrix adhesive properties in microtracks, and 

would allow us to investigate its effect on cell migration. This work give us insight on 

whether cell migration in in vivo pre-existing confined spaces can be haltered by 

altering the biochemical properties of the ECM. Similarly, it would be interesting to 

analyze ECM deposition during microtrack migration as cancer cells are known to 

deposit various ECM proteins, including collagen, fibronectin, and laminin that affect 

subsequent cell migration (Levental et al., 2009; Streuli et al., 1995; Williams et al., 

2008). Other than the ECM proteins, cancer cells are surrounded by other neighboring 

cells in the stroma (Stroka et al., 2014). Therefore, we can enhance the complexity of 

our microtrack system with addition of different cell types in collagen matrix during 

micromolding and explore subsequent effects. Changing the biochemical composition 

of collagen by addition of protein or cells in vitro would open new questions regarding 

cell migration in microtracks. 

 

The main focus of this dissertation has been understanding single cell migration 

mechanisms in confined spaces in the ECM. Cancer cells not only move individually, 

but also as sheets, strands, clusters or ducts. Collective migration of cells uses similar 

actomyosin mediated protrusions and guidance by chemical and mechanical cues as 
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used by single migratory cells (Friedl and Gilmour, 2009). Single-cell migration 

mainly results from processing of extracellular matrix effects within a single cell body, 

collective migration involves intercellular integration of guiding signals among cells 

to maintain the migration. Our 3D collagen microtrack system has great potential in 

allowing us to investigate the mechanisms of collective cell migration. We can seed 

cluster of cells in microtrack and study collective polarization, force generation, 

decision-making. It would be interesting to detect differences between the leader and 

follower cell behavior during collective cell migration in microtracks. We can utilize 

PercevalHR sensor to measure energy differences in group of cells during collective 

migration. Overall, targeting of cancer cell migration is an important therapeutic 

option at every single step of cancer metastasis, even when cells start disseminating 

and spreading in the body. Future work identifying a complete illustration of migration 

modes will aid in the development of therapeutic approach to restrain cancer cell 

migration. 
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APPENDIX A 

Protocol for Focal Adhesion Immunostaining in 3D  

Collagen Microtracks 

 

Materials 

3.2% paraformaldehyde 

Phosphate buffer saline (PBS) 

1% Triton 

0.02% Tween 

Bovine Serum Albumin (BSA) 

Fetal Bovine Serum (FBS) 

Primary antibody 

Secondary antibody 

 

Procedure 

1. Allow cells to adhere and migrate in 3D collagen microtracks for 18 hours post 

cell seeding. 

Note: Pattern collagen microtracks on a glass bottom plate, instead of plastic 

bottom, to be able to image focal adhesions utilizing 40x water immersion 

objective. Use plastic coverslip spacers instead of PDMS to maximize the 

working distance for the 40x objective,  and  approximately a 70 µl of 3.0 
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mg/ml neutralized collagen should be added onto the bottom of a 6 well plate, 

between (2) 1 mm plastic coverslips spacers. To minimize the utilization of 

antibody, customized PDMS wells (diameter 2 cm) with activated glass 

coverslip bottom should be used.  

2. Remove media and rinse each well with 1x sterilized PBS. 

3. To fix cells, add 3.2% paraformaldehyde to each well (1.0 ml for each well of 

glass bottom 6 well plate and ~200-300 µl for customized PDMS well) for 10 

mins at room temperature (RT) on a rocker. 

4. Wash 3x with PBS for 20 mins each. During washing periods, always place on 

rocker. 

5. Add 1% triton in PBS (1.0 ml for each well of glass bottom 6 well plate and 

~200-300 µl for customized PDMS well) and incubate for 1 hour at RT on a 

rocker. 

6. Wash 3x with 0.02% Tween in PBS for 20 mins each. 

7. To block samples, wash with 0.02% Tween/ 1% BSA/ 10% FBS for 3-4 hours. 

Make a stock of this blocking solution as it is used to dilute antibodies (primary 

and secondary both). 

8. Prepare 1o (primary) antibody in blocking solution. Dilute antibody at 1:25 and 

change if necessary (you can start with 1:50 ratio). Incubate the sample 

overnight.  Store blocking solution at 4oC for next day. 

9. Wash 3x with 0.02% Tween in PBS for 2 hours each at RT on rocker. 
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10. Prepare 2o (secondary) antibody in blocking solution. Dilute antibody at 1:100 

and change if necessary. Incubate the sample overnight.  

11. Wash 3x with 0.02% Tween in PBS for 1 hour each before imaging. 
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APPENDIX B 

Protocol for Focal Adhesion Volume Measurement 

 

For focal adhesion volume measurement, record confocal fluorescence images of cells 

using a 40x water immersion objective at a 0.5µm (or less) z stack interval. Adjust 

fluorescent intensity to remove background (cytoplasmic) noise and to only capture 

individual focal adhesion structures. Additionally, fix, permeabilze and wash cells to 

remove non-targeted signals prior to imaging.  

 

Procedure 

1. Open image file in ImageJ (Fiji). 

2. Use White Top Hat filter to remove background intensity. Go to Plugins > 

MorpholibJ > Morphological filters. Choose White Top Hat under ‘operation’ 

drop down box. 

3. Convert filtered z-stack images of cells to 3D-projections with maximum 

intensity using ImageJ (Fiji). Go to Image > stack > 3D project… and choose 

‘X axis’ as axis of rotation. Make sure to slelect the ‘interpolate’ box. 

4. Go to Analyze > 3D object counter.  

5. Use the default threshold setting. Only change the minimum (Min.) filter size 

to 30 voxel or higher to exclude dot like structures that are not focal adhesions. 

6. Make sure to select ‘summary’ and ‘statistics’ both boxes. 

7. Click OK. 



 
 
 
 

145 

8. Object counting takes about a minute or two, depending on the size of the 

image file. 

9. The ‘log’ window indicates number of objects detected and the ‘statistics’ 

displays volume, surface of each object (each individual focal adhesion) in 

pixel and voxel measurements. 

10. Convert the pixel^3 values of each volume to micron^3 to calculate the final 

focal adhesion volume measurements. 
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APPENDIX C 

Protocol for Golgi Apparatus staining in live MDA-MB-231 cells 

 

Reagents  

1. Complete Media for MDA-MB-231 cells 

 (DMEM + 10% FBS + 1% Penicillin-Streptomycin) 

2. Golgi tracker- Cell light® Golgi RFP  

(Life Technologies, REF# C10593, LOT# 1631315, Unit 1.0 ml).  

Note: Store it in 4oC temperature. 

 

Procedure 

Stain Golgi Apparatus the day before using/seeding cells and incubate with the reagent 

overnight for best signal during imaging. 

1. Add reagent (Golgi tracker) at 50 PPC (Parts Per Cell) concentration to the 

cells (Note: cells should be at a confluence of no more than 70%). 

 

Use the following equation to calculate the amount of reagent 

Volume of reagent (ml) = 	(Number of cell X 50 PPC) / (1x108 particles/ml) 

 

For example, if you want to stain 100,000 cells with 50 PPC concentration, 

then you need [(100,000 X 50) / 108)] = .05 ml or 500 μl of the reagent.  
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2. Add calculated reagent to the media using the formula below- 

Media Volume = Final Media Volume – Reagent Volume 

 

Note: Try to minimize the use of Biosafety cabinet light during staining and while 

working with the stained cells. Also, if you want to stain the nucleus of the same cells, 

then always stain nucleus before staining Golgi Apparatus for better signals 
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APPENDIX D 

Protocol for Traction Stress Measurement in 3D Collagen Microtracks 

 

Preparing 3D collagen microtracks with microbeads and imaging 

Materials 

Glass-bottom 6 well plate 

Plastic coverslips 

Type I rat tail collagen 

NaOH  

Complete media 

PDMS stamps 

0.5µm fluorescent microbeads  (Molecular Probes, Cat # F8812) 

 

Procedure 

1. Pattern collagen microtracks with PDMS stamps on a glass bottom 6 well-plate 

to be able to image fluorescent microbeads utilizing 20x/N.A 0.8 objective. 

2. Use plastic coverslip spacers instead of PDMS to maximize the working 

distance for 20x/N.A. 0.8 objective.  

3. Prepare a microbead solution prior to neutralizing collagen with NaOH by 

diluting 0.5µm fluorescent microbeads  to complete media at 1:20 ratio. 

Sonicate the stock and prepared bead solution for 10 mins before using.   



 
 
 
 

149 

4. Add prepared microbead solution to final neutralized collagen solution at 1:100 

ratio. 

5. Polymerize collagen for 2 hours to ensure proper embedding of microbeads in 

collagen. 

6. Seed cells and allow them to adhere and spread in collagen matrix for 4-6 hours 

before imaging. 

7. Record time-lapse z stack images of migrating cells at 1µm z interval for 12-

16 hours with 20x/N.A 0.8 objective.  Try to minimize the number of z-slices  

for faster imaging (~10 to12 slices at 1µm interval). 

 

Tracking microbeads 

1. To track fluorescent microbeads, use the TrackMate Plugin in ImageJ (Fiji). 

2. Open image file in ImageJ (Fiji). 

3. Go to Plugins > Tracking > TrackMate. 

4. Click ‘Next’ and then select ‘DoG detector’ 

5. Set ‘Estimated blob diameter’ as 0.5µm, threshold at 0.5 and select the median 

filter box. Then click ‘Next’. 

6. Once detection is completed and ‘Next’ button appears, click ‘Next’ 

7. Set initial threshold by dragging the blue highlighted region away from the 

highest peak (on the left) in the histogram to focus only on quality microbeads 

and to save time. Click ‘Next’. 

8. Select ‘HyperStack Displayer’ view. 
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9. Select ‘LAP Tracker’. LAP tracker stands for Linear Assignment Problem. 

Using this framework, tracking happens in two ways. In first step, microbeads 

are linked from frame to frame to create track segments. And in second step, 

gap-closing (missing detection), splitting and merging events occur. 

10. Set ‘Max Distance’ to 5µm for ‘Frame to frame linking’, and 3µm for ‘Track 

segment gap-closing’ for a 0.5µm microbead tracking. It can be adjusted based 

on bead diameter. Click ‘Next’ and wait till ‘Analysis’ option appears. Then 

click on ‘Analysis.’ 

11. ‘Track statistics’ window displays each bead tracking results including track 

displacement, maximum distance travelled, total distance travelled, bead 

speed.  
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APPENDIX E 

Protocol for Fluorescent Recovery after Photo Bleaching (FRAP) to 

Quantify Focal Adhesion Kinetics in Microtracks 

 

Data Acquisition 

1. Seed focal adhesion protein (fluorescently labeled) expressing cells in collagen 

microtracks patterned on glass-bottom dish, and allow them to adhere and 

spread in collagen matrix for 10-12 hours. 

2. Place the sample in the laser scanning microscope’s incubation chamber that 

is already set at 37oC and 5% CO2. Before starting FRAP, wait for at least 15 

mins to avoid drafting during time series acquisition. 

3. During this waiting period, set up the Zen software system for performing 

FRAP. It is ideal to use the same parameters for all experiments. 

4. In the acquisition tab, select ‘Time series’ and ‘Photobleach’ boxes. 

5. Choose frame size- 256 x 256 pixels. FRAP experiment requires fast scanning. 

Therefore, do not need higher resolution.   

6. Set scanning speed between ≥10 sec. Scanning speed can be adjusted according 

to the stability of the desired focal adhesion protein if known.  

7. Set laser pinhole at 1AU. Laser power and gain need to be adjusted according 

to fluorescent intensity for the specific sample. Try to set the laser power equal 

for every sample, since a variable laser power setting for each sample could 

introduce unwanted bias. 
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8. Set # of images for time series at 120.  

9. Set ‘start bleach’ after 10 scans (at least one prebleach acquisition is required 

for analysis) and ‘iteration’ at 10. 

10.  Select ‘Safe Bleach’ and set laser lines lasers at 60% laser power for 

bleaching. 

11. Set zoom at 10x and select a 1 µm2 region of interest (ROI)). Must keep the 

same size ROI for all experiments.  

12. Start experiment and save data as .lsm file.  

 

Data analysis 

1. Open the .lsm file in ImageJ. 

2. Open ROI manager by going to Analyze > Tools > ROI Manager. 

3. Draw a 1 µm2 box around bleach zone with the square tool.  The size of this 

box should be the same size chosen for bleached region during acquisition. 

4. Once the bleach zone is defined, acquire data points for the ROI over the entire 

time series.  In ROI Manager, click the MORE>> button and select 

MultiMeasure. 

5. Select ‘Measure All Slices’ and ‘One Row Per Slice’ boxes. 

6. Click OK. 

7. Similarly, acquire data points for ‘background’ region. Background is the 

region of only noise (outside of any target fluorescence). 

8. Extract ‘Mean Gray Value’ data for both ROI- Bleach’ and ‘Background’. 
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9. Copy all data points to Microsoft Excel. 

10. To correct bleach value, subtract Background (BG) values from Bleach (BL), 

Bleach_All = BL(t) – BG(t). 

11. Normalize to the mean pre-bleach intensity.  The mean pre-bleach value 

represents the maximum intensity to which the bleached region could possibly 

recover.  If bleaching starts after 10 scans during acquisition, then mean pre-

bleach intensity, Bleach_All (pre-bleach), is the average of all 10 values from 

starting point of the time series.  

12. Use the mean pre-bleach intensity to normalize the corrected bleach value,  

Bleach_final = Bleach_(All) / Bleach_All (pre-bleach). 

13. Transfer normalized bleach value to GraphPad Prism and fit it to ‘One-phase 

association model’ under curve fitting. 

14. The result tab displays values for half recovery time (denoted as half-time), 

Koff (denoted as K), plateau, span.  
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APPENDIX F 
 

Protocol for Laser Dissection Microscopy - Patterning Microtracks on 

Polyacrylamide Gels 

 
 
Preparing Polyacrylamide (PA) gels 

1. Prepare 30 kPa Polyacrylamide gel solution. 

2. Combine the following acrylamide mixture in a 15 ml conical tube: 

• 40% polyacrylamide – 6.0 ml (kept in 4oC refrigerator) 

• 2% Bis acrylamide- 2.8 ml (kept in 4oC refrigerator)  

• 0.25 M HEPES (pH-6)- 2.6 ml 

• Milli-Q water – 7.09 ml 

• TEMED- 10 μl (kept in Corrosive cabinet) 

Note: TEMED should be the last one to add in the mixture. Also at this point, 

take out N6 linker from 4oC fridge to bring it to room temperature at the time 

of use 

3. Adjust pH solution to 6.0 by adding ~45-49 μl 2M HCl in small increments. 

4. Remove 845 μl of acrylamide solution and place in a 5ml plastic culture tube. 

Add 20 μl of fluorescent beads and 60 μl of Milli-Q water (mix these two 

separately first) and then add to acrylamide mixture. Degas this solution for 30 

minutes by placing the tube in a vacuum flask. Seal the vacuum flask with large 

stopper and tap flask gently on table periodically to let bubbles rise.  
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Note: Sonicate the fluorescent beads for 5 minutes at high speed, before adding 

to Milli-Q water in order for the beads to separate 

5. In the meantime, weigh in 5.6 mg N6 linker in an eppendorf tube (DO NOT go 

over 5.6 mg) and 0.1 g of Ammonium persulfate APS (kept on a shelf) in 

another eppendorf tube. Note: Make sure to remove the N6 linker from 4oC 

fridge half an hour before weighing to come to room temperature. 

6. After 30 minutes of degasing period, take out the 925 μl of acrylamide, 

fluorescent beads and solution. Add 70 μL of 200 proof ethyl alcohol to 

weighed N6 linker and add this mixture to acrylamide solution. 

7. To initialize the polymerization, first add 1 ml of Milli-Q water to the 0.1 g of 

APS to make 10% solution.  Then, add 5 μl of this freshly prepared 10% APS 

solution to the 995 μl acrylamide, fluorescent microbeads, N6 linker and Milli-

Q water solution. Note: work quickly; lay out pipettes, activated and non-

activated glass coverslips ahead of time 

8. Quickly, add 35 μl of solution in a non-activated 22x22 mm coverslip and top 

it with an activated glass slide (activated side facing the drop of mixture) and 

place the glass slide (coverslip side down) in between to spacers and let it hang 

in the air. This way fluorescent microbreads will stay on the top layer of gel 

and won’t sink to the bottom.  

9. Wait 15-20 minutes until gels shrink at the edges of the coverslips. Note: 

shrinking is a sign of gel polymerization  
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10. Mix a 1:1000 volume of ethanolamine with 50mM HEPES (pH8). (1 μl of 

ethanolamine for each 1 ml of HEPES buffer, each gel requires 500ul of this 

solution) 

11. Add 500 μl drops of ethanolamine solution on a piece of parafilm depending 

on the number of gels you have prepared. 

12. When the gel polymerizes, peel off the top coverslip using a blade. 

13. Immediately, place the glass slides on drops of ethanolamine, gel side facing 

down and incubate gels for 30 minutes in room temperature. Note: 

Ethanolamine helps to block all the N6-linkers and change chemical properties.  

14. After 30 mins, rinse gels once quickly with drop of Milli-Q water and 

immediately place it in a petri dish and add enough sterilized PBS so the gel 

stays submerged in PBS. Exposure to air will change the chemical properties 

of the gel. 

15. Store the gel in PBS at 4oC temperature up to 2-3 days if decide to not ablate 

gels on the same day. 

 

Laser dissection procedure 

Laser Capture Microdissection system is situated at the core imaging facility in Weill 

hall basement at Cornell University. 

1. Turn on all necessary power buttons (computer, microscope, fluorescent lamp 

etc.) 

2. Sign in with your Net ID and password to log onto the computer. 
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3. Open the software “PalmRobo” placed on Desktop. Enter username (.\Zeiss) 

and password (AxioSE64#). 

4. Stage should move when the software first opens. 

5. Click on “load position” icon and then place your slide on the stage after 

wiping the excess PBS from the sides of the glass side. Note: DO NOT wipe 

the top of the gel. Keep it slightly moist, Also, if a pop up window appears, 

just select the option ‘3X Area’ 

6. Optional, but make a circle (using a sharpie) on the other side of the glass side 

underneath the gel before lading your slide, this way later you will know where 

you made patterns. 

7. Attach the ‘capture tube’ to the stage. 

8. Go to ‘load setting’ and choose 10x objective default setting. 

9. Then focus on the beads (you should see tiny circles) to make sure you are on 

the top of the gel and try to find the circle you have drawn earlier (if you had). 

Use the ‘navigate’ icon on top toolbar to move around the stage. 

10.  Select ‘camera’ options (choose the one with longer name, ends with …6373!) 

11. Check ‘Auto Live’ if exposure is too high. 

12. On bottom left corner of the window, select ‘Close cut + Auto LPC’ and ‘tube’ 

for collecting pieces of ablated gels. 

13. On the top right side of the window, set up the following: 

LPC Energy: 25 

Cut Energy: 24 
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Speed: 20  

14. Select, the ‘rectangular’ drawtool icon and draw a rectangle (15 x 280 μm= 

width x length). Note: 280 μm is the maximum length of a rectangle that you 

can draw with 10x magnification. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1 Time-lapse images of PA gel ablation using laser. It takes 2-

2.5 minutes to pattern a single track 

Figure 7.2 Phase contrast (left) and fluorescent 

(right) images of laser ablated pattered PA gel. 
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15. Copy (Ctrl+C) and paste (Ctrl+V) the same rectangle to replicate pattern. 

16. Click on the ‘laser’ icon to start ablation procedure. You can stop at any point 

and also adjust LPC energy, cut energy and speed while it’s working. Below 

are images that depicts the procedure:  
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