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ABSTRACT

Cell migration plays an important role in cancer metastasis. Traditional diagnostic meth-

ods often involve obtaining tissue biopsies and examining the morphology of the cells and the

molecular composition of the microenvironment in static microscopy images. A link between

dynamic cellular processes and static microenvironmental inputs must be made. This connec-

tion is often made qualitatively with a lack of quantitative information. Therefore, the aims of

this work are to investigate how subcelluar dynamics of cell migration such as protrusion and

adhesion are quantitatively modulated under different environmental inputs such as epidermal

growth factor (EGF) and collagen.

There are two major subcellular processes of migration, protrusion and adhesion. Protrusion

is a dynamic movement of the cell edge and adhesion is mediated through macromolecular

complexes called focal adhesions (FA). EGF concentration is an input that regulates FA and

protrusion dynamics, whereas cell speed is an output that integrates information determined

by inputs such as EGF. Several FA signatures and protrusion waves are associated with fast

migration, but not necessarily with EGF. This suggests that other factors like contractility or

extracellular matrix (ECM) might alter protrusion and FA for fast migration. Because fast

migrating cells are usually invasive and cause metastasis, I designed a high-throughput method

to identify the fast cells for determining what differences in cell properties such as protein

expression level lead to the cell-to-cell variability. As mentioned above, contractility and ECM

adhesivity are other inputs that affect migration. Although their effects on migration may be

similar, upstream responses may vary. For example, both increasing adhesivity and decreasing

contractility decreased migration speed, but their impact on protrusion and adhesion were

distinct. Adhesivity affects migration not only on uniform substrates, but also under contact

guidance. Both increasing adhesivity and the number of lines a cell contacted resulted in

decreased directionality with more protrusion waves, which suggest that adhesivity and line
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spacing drive the efficiency of contact guidance through the presence of protrusion waves.

In summary, quantification of protrusion and FA properties might provide signatures that

relate short timescale dynamics to long timescale migrational properties, making them ideal

measurements for cancer diagnosis.
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CHAPTER 1. INTRODUCTION

1.1 Cancer Metastasis and its Diagnosis

Breast cancer is the most common type of cancer in women. Most of the primary tumors

can be removed relatively easily by irradiation and surgery, but when a primary tumor colo-

nizes distant organs to form secondary tumors, cancer is much harder to treat (van Nimwegen,

Verkoeijen et al. 2005). This entire process is called metastasis and it causes about 90% of the

deaths in breast cancer patients. Metastasis relies on moving cells from one point to another,

making it an intrinsically dynamic cellular process. However, traditional diagnostic pathology

methods often involve obtaining tissue biopsies and examining the morphology of the cells and

the molecular composition of the microenvironment in static microscopy images. A link be-

tween dynamic cellular processes and static microenvironmental inputs must be made. Often

times this connection has been made qualitatively with a dramatic lack of quantitative infor-

mation. However, this quantitative information is critically important to the correct diagnosis

of potentially fatal, invasive cancer. Correct diagnosis means not only avoiding under diagnosis

that could lead to a patient′s death, but also over diagnosis that could expose the patient to

unneeded medical procedures. The following sections will describe what dynamic cellular (and

subcellular) processes must be measured and some of the microenvironmental inputs that con-

trol these dynamic processes during metastasis, including epidermal growth factor (EGF) and

extracellular matrix (ECM).

Cell migration is an important dynamic cell behavior that drives cancer metastasis (Friedl

and Gilmour 2009). Cells migrate from the primary tumor to blood and lymph vessels and

eventually to the secondary tumor. This migration is stimulated by microenvironmental factors

like growth factors or extracellular matrix (ECM). As mentioned above one goal of this work
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is to provide a link between cellular dynamics like cell migration and the state of the microen-

vironment. Perhaps this link might inform models to predict migration behavior from static

images of tissue biopsies (Anderson, Weaver et al. 2006), thus improving cancer diagnostics.

The inhibition of cell migration is also an appropriate goal for cancer treatment, to be em-

ployed in conjunction with other approaches that target tumor cell proliferation (Wells, Kassis

et al. 2002). In order to provide a link between cell migration and the state of the

microenvironment, I quantitatively characterized migration behavior of single cells

as well as the underlying subcellular dynamics under different microenvironmental

conditions (Chapters 2, 3, 4 and 6).

The progression of carcinomas not only relies on single cell behavior, but also on the as-

sembly and disassembly process of clusters of cells. The primary tumor develops as cluster of

attached epithelial cells, but at some point these cells scatter and break off the primary tumor

as single cells or clusters of cells. These single cells or clusters of cells metastasize to distant

organs and form nascent secondary tumors (Hanahan and Weinberg 2000). Many clinical and

experimental observations suggest that both the weakening of cell-cell contacts and enhanced

migration lead to metastasis driven by single cells (Friedl and Wolf 2003, Vincent-Salomon

and Thiery 2003). However, others have found less invasive clusters of cells in lymph nodes

(Cavallaro and Christofori 2001). This suggests that multicellular clusters can escape from the

primary tissues and form emboli in either blood vessels or lymph nodes (Tomlinson, Alpaugh

et al. 2001). The idea that metastases might be in fact multicellular clusters provides motiva-

tion for the work showing carcinoma cells can escape suspension-induced apoptosis by forming

multicelluar clusters. Single cells in suspension that do not form clusters undergo apoptosis

(Zhang, Lu et al. 2004, Zhang, Xu et al. 2010). Therefore, cell clustering plays an important

role in the formation of secondary tumor site by either assembling the cancer cells themselves

or reorganizing stromal cells. Although many studies have been designed to probe the

qualitative properties of the clustering of cells with strong cell-cell adhesions, little

work has been done on quantifying the clustering behavior of cells that lack robust

cell-cell junctions and investigating the underlying mechanisms. Consequently, I

show data quantifying the clustering behavior. Furthermore, I apply reaction and
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transport principles to understand whether clustering is caused by differences in

proliferation or cell migration rates (Chapter 5).

1.2 The Role of Protrusion, Adhesion and Contraction During Migration

Cell migration can be considered a cyclic series of distinct but concerted biophysical pro-

cesses, including protrusion, adhesion, contraction and retraction (Lauffenburger and Horwitz

1996). Each of these processes depends on reorganization of the actin cytoskeleton and involves

both external and internal signaling pathways (Wells, Kassis et al. 2002). First, the cell polar-

izes and protrudes at the leading edge, which is driven by actin polymerization and stabilized

by adhesion. The protrusion adheres to the surroundings through specific interactions between

integrins and the extracellular matrix (ECM) (Giancotti and Ruoslahti 1999). Once adhered,

cells generate traction forces against the substratum through actomyosin contraction. These

contractile forces allow the cell to disassemble and release adhesions at the cell rear, causing

the whole cell body to move forward (Ridley, Schwartz et al. 2003).

During protrusion, traveling waves have been observed, which are cycles of protrusion and

retraction at the leading edge that travel both laterally along or rearward from the cell edge

(Giannone, Dubin-Thaler et al. 2004, Machacek and Danuser 2006, Giannone, Dubin-Thaler et

al. 2007, Barnhart, Lee et al. 2011). The mechanisms of these traveling waves have just begun

to be studied. The generation of the traveling wave is associated with actin polymerization and

treadmilling. For example, Barnhart et al. found that the fish keratocytes exhibit traveling

waves of protrusion when crawling on highly adhesive substrates and lateral wave propagation

speed was similar to the actin polymerization speed (Barnhart, Lee et al. 2011). The termina-

tion behind the traveling wave is associated with depletion of an F-actin promoter on a slower

timescale than initiation of the waves. Machacek et al. found that the persistence of waves

depends on the relative abundance of activated Arp2/3 and polymerizable G-actin (Machacek

and Danuser 2006). Protrusion waves are subcellular signatures not only biophysically linked

with cell migration, but also mechanically linked with subcellular processes such as myosin ac-

tivity and adhesion-site formation. Giannone et al. found periodic rearward protrusion waves

that are formed when F-actin flows from the front to the rear when it reaches newly assembled
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myosin II, contraction occurs, initiating the next cycle. These periodical lamellipodial waves

connect myosin motors with the initiation of adhesion sites (Giannone, Dubin-Thaler et al.

2007).

The processes of protrusion, adhesion, contraction and retraction are temporally and spa-

tially connected via a series of feedback loops (Fig. 1.1)(Bailly, Yan et al. 1998, Totsukawa, Wu

et al. 2004, Machacek and Danuser 2006, Nayal, Webb et al. 2006, Giannone, Dubin-Thaler

et al. 2007, Vicente-Manzanares, Zareno et al. 2007, Cirit, Krajcovic et al. 2010, Ronde,

Deramaudt et al. 2011), which occur through altering adhesive attachments called focal ad-

hesions (FAs) (Han, Li et al. , Peppelenbosch, Tertoolen et al. 1993, Segall, Tyerech et al.

1996, Harms, Bassi et al. 2005, Katz, Amit et al. 2007). FAs are dynamic, macromolecular

structures, which serve as both mechanical linkages and centers of intracellular signal trans-

duction. The maturation of nascent adhesions to stable FAs constitutes a functional switch.

This switch changes how much force the adhesion can bare as well as whether it signals for

additional protrusion (Cirit, Krajcovic et al. 2010). For example, nascent adhesions can active

Rac through integrin-mediated signaling pathways, which promote the formation of broad, flat

membrane structures called lamellipodia and thus enhance protrusion (DeMali, Barlow et al.

2002, Zaidel-Bar, Ballestrem et al. 2003, Valles, Beuvin et al. 2004, Nayal, Webb et al. 2006,

Serrels, Serrels et al. 2007). Nascent adhesions also function as traction points that resist

the force arising from the retrograde flow and shunt the force to the substrates, resulting in

increased protrusion (Beningo, Dembo et al. 2001, Gardel, Sabass et al. 2008). This coupling

between FAs and protrusion is regulated by a clutch-like mechanism (Jay 2000). When the

clutch between FAs and retrograde flowing actin is engaged, rates of forward protrusion increase

while the FAs undergo force-dependent maturation. The efficiency of this clutch is different

among cells. Mature FAs serve as stable physical linkages between ECM and actin cytoskele-

ton, through which myosin II motors generate contractile force and promote retraction (Geiger,

Zamir et al. 1999, Balaban, Schwarz et al. 2001, Choi, Leong et al. 2008, Vicente-Manzanares,

Choi et al. 2008, Stricker, Aratyn-Schaus et al. 2011).
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Figure 1.1 A schematic model describes the feedback loops between protrusion

and adhesion. The rates of nascent adhesion formation and turnover depend

on the velocity of membrane protrusion (v), and the density and composition

of ECM. Nascent adhesions promote protrusion by mediating activation of Rac,

utilizing a pathway that is reinforced by positive feedback loops. Those nascent

adhesions that are not turned over mature to form stable adhesions, a process that

is reinforced by myosin-mediated feedback loop. Stable adhesions either directly

antagonize protrusion or disassemble over a relatively long time scale, and their

influence on protrusion is also diminished by convective (v-dependent) transport

(Cirit, Krajcovic et al. 2010).
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FAs exist in different maturation states. This FA assembly, maturation and disassembly is a

continuous process driven by actin polymerization and myosin II-genetrated tension (Parsons,

Horwitz et al. 2010). The assembly of nascent adhesions requires Arp2/3 complex-mediated

actin polymerization, which is regulated by the Rho GTPases Rac and Cdc42 (Choi, Vicente-

Manzanares et al. 2008). The disassembly of nascent adhesions is driven by severing and

disassembly of branched actin structures (Parsons, Horwitz et al. 2010). The maturation of

nascent adhesions is driven by either new actin polymerization or the reorganization of existing

actin filaments along an α-actinin and actin crosslinking template that elongates centripetally

from nascent adhesions (Choi, Vicente-Manzanares et al. 2008). The activity of myosin II

and the resulting tension exerted on FAs seem to be important factors in determining the

balance between FA maturation and disassembly (Geiger, Spatz et al. 2009, Wolfenson, Henis

et al. 2009). For example, inhibiting myosin II with blebbistatin prevents adhesion maturation

and greatly increases nascent adhesions. Conversely, myosin IIA overexpression in CHO cells

inhibits leading edge protrusion and increases nascent adhesion maturation to focal complexes

(Vicente-Manzanares, Koach et al. 2008). Finally, tension and actin reorganization contribute

to FA disassembly at both the front and the rear of the cell (Broussard, Webb et al. 2008). At

the front of the cell, disassembly of FAs is driven by actin depolymerization and reorganization.

At the rear of the cell, disassembly of FAs is driven by retraction, which is usually accompanied

by the adhesion sliding. Although not fully understood, the adhesion sliding seems to be a Rho

GTPase and myosin II dependent form of treadmilling, in which the peripheral edge of the FA

disassembles while the central edge assembles, causing the whole cell body to move forward

(Ballestrem, Hinz et al. 2001, Digman, Brown et al. 2008). Thus, initial nascent adhesion

assembly is mechanically and kinetically linked to actin polymerization at the edge of the cell,

whereas myosin II activity and tension exerted on actin further back in the cell contribute to

the maturation of nascent adhesions to FAs and the disassembly of FAs.

Several morphological characteristics, such as FA size, lifetime and elongation, have been

used to describe maturation states (Fig. 1.2). Nascent adhesions are small, short-lived and

minimally elongated (Parsons, Horwitz et al. 2010, Zaidel-Bar and Geiger 2010). Focal com-

plexes are slightly larger than nascent adhesions (0.2-0.8 µm2) and persist for several minutes
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Figure 1.2 The morphology and composition of FA change during maturation pro-

cess. (Gardel, Schneider et al. 2010)

(Parsons, Horwitz et al. 2010). Focal complexes mature to stable FAs, which are typically

larger (0.8-10 µm2) (Zimerman, Volberg et al. 2004). FAs mature to fibrillar adhesions char-

acterized by long lifetimes and a highly elongated structure. Additionally, other characteristics

such as FA protein density, speed and number have been used to predict the magnitude of

force transmission to the surroundings (Balaban, Schwarz et al. 2001, Beningo, Dembo et

al. 2001, Stricker, Aratyn-Schaus et al. 2011). Cells with many FAs that are stationary

and dense with proteins tend to transmit large forces to the surroundings and correspond to

non-migratory cells (Smilenov, Mikhailov et al. 1999), whereas cells with many FAs that are

highly dynamic and turnover rapidly tend to migrate fast (Nayal, Webb et al. 2006). While

characteristics that drive the maturation and turnover of FAs have begun to be

quantitatively measured, the quantitative correlation between these characteristics

and cell migration behavior is largely unknown. In addition, protrusion waves and

their functional relevance are only starting to be characterized now. Therefore

I characterize protrusion/retraction and FA dynamics and link these signatures

with cell migration under either epidermal growth factor stimulation, substrate

adhesiveness, contractility and organized patterns of collagen (Chapters 2, 4 and

6). A key to this process is to appreciate FA characteristics as distributions and

not mere averages and standard deviations.
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1.3 Growth Factor-Induced Migration

Growth factors are proteins that process growth-stimulating signals and promote the cells

to proliferate and migrate. In cancer cells, the proteins involved in the growth-stimulating

signaling pathways are overactive and thus cause cancer cells to proliferate or migrate much

faster than normal cells. Some cancer cells overproduce growth factors or overexpress abnormal

receptor proteins that are constitutively activated.

One of the most well-studied growth factors is epidermal growth factor (EGF) and it is

known to stimulate sustained cell migration, which is crucial for tumor cell invasion (Wells,

Kassis et al. 2002). A number of clinical data indicate that epidermal growth factor receptor

(EGFR) overexpression and signaling correlates to tumor invasion (Wells, Kassis et al. 2002).

High levels of EGFR are visualized in the regions of the tumors that are actively invading

the microenvironment while the regions distant or adjacent to the tumors expressed lower

physiological levels of EGFR (Rao, Hemstreet et al. 1993). Additionally, EGFR inhibition

very effectively decreases metastasis in breast cancer (Herbst 2004). Finally, increased levels

of EGFR expression has been suggested to increase cell motility and proliferation required for

tumor progression (Xie, Turner et al. 1995, Turnert, Chen et al. 1996, Arteaga 2002).

The migration speed response to EGF is dose dependent. For example, there was a 2.5-

4.5 fold increase in migration speed in a log-linear manner, with a maximum concentration

at 1.6-8 nM EGF (Ando and Jensen 1993) in keratinocytes stimulated with various doses of

EGF. Joslin et al. found that the average speed of human mammary epithelial cells increased

with increasing concentrations of exogenous EGF, from 0.2 to 2nM (Joslin, Opresko et al.

2007). Celestino et al. investigated the dose response of EGF (0, 0.16, 1.6, 8, 16, or 32

nM) on the growth of caprinepreantral follicles and found that the low concentrations of EGF

maintain caprine follicular viability and promote the transition from primordial to primary

follicles (Celestino, Bruno et al. 2009). Similarly, a low concentration of EGF (0.16 nM) has

a stimulatory effect on trophoblast migration, whereas high concentrations of EGF (16 nM)

shows an inhibitory effect (Han, Li et al.). Interestingly, EGF stimulation can also be biphasic.

For example, MDA-MB-231 cells demonstrated a characteristic bell-shaped chemo-migratory
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curve toward EGF (0.1616 nM), with an optimal concentration of 1.6 nM (Price, Tiganis

et al. 1999). Maheshwari et al. found that EGF can either decrease or increase fibroblast

speed depending on the concentration of fibronectin surface (Maheshwari, Wells et al. 1999).

Furthermore, the distribution in migration speed and persistence time appears to be dependent

on EGF stimulation (Ware, Wells et al. 1998), suggesting that EGF controls not only the mean

response, but also the cell-to-cell variability in response. The diversity in response to EGF at

the level of cell migration speed indicates that other characteristics that define a particular cell

state might modulate the response to EGF. A couple of these characteristics include adhesion to

the substrate, whether specific or non-specific, and contractile force generated by the cell. These

regulate protrusion and FA dynamics which are determining factors that lead to migration.

EGF′s control of cell motility originates from its regulation of membrane protrusion and

retraction (Zhang, Yang et al. , Lichtner, Wiedemuth et al. 1993, Bailly, Condeelis et al. 1998,

Harms, Bassi et al. 2005). For example, addition of EGF stimulates MTLn3 cells to extend

actin-filled lamellipodia within 1 to 3 minutes (Segall, Tyerech et al. 1996). As described for

migration, EGF does not always uniformly stimulate protrusion. For example, in poorly motile

and weakly metastatic A431 cells, binding of EGF leads to increases in ruffling retraction and

the velocity of protrusion doesn′t change (Chinkers, McKanna et al. 1979, Chinkers, McKanna

et al. 1981). However, in more motile, metastatic MTLn3 cells, EGF stimulates protrusion

(Wyckoff, Insel et al. 1998). Furthermore, the effect of EGF on protrusion depends on the

ECM concentration. Fractional membrane protrusion and retraction activity vary with surface

fibronectin concentration in the presence of EGF but not in its absence (Maheshwari, Wells et

al. 1999).

This EGF-mediated protrusion and retraction occurs through altering the formation and

disruption of FA (Han, Li et al. , Peppelenbosch, Tertoolen et al. 1993, Segall, Tyerech et al.

1996, Xie, Pallero et al. 1998, Harms, Bassi et al. 2005, Katz, Amit et al. 2007, Schneider, Hays

et al. 2009). EGF stimulates the formation and maturation of FAs, which stabilize lamellipod

protrusion. At the same time, the preexisting FAs prior to EGF stimulation disassemble and

disappear. This coordination of FA turnover with lamellipod protrusion is proposed to result

in polarized cell motility in response to gradients of EGF (Bailly, Condeelis et al. 1998, Bailly,
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Yan et al. 1998). There is a dose dependency of FA disassembly in response to decreased

adhesiveness of substrates under EGF stimulation, which is mediated by Erk through calpain

to promote proteolysis of focal adhesion proteins and thus drive adhesion disassembly (Xie,

Pallero et al. 1998). EGF also alters phosphorylation of Fak and paxillin, which promote FA

assembly and cell migration, however, the context of this regulation may be important since

reports differ as to whether EGF promotes phosphorylation or dephosphorylation of these

proteins (Tapia, Camello et al. 1999, Sieg, Hauck et al. 2000, Lu, Jiang et al. 2001, Schneider,

Hays et al. 2009).

Although much is known about EGF-induced cell migration, protrusion and

FA dynamics, very little work has been done to examine how protrusion and FA

dynamics are quantitatively altered in response to EGF. As a result, I designed

experiments to quantify the protrusion dynamics as well as FA properties under

EGF stimulation and investigate how protrusion and FA coordinately mediate cell

migration in response to EGF (Chapters 2 and 4).

1.4 Cell-to-Cell Variability in Migration

Cell-to-cell variability has been widely observed in mammary cells and has drawn much

attention due to its influence on physiology (Monine and Haugh 2008), pathology (Anderson,

Weaver et al. 2006) and pharmacology (Niepel, Spencer et al. 2009). This heterogeneity arises

from both intrinsic and extrinsic noise in intracellular processes (Kim and Price , Rao, Wolf et

al. 2002, Raj and van Oudenaarden 2008). The noise can be traced to heterogeneity in protein

level (Rinott, Jaimovich et al. , Yuan, Wulf et al.), membrane organization (Wieser, Weghuber

et al. 2009) and cytoskeletal organization (Lacayo, Pincus et al. 2007) and is enhanced through

extracellular stimuli (Colman-Lerner, Gordon et al. 2005). People have dissected and measured

sources of variation in system output, analyzing thousands of individual, genetically identical

cells and found that only a small portion of total cell-to-cell variability is caused by random

fluctuations in intrinsic noises. Instead, variation is dominated by differences in the capacity

of individual cells to transmit signals through signaling pathways leading to gene expression

(Colman-Lerner, Gordon et al. 2005).
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While the above examples relate to non-migratory processes, cell-to-cell variability also

has impact on cell migration (Sorger, Niepel et al. 2009). For example, Lacayo et al. found

that variations in cell migration and morphology are consequences of changes in underlying

cytoskeletal organization and dynamics. They used mathematical modeling to elucidate the

global cell variations in shape and speed from knowledge of local effects of multiscale protein

interactions (Lacayo, Pincus et al. 2007). These specific phenotypic properties of single cells

are strong predictors of cell fate or cellular activity (Pelkmans and Snijder 2011). Consequently,

cell-to-cell variability has also begun to permeate mathematical models (Anderson, Weaver et

al. 2006, Monine and Haugh 2008), where even small changes in the distribution of protein

concentrations yield enhanced wound healing or metastasis due to the selection of an optimal

subpopulation. Yuan et al. found that Akt activity is bimodal in response to EGF stimulation

and correlates with Phosphoinositide 3-kinase (PI3K) protein level. MCF-10A cells with high

and low levels of PI3K protein have distinct cellular functions and only cells with high PI3K can

active Akt (Yuan, Wulf et al.). Changes in these protein levels will alter signaling that might

impact both FA growth and turnover as well as protrusion and retraction dynamics. Therefore

I examined an approach that could be used to assess cell-to-cell variability in

migration speed in a high throughput system (Chapter 3).

1.5 Extracellular Matrix-Induced Migration

The ECM constitutes the structural organization for cells and is the main regulator of cell

behavior processes such as scattering, clustering and migration (de Rooij, Kerstens et al. 2005,

Shields, Dangi-Garimella et al. 2011, Pope and Asthagiri 2012, Shields, Krantz et al. 2012).

Cells adhere to the ECM via the integrin family of transmembrane receptors, which signal to

control mammary specific gene expression and regulate cell migration and proliferation (Keely,

Wu et al. 1995, Streuli, Schmidhauser et al. 1995, Tsai and Kam 2009). During tumor

formation, the ECM is extensively remodeled and signaling through integrins is altered such

that cells become proliferative and invasive. A key regulator of whether integrin-mediated

adhesion will promote tumor formation is the stiffness of the stromal ECM. Increased ECM

density results in the increase in matrix stiffness. Cells sense the stiffness of their surrounding
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ECM by Rho-mediated contraction of the actin-myosin cytoskeleton (Totsukawa, Yamakita

et al. 2000). The Rho-mediated contractility then activates integrin-mediated pathways and

promotes cell proliferation and clustering (Salmenpera, Kankuri et al. 2008, Rhee, Ho et al.

2010, da Rocha-Azevedo, Ho et al. 2013). In clustering, the ECM determines the speed and

persistence of cell migration, which can act to cluster cells (Pope and Asthagiri 2012). The

stiffness of ECM is also important regulator of cell scattering (de Rooij, Kerstens et al. 2005,

Gilchrist, Darling et al. 2011). For example, epithelial cell scattering is enhanced on collagen

and fibronectin, as compared with laminin I and rigid substrates that produce high traction

forces promoted scattering, in comparison to more compliant substrates (de Rooij, Kerstens et

al. 2005).

Collagen is an ECM protein that assembles into fibers. These fibers can be crosslinked and

can entangle to form dense networks or can be assembled into higher ordered, bundled fibers

(Kadler, Holmes et al. 1996). The aligned collagen fibers often times direct in vivo migration.

For instance, metastatic carcinoma cells translate along collagen fibers as they exit the tumor

(Wolf, Mazo et al. 2003, Sahai, Wyckoff et al. 2005, Provenzano, Eliceiri et al. 2008). This

migration behavior is called contact guidance (Dunn and Heath 1976). If the contact guidance

cue is weak, cell migration is only weakly biased and not all migration steps are in the direction

of the cue. If the contact guidance cue is strong, cell migration is strongly biased and most

or all steps are in the direction of the cue. Early in the development of the tumor, collagen is

organized circumferentially around the tumor mass. During tumor progression, these collagen

fibers are reorganized by surrounding stromal cells resulting in large fiber bundles that extend

radially from the tumor mass. This new collagen fiber morphology can then direct migration

of cells out of the tumor (Provenzano, Eliceiri et al. 2006). While protease activity and fiber

reorganization are both vital to the overall process of invasion and metastasis, protease activity

seems to be most important during penetration through the basement membrane during initial

exit out of the epithelial tissue or entrance into endothelial tissue of blood and lymph vessels

(Mierke, Rosel et al. 2008). This suggests that between these two points, cancer cell migration

is determined to a large extent by the existing ECM. How fast cells migrate in that environment

(speed) and how well the aligned fibers bias migration direction (directionality) are two primary
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indicators of if or how fast metastatsis will occur. Environmental characteristics such as fiber

density (fiber-to-fiber spacing) and the concentration of charged accessory molecules in and

around the ECM will impact both speed and directionality.

The ECM impacts speed and directionality by altering protrusion and FA dynamics, which

plays an important role in the adhesion-based modulation of directionality, because a cell

must form nascent FAs and extend an adherent new leading protrusion to change its direction

of locomotion. Protrusion can either occur continuously in spatially confined regions as in

keratocyte migration or it can occur in cycles or waves of protrusion that move laterally along

the edge (Dbereiner, Dubin-Thaler et al. 2006, Machacek and Danuser 2006, Hou, Hedberg et

al. 2012). These protrusions adhere to the surrounding ECM through receptors or other non-

specific charge-based interactions. Collagen is also recognized by integrins and activates various

intracellular signaling pathways related to protrusion (Martins and Kolega, 2006), adhesion

(Tamariz and Grinnell, 2002) and cell migration (Gaudet et al., 2003). Integrins constitute one

large family of receptors, which bind specifically to ECM proteins such as fibronectin, laminin

and collagens. However, cell adhesion can also be made through non-specific interactions

between charged ligands and surface proteoglycans or other receptors (Massia and Hubbell

1992, Mager, LaPointe et al. 2011). While these charge-based interactions can cooperate to

adhere new protrusion to the substrate, they lack in the ability to form FAs (Massia and Hubbell

1992, Lehnert, Wehrle-Haller et al. 2004). On the other hand, integrin interactions with ECM

readily form FAs that can be attached to the actin cytoskeleton for structural support and can

engage in intracellular signaling that can drive continued protrusion (Zaidel-Bar, Ballestrem

et al. 2003, Nayal, Webb et al. 2006). At fast migrational speeds, changing either adhesion

or contractility (or matrix stiffness) can lead to decreased cell migration speed, resulting in

a biphasic response (Dimilla, Barbee et al. 1991, Peyton and Putnam 2005, Gupton and

Waterman-Storer 2006, Zaman, Trapani et al. 2006).

Developing in vitro environments where collagen organization can be controlled

and cell clustering, migration, protrusion and FA characteristics can be measured

will be a powerful approach to understand how cells sense both uniform and di-

rectional ECM cues. Therefore, I investigated how collagen attachment to the
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substrates controls cell clustering through migration (Chapter 5) and how adhe-

sion strength, contractility as well as aligned collagen patterns drive the efficiency

of contact guidance and cell migration through protrusion and FA dynamics (Chap-

ters 4 and 6).

1.6 Objectives

Understanding how cells migrate and form clusters in response to multiple environmental

cues has broad impact on many pathological and physiological processes including cancer. Al-

though many studies have focused on qualitatively describing migration and clustering, many

fewer attempt to quantify the migration and clustering behavior and link them to subcellular

processes mechanistically. Therefore, the aims of this research are to investigate how can-

cer cell migration and clustering are quantitatively modulated under different environmental

conditions.

It is well known that cell migration is mediated through protrusion and FA dynamics and

EGF plays an important role in this process. However, it is not known how FA maturation, FA

dynamics and protrusion dynamics are regulated during EGF-induced migration. In chapter

2, I describe experiments that use total internal reflection fluorescence (TIRF) microscopy and

image analysis to quantify FA properties and protrusion dynamics under different doses of EGF

stimulation and to investigate whether differences in FA and protrusion dynamics correlate with

differences in migration speed under EGF stimulation.

Fast migrating cells have particular importance in cancer metastasis because of their inva-

sive phenotype, but individual cells vary dramatically in their cell migration speeds. Indeed, in

Chapter 2 I demonstrated that EGF enhances cell-to-cell variability. Few experimental plat-

forms exist to assess whether this variability is due to intrinsic gene expression or variability in

the microenvironment. Therefore, I began to optimize a high-throughput approach to identify

fast migrating cells out of other cells and study changes in cell-to-cell variability under EGF

stimulation. In chapter 3, I present a method that combines a QD-based phagokinetic assay and

flow cytometry to select the fast migrating cells and potentially examining expression profiles

of migratory proteins.
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EGF is not the only microenvironmental stimulant for cell migration, but adhesion to the

extracellular matrix and cell contractility contribute too. Adhesion and contraction are often

described as linked processes, where tuning either results in similar changes in cell behavior. In

Chapter 2, I found certain protrusion and FA signatures that were present in EGF-stimulated

cells and between fast and slow migrating cells. In Chapter 4, I present experiments where I

examined whether changing either adhesion or contraction result in the same changes in cell

migration behavior, protrusion dynamics and FA properties.

Cells can assemble into large clusters and these clusters are important in several different

steps during cancer progression. Although cell scattering and clustering is a well-described

process, much of the quantitative work has focused on the analysis of clustering between cells

with strong cell-cell junctions. Much less is known about how cells assemble with weak cell-cell

contact. Therefore, in Chapter 5, I quantify the clustering in response to different approaches

to attach collagen to surfaces. In addition, I examine what mechanisms contribute to clustering

and rule out cell-cell communication as an approach to assemble cell clusters using a scaling

approach that describes clustering and a transport-limited reaction.

Finally, in vivo migration is not random, but often times directed by extracellular cues

such as aligned collagen fibers. Although directed migration has been well studied, little work

has been done on how directed migration is mediated through protrusion dynamics and FA

properties. In chapter 6, I present characterization of the directed migration of cells on sub-

strates where I could probe how fiber density and surrounding chemical composition regulate

the ability of cells to organize protrusion and adhesion in order to migrate directionally.
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CHAPTER 2. DIFFERENCES IN ADHESION AND PROTRUSION

PROPERTIES CORRELATE WITH DIFFERENCES IN MIGRATION

SPEED UNDER EGF STIMULATION

This chapter was modified from the paper published in BMC Biophysics 2012, 5:8.

Yue Hou, Sarah Hedberg and Ian C. Schneider

Cell migration plays an essential role in many biological processes, such as cancer metastasis,

wound healing and immune response. Cell migration is mediated through protrusion and focal

adhesion (FA) assembly, maturation and disassembly. Epidermal growth factor (EGF) is known

to enhance migration rate in many cell types; however it is not known how FA maturation,

FA dynamics and protrusion dynamics are regulated during EGF-induced migration. Here I

used total internal reflection fluorescence (TIRF) microscopy and image analysis to quantify

FA properties and protrusion dynamics under different doses of EGF stimulation. EGF was

found to broaden the distribution of cell migration rates, generating more fast and slow cells.

Furthermore, groups based on EGF stimulation condition or cell migration speed were marked

by characteristic signatures. When data was binned based on EGF stimulation conditions, FA

intensity and FA number per cell showed the largest difference among stimulation groups. FA

intensity decreased with increasing EGF concentration and FA number per cell was highest

under intermediate stimulation conditions. No difference in protrusion behavior was observed.

However, when data were binned based on cell migration speed, FA intensity and not FA number

per cell showed the largest difference among groups. FA intensity was lower for fast migrating

cells. Additionally, waves of protrusion tended to correlate with fast migrating cells. Only

a portion of the FA properties and protrusion dynamics that correlate with migration speed,

correlate with EGF stimulation condition. Those that do not correlate with EGF stimulation
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condition constitute the most sensitive output for identifying why cells respond differently to

EGF. The idea that EGF can both increase and decrease the migration speed of individual

cells in a population has particular relevance to cancer metastasis where the microenvironment

can select subpopulations based on some adhesion and protrusion characteristics, leading to a

more invasive phenotype as would be seen if all cells responded like an average cell.

2.1 Introduction

Cell migration plays an important role in tumor progression (Friedl and Wolf 2010). During

invasion and metastasis, migration is driven by soluble extracellular cues like EGF. EGF is a

well-known chemoattractant (Segall, Tyerech et al. 1996, Sawyer, Sturge et al. 2003, Wang,

Saadi et al. 2004); however, uniform doses also stimulate chemokinetic responses. EGF′s control

of cell motility originates from its regulation of adhesion and protrusion (Bailly, Condeelis et al.

1998, Hinz, Alt et al. 1999, Harms, Bassi et al. 2005). This occurs through altering adhesive

attachments called focal adhesions (Xie, Pallero et al. 1998, Katz, Amit et al. 2007, Schneider,

Hays et al. 2009) as well as actin cytoskeleton organization (Rijken, Hage et al. 1991, Chan,

Raft et al. 1998, Schneider, Hays et al. 2009). The response to EGF at the level of cell

migration is dose dependent, but there exists a range of maximal stimulation concentrations.

Often migration saturates at 2-10 nM EGF (Ando and Jensen 1993, Segall, Tyerech et al.

1996, Li, Fan et al. 2006), but some of the studies showed an inhibition of migration at

EGF concentrations >2-10 nM (Hinz, Alt et al. 1999, Price, Tiganis et al. 1999). This is in

agreement with other work demonstrating that in certain contexts, EGF can inhibit migration

(Maheshwari, Wells et al. 1999, Maheshwari, Wiley et al. 2001). Within each study there is

wide diversity in migration behavior, even among cells observed during the same experiment

(Ando and Jensen 1993). Interestingly, the distribution in migration speed and persistence time

appears to be dependent on EGF stimulation (Ware, Wells et al. 1998), suggesting that EGF

controls not only the mean response, but also the distribution in responses through cell-to-cell

variability.

Cell-to-cell variability has been widely observed, and has drawn much attention due to its

influence on physiology (Monine and Haugh 2008), pathology (Anderson, Weaver et al. 2006)
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and pharmacology (Niepel, Spencer et al. 2009). Cell-to-cell variability arises from noise in

intracellular processes (Rao, Wolf et al. 2002, Raj and van Oudenaarden 2008). This noise can

be traced to heterogeneity in protein level (Rinott, Jaimovich et al. , Yuan, Wulf et al. 2011),

membrane organization (Wieser, Weghuber et al. 2009) as well as cytoskeleton organization

(Lacayo, Pincus et al. 2007) and this heterogeneity can be enhanced through extracellular

stimuli (Colman-Lerner, Gordon et al. 2005). Consequently, cell-to-cell variability has also

begun to permeate mathematical models (Anderson, Weaver et al. 2006, Monine and Haugh

2008), where even small changes in the distribution of protein concentrations yield enhanced

wound healing or metastasis due to the selection of an optimal subpopulation. However, while

protein concentration differences among cells can result in different behavior, differences in the

distribution and dynamics of macromolecular complexes might also play a large role in driving

cell-to-cell variability. FAs and cytoskeleton structures regulating adhesion and protrusion

dynamics constitute two examples of how macromolecular complexes regulate cell behavior

and their diversity in behavior directly impacts cell migration.

FAs are dynamic, macromolecular structures that serve as both mechanical linkages and

centers of intracellular signal transduction (Gardel, Schneider et al. 2010, Parsons, Horwitz

et al. 2010, Zaidel-Bar and Geiger 2010). They assemble as nascent adhesions, mature into

focal complexes, focal adhesions and fibrillar adhesions and disassemble (Parsons, Horwitz et

al. 2010). Consequently, FAs exhibit different morphological maturation states throughout

their lifetime and this is thought to regulate their behavior. For example, small, nascent FAs,

transmit strong forces and serve as traction points for propulsive forces to move the cell body

forward (Beningo, Dembo et al. 2001, Gardel, Sabass et al. 2008). They also generate signals

for protrusion by activating actin accessory proteins (DeMali, Barlow et al. 2002, Zaidel-Bar,

Ballestrem et al. 2003, Valles, Beuvin et al. 2004, Nayal, Webb et al. 2006, Serrels, Serrels et

al. 2007). Under tension, these small FAs can mature into larger focal complexes, focal adhe-

sions and fibrillar complexes with different force transmission characteristics and propensities

for protrusion signaling (Geiger, Zamir et al. 1999, Balaban, Schwarz et al. 2001, Stricker,

Aratyn-Schaus et al. 2011). Several morphological characteristics have been used to describe

maturation states including FA size and elongation. Immature FAs that resist propulsive forces
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and signal for protrusion have small areas and are minimally elongated (Parsons, Horwitz et al.

2010, Zaidel-Bar and Geiger 2010). Additionally, FA protein density, sliding speed and number

have been used to predict the magnitude of force transmission to the surroundings (Balaban,

Schwarz et al. 2001, Beningo, Dembo et al. 2001, Stricker, Aratyn-Schaus et al. 2011) and

migration rate (Smilenov, Mikhailov et al. 1999). Characteristics that drive the maturation

and turnover of FAs have begun to be quantitatively measured (Berginski, Vitriol et al. 2011,

Wurflinger, Gamper et al. 2011) and the distributions properly quantified (Welf, Ogunnaike

et al. 2009). However, their direct correlation to migratory states as well as their response to

extracellular cues like EGF is unknown.

Protrusion is mediated by actin polymerization, whereas retraction is driven through myosin

II activity and actin depolymerization (Pollard and Borisy 2003, Small 2011). Protrusion and

retraction can either occur continuously in spatially confined regions as in keratocyte migration

or it can occur in cycles or waves of protrusion that move laterally along the edge (Machacek

and Danuser 2006, Barnhart, Lee et al. 2011). This has been characterized in several cell types

when cells are either spreading (Giannone, Dubin-Thaler et al. 2004) or migrating (Machacek

and Danuser 2006, Barnhart, Lee et al. 2011). In fact a recent paper has shown that slower

migrating keratocytes employ lateral protrusion waves (Barnhart, Lee et al. 2011). While the

timing of the cycles and the propagation of the waves is dependent on intracellular pathways,

very little work has been done to examine how protrusion is quantitatively altered in response

to extracellular stimuli like EGF.

In order to understand the relationship between EGF-stimulated cell migration, FA mat-

uration and turn over and protrusion and retraction dynamics, I imaged metastatic (MTLn3)

and non-metastatic (MTC) cell lines. I analyzed the cell migration speed and persistence under

various EGF stimulation conditions and found that EGF moderately increased the median mi-

gration rates and persistence of MTLn3 cells, whereas it had no significant effect on the speed

and persistence of MTC cells. Interestingly, higher concentrations of EGF broadened the dis-

tributions and increased the coefficient of variation of both the migration rate and persistence

of MTLn3 cells, but not MTC cells. In the same manner FA characteristics and protrusion

velocities did not seem to differ dramatically between EGF concentrations. However, when
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cells were binned based on speed, there were differences in the distributions of FA characteris-

tics and the qualitative behavior of protrusion, suggesting certain signatures for fast migrating

cells. Finally, increasing doses of EGF regulated some characteristics differently in fast migrat-

ing cells than in slow migrating cells, suggesting that these FA and protrusion characteristics

are not solely tied to migration rate. The idea that EGF can both increase and decrease the

migration speed of individual cells in a population has particular relevance to cancer metastasis

where the microenvironment can select subpopulations based on some adhesion and protrusion

characteristics, leading to a more invasive phenotype as would be seen if all cells responded like

an average cell.

2.2 Materials and Methods

Materials

Cell culture media was α-MEM medium with L-glutamine (Invitrogen) containing 5% fetal

bovine serum (Invitrogen) and 1% penicillin-streptomycin (Invitrogen). Collagen and poly-L-

lysine (PLL) solution contained 1.8 µg/ml of rat tail collagen I (Invitrogen) and 2 µg/ml of PLL

hydrochloride (Sigma), dissolved in 0.5 M acetic acid (Fisher) and sterilized under ultraviolet

light for 30 minutes. Serum free imaging media was α-MEM medium without phenol red

(Invitrogen) containing 1 mg/ml bovine serum albumin (Sigma), 12 mM HEPES (Fisher), and

1% penicillin-streptomycin (Invitrogen), adjusted to pH 7.4 and filtered through 0.22 µm pore

size filter (Millipore, Fisher).

Cell culture

Rat mammary adenocarcinoma cell lines (metastatic MTLn3 and non-metastatic MTC)

were obtained from Dr. Jeffrey E. Segall (Albert Einstein college of Medicine). Cell lines were

derived from the 13762NF rat mammary adenocarcinoma tumor (Neri, Welch et al. 1982).

Cells were maintained in cell culture media at 37◦C in 5% CO2 and were passed every 2 or 3

days. Collagen and PLL solution was incubated on 22 × 22 mm squeaky cleaned coverslips

(Corning, Fisher) at room temperature for 1 hour. Cells were seeded on coverslips with collagen

and PLL and incubated for 24 - 48 hours at 37◦C in 5% CO2 (50,000 - 100,000 cells/coverslip).

Cell migration assay
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MTLn3 and MTC cells were incubated on coverslips with collagen and PLL for 48 hours

and were switched to serum free imaging media for 2 hours. Coverslips were mounted onto glass

slide chambers in serum free imaging media with different concentrations of EGF (0, 0.01, 0.1,

1, 10 and 100 nM). Chambers were maintained at 37◦C for 2 hours and then imaged on a heated

stage every 2 minutes for 8 hours. Phase contrast time-lapse images were captured at 20× (NA

0.50, Nikon) with a charge-coupled device (CoolSNAP HQ2, Photometrics) attached to an

inverted microscope (Eclipse Ti, Nikon). Cell centroids were identified and tracked manually

by MTrackJ plugins of ImageJ. Single cell instantaneous speed, S, and directional persistence

time, P, were obtained by fitting these to the persistent random walk equation 2.1 (Othmer,

Dunbar et al. 1988):

< d2(t) >= 2S2P [t− P (1 − e−t/P )], (2.1)

using a non-linear least squares regression analysis. The sampling time is every two minutes

for 6-8 hours. The instantaneous speed decreased when the time lags increased from 0 to 200

minutes. I fit the model over a 30 minute time lag. To quantify protrusion rate I used a

constrained optimization program to measure the protrusion and retraction rates from masked

images as done previously (Machacek and Danuser 2006). The cell edge was segmented into

100 sectors. The average protrusion rate in these sectors was calculated over time.

Fluorescence imaging

MTLn3 cells were incubated on coverslips with collagen and PLL for 24 hours and trans-

fected with paxillin-EGFP and Fugene 6 (Roche) according to the manufacturers protocol (6 µl

of Fugene 6 and 3 µg of paxillin -EGFP). After one hour transfection, the media was changed

to cell culture media and the transfected cells were maintained at 37◦C in 5% CO2 for 23 hours.

Then the cells were switched to serum free imaging media for 2 hours. Coverslips were mounted

onto glass slide chambers in serum free imaging media with different concentrations of EGF (0,

0.01, 0.1, 1, 10 and 100 nM). Chambers were maintained at 37◦C for 2 hours and then imaged

on a heated stage every 10 seconds for 40 - 60 minutes. TIRF images were captured at 60×

oil objective (NA 1.49, Nikon) equipped with a TIRF illuminator and fiber optic-coupled laser

illumination. The 488 nm laser line of an air-cooled tunable Argon laser (Omnichrome Model

543-AP-A01, MellesGriot) was reflected off a dichroic mirror (89000 ET-QUAD, Chroma).
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Camera and shutter were controlled by µManager 1.3. An automated segmentation and track-

ing algorithm was utilized for large-scale analysis of FA dynamics (Wurflinger, Gamper et al.

2011). FAs smaller than 0.05 µm2 and larger than 10 µm2 were excluded from the analysis

because they represent either FAs consisting of less than three pixels or several FAs clustered

together. FA fluorescence intensities were calibrated to the standard condition of 1 mW laser

power with a 300 ms exposure time, so FA intensity should be directly proportional to protein

level across all samples. FA numbers of individual cells were counted at each frame and then

all the FA numbers/frame for 240 - 360 frames were included in the histogram and the mean

value calculation. For other FA properties, such as intensity, speed, lifetime, size and elonga-

tion, properties of each FA were first averaged over 240 - 360 frames, and then all the averaged

values of FA properties were included in the histogram and mean value calculation.

Statistical analysis

All graphs and statistical analyses were done using JMP and MATLAB software. To de-

termine the statistical differences between the conditions under various EGF stimulations, a

one-way analysis of variance (ANOVA) was applied to the data. To determine the statistical

differences of the distributions between slow and fast migrating cells, a MATLAB function

kstest2 was used. This function is a two-sample Kolmogorov-Smirnov test to determine

whether the data in the two groups are from the same continuous distribution. To determine

the statistical differences of the mean values between slow and fast migrating cells, a students

t-test was utilized. The significant level is 99% for p-value = 0.01.

2.3 Results

EGF stimulation broadens the distributions of migration rate and persistence

of MTLn3 cells.

In many cell types EGF has been reported to enhance the mean migration rate. EGF

is also a known chemoattractant for rat adenocarcinoma cells, stimulating acute protrusion.

However, the long term migration response of individual cells after challenge with EGF in this

model system is not known. Consequently, I examined cell migration under various doses of

EGF in both adenocarcinoma cells (MTLn3) and non-metastatic cells taken from the same
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tumor (MTC) (Fig. 2.1). In vivo, EGF concentrations in serum can be between 0.1-2 nM,

with local tissue concentrations as high as 20 nM (Li, Fan et al. 2006). Consequently, MTLn3

and MTC cell lines were stimulated with a wide range of EGF concentrations (from 0-100

nM). Some typical migration trajectories under different EGF concentrations were shown in

Fig. 2.2. Contrary to previous reports in other cell lines, EGF stimulation only increased the

median speed and decreased the median persistence slightly in MTLn3 cells and acted more

like an on-off switch between no EGF stimulation and EGF stimulation (Fig. 2.1A and B). In

addition, there was no dose response in either median speed or persistence of MTC cells (Fig.

2.1A and B). Cell persistence decreased somewhat with increasing cell speed in MTLn3 cells,

but MTC cells showed no such correlation, populating a much lower range of migration speeds

(Fig. 2.1C) with roughly the same range of persistence times. Interestingly, differences in the

distribution of migration speed of MTLn3 cells were more robust, showing that at higher EGF

concentrations, there were some cells that both migrated faster and slower than those at lower

EGF concentrations (Fig. 2.1A). Similarly, at higher EGF concentrations, there were some

cells that had a much longer persistence time than those at lower EGF concentrations (Fig.

2.1B). On the other hand, MTC cells did not show this same behavior (Fig. 2.1A and B). The

coefficient of variation (standard deviation/mean) increased in a dose dependent manner for

both cell speed and persistence in MTLn3 cells (Fig. 2.1D and E).

Given that the variability in cell migration speed and persistence seems to be the dominant

feature over the median (or mean) migration speed and persistence, I decided to group cells

based on cell migration speed rather than EGF concentration. A k -means clustering algorithm

for a cluster number equal to two was applied to the migration speeds of all cells under different

EGF concentrations. The cutoff speed between slow and fast migrating cells was found to be

42 µm/hr. Thus, I assigned cells with speeds of greater than 42 µm/hr to the fast migrating

group and cells with speeds of less than 42 µm/hr to the slow migrating group. Having grouped

cells in this manner I wanted to examine intracellular processes that regulate migration such as

FA characteristics and protrusion dynamics to see if certain signatures were exhibited by fast

moving cells.
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Figure 2.1 Increasing EGF broadens the distribution of both cell speed and per-

sistence of MTLn3 cells while not changing MTC cell migration. A. Cell

speed of MTLn3 (left) and MTC (right) under different EGF concentrations. B.

Cell persistence time of MTLn3 (left) and MTC (right) under different EGF con-

centrations. On each box, the central marker is the median; the edges of the box

are the 25th and 75th percentiles; the whiskers extend to the most extreme data

points not considered outliers, and outliers are plotted individually as +. (For

MTLn3, N0 = 16, N0.01= 24, N0.1 = 30, N1 = 26, N10 = 65, N100 = 60; For

MTC, N0.01 = 26, N1 = 24, N100 = 41.) C. Correlation between cell speed and

persistence for MTLn3 cells (white circles, N = 221) and MTC cells (black circles,

N = 91). D. Coefficient of variation of speed of MTLn3 cells as a function of

EGF concentration. E. Coefficient of variation of persistence of MTLn3 cells as a

function of EGF concentration. Curves were fitted to a 2nd order polynomial and

meant only to guide the eyes.
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Figure 2.2 Migration trajectories of typical cells under different EGF concentra-

tions. Three cell tracks were chosen randomly under each EGF concentrations and

labeled with different colors. All trajectories were aligned to the starting point (0,

0).
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Figure 2.3 Paxillin-EGFP expression levels for cells with different cell speeds and

under different EGF stimulation conditions. Mean intensity of individual

cells as a function of A. cell speed, and B. EGF concentrations. Ncell = 56.

The distribution of FA characteristics differs between fast and slow migrating

cells.

Cell migration depends on FA maturation, traction and turnover. These properties can

be quantified using several characteristics such as FA size, intensity, elongation, number per

frame, speed and lifetime. In order to measure these FA characteristics, I used TIRF microscopy

to observe FAs within a single cell transfected with paxillin-EGFP, a component that marks

FAs throughout their entire lifetime. Expression of paxillin-EGFP did not seem to alter the

migration speed, nor was the expression dependent on EGF stimulation (Fig. 2.3). In MTLn3

cells, many FAs assembled, matured and disassembled over several minutes, so images were

taken every 10 s (Fig. 2.4A), with little influence of photobleaching (Fig. 2.5). A segmentation

and tracking algorithm was used to quantify FA characteristics (Fig. 2.4B-D) and time-resolved

data of FA characteristics (Fig. 2.6) (Wurflinger, Gamper et al. 2011). I categorized by eye

the FA tracking results of different EGF concentrations and scored them as poor, good and

excellent. The example shown in Fig. 2.4 was scored as good. Most tracks at each EGF

condition resulted in more than 70% that were either good or excellent (Table 2.1).
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Figure 2.4 Time-lapse series of FA dynamics in MTLn3 cells. MTLn3 cell expressing

paxillin-EGFP and stimulated with 0.01 nM EGF is shown. Images were taken at

0, 10, 20, 30 and 40 min. A. Original total internal reflection fluorescence (TIRF)

images of cells with FAs. B. Binary images of whole cell masks after segmentation.

C. Binary images of FA masks after segmentation. D. Composite images of tracked

FAs within the cell, where green represents original images and red represents the

segmented FA masks. The scale bar is 10 µm.

Table 2.1 Qualitative assessment of tracking results. Percentages of poor, good or

excellent FA tracking results under different EGF concentrations are shown. An

example of a cell that was rated as good is shown in Fig. 2.4.

EGF (nM) CELL NUMBER POOR GOOD EXCELLENT

0 5 0 60% 40%

0.01 10 20% 70% 10%

0.1 10 50% 20% 30%

1 10 10% 20% 70%

10 12 17% 33% 50%

100 8 25% 50% 25%

Total 55 22% 40% 38%
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Figure 2.5 Average paxillin-EGFP intensity in cells as a function of time. A. Mean

FA intensity and B. mean intensity of the whole cell for all cells as a function of

time. Mean FA Intensity: Ncell = 55. Mean Intensity Ncell = 53.
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Figure 2.6 Time-resolved data of mean FA intensity and FA number per cell. A.

Mean FA intensity and B. FA number per cell for the cell shown in Fig. 2.4

under 0.01 nM EGF stimulation as a function of time. C. FA mean intensity and

D. number per cell of five typical cells under different EGF concentrations as a

function of time.
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Table 2.2 Summary of FA characteristics in fast migrating cells and those stim-

ulated with low and high EGF concentrations. The ranges indicates areas

of higher probability of fast migrating cells compared to slow migrating cells, cells

stimulated with low concentrations of EGF compared to those exposed to no EGF

and cells stimulated with high concentrations of EGF compared to those exposed

to no EGF. The ranges were determined by calculating crossover points between

the fit distributions. N/A means no crossover points.

Properties Fast Migrating Cells Low EGF High EGF

FA Number > 110 > 86 > 97

FA Size (µm2) 0.30 - 3.0 0.18 - 3.0 0.24 - 3.0

FA Sliding Speed (µm/hr) > 12 > 12 > 12

FA Lifetime (s) 0 - 440 160 - 530 160 - 620

FA Intensity (grayscale) < 22,000 <25,000 <25,000

FA Elongation N/A 1.3 - 2.1 1.3 - 2.2

FA characteristics can be ordered based on the magnitude in the difference between either

the no, low and high EGF stimulation conditions or between slow and fast migrating cells.

This magnitude was quantified by the Kolmogorov-Smirnov statistic (Fig. 2.7). When this

statistic is large, it is more likely that there is a difference in distributions between groups.

FA intensity and number per cell showed the largest values, so I decided to focus on these

characteristics. Distributions of all other FA characteristics are shown as Fig. 2.8 and Fig.

2.9 and a summary of relevant ranges of these FA characteristics under different conditions is

shown in Table 2.2. Most FA characteristics fit best to either lognormal or Weibull probability

distribution functions. As EGF concentration increased from no to low to high, FA intensity

decreased (Fig. 2.10). FA number per cell on the other hand showed highest numbers at

low concentrations of EGF. Both FA intensity and number per cell showed strong differences

between EGF concentration groups (Fig. 2.7). When cells were grouped based on migration

speed, FA intensity was lower for fast migrating cells (Fig. 2.11). However, K-S statistic for FA

number per cell was now much less, indicating that this characteristic shows poorer correlation

with migration speed (Fig. 2.7). Having identified some FA characteristics that correlate with

either EGF stimulation conditions or cell speed, I was interested if any protrusion characteristics

showed difference among groups.
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Figure 2.7 Quantification of the difference between experimental distributions of

FA properties. Cells were binned based on EGF concentration (no (0 nM), low

(0.1 and 0.01 nM) and high (100, 10 and 1 nM)) or cell speed (low (< 42 µm/hr) or

high (> 42 µm/hr)). The Kolmogorov-Smirnov statistic was the average of three

pair-wise comparisons (EGF) or simply the pair-wise comparison (cell speed). A

larger value for the Kolmogorov-Smirnov statistic signifies a higher probability that

there are differences between groups
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Figure 2.8 Distributions of FA size, speed, lifetime and elongation for different

EGF stimulation conditions. Histograms of FA size A.-C., speed E.-G., lifetime

I.-K. and size M.-O. were generated by dividing cells into three EGF stimulation

groups (A., E., I. and M., no EGF (0 nM), B., F., J. and N. low EGF (0.01

and 0.1 nM) and C., G.,K. and O. high EGF (1, 10 and 100 nM)). Histograms

were fitted with lognormal probability distributions except for speed, which was

fitted with a Weibull probability distribution. The mean values of FA D. size, H.

speed, L. lifetime and P. elongation are also shown. The number of measurements

of FA properties is the product of the average FA number and the cell number.

Size, speed, lifetime and elongation: Ncell,no = 5, NFA,no = 1963, Ncell,low =

20, NFA,low = 13,024, Ncell,high = 30, NFA,high = 14,648. Error bars are 95%

confidence intervals and asterisks denote p < 0.01.
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Figure 2.9 Distributions of FA size, speed, lifetime and elongation for slow and

fast migrating cells. Histograms of FA size A.-B., speed D.-E., lifetime G.-H.

and size J.-K. were generated by dividing cells into slow and fast migrating groups

(A., D., G. and J. slow migrating cells and B., E., H. and K. fast migrating cells).

Histograms were fitted with lognormal probability distributions except for speed,

which was fitted with a Weibull probability distribution. The mean values of FA

C. size, F. speed, I. lifetime and L. elongation are also shown. The number of

measurements of FA properties is the product of the average FA number and the

cell number. Size, speed, lifetime and elongation: Ncell,slow = 21, NFA,slow =

12,773, Ncell,fast = 34, NFA,fast = 16,862. Error bars are 95% confidence intervals

and asterisks denote p < 0.01.
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Figure 2.10 FA intensity decreases with increasing EGF concentration and number

per cell is maximal at intermediate EGF concentrations. Histograms of

FA intensity A.-C. and number per cell E.-G. were generated by dividing cells

into three EGF stimulation groups (A., E. no EGF (0 nM), B., F. low EGF (0.01

and 0.1 nM) and C., G. high EGF (1, 10 and 100 nM)). Histograms were fitted

with lognormal probability distributions. The mean values of FA D. intensity and

H. number per cell are also shown. The number of measurements of FA number

per cell is the product of the average number of frames and the cell number.

The number of measurements of FA properties is the product of the average FA

number and the cell number. Intensity: Ncell,no = 5, NFA,no = 1963, Ncell,low

= 20, NFA,low = 13,024, Ncell,high = 30, NFA,high = 14,648. Number per cell:

Ncell,no = 5, NFA,no = 1545, Ncell,low = 20, NFA,low = 5909, Ncell,high = 30,

NFA,high = 8937. Error bars are 95% confidence intervals and asterisks denote p

< 0.01.
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Figure 2.11 FA intensity is lower in fast migrating cells and FA number per cell is

slightly higher in fast migrating cells. Histograms of FA intensity A.-B. and

FA number per cell D.-E. were generated by dividing cells into two cell migration

speed groups (A., D. slow (<42 µm/hr) and B., E. fast (>42 µm/hr)). Histograms

were fit with lognormal probability distributions. The mean values of FA C.

intensity and F. number per cell are also shown. The number of measurements

of FA number per cell is the product of the average number of frames and the

cell number. The number of measurements of FA properties is the product of

the average FA number and the cell number. Intensity: Ncell,slow = 21, NFA,slow

= 12,773, Ncell,fast = 34, NFA,fast = 16,862. Number per cell: Ncell,slow =

21, NFA,slow = 6146, Ncell,fast = 34, NFA,fast = 10,245. Error bars are 95%

confidence intervals and asterisks denote p < 0.01.
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Unique spatial organization of protrusion and retraction is exhibited in fast

migrating cells.

I assessed differences in protrusion and retraction behavior under different EGF stimula-

tion conditions and between the slow and fast migrating cells. The cell-average protrusion

and retraction velocities would be faster in the fast migrating cells resulting in the increased

migration rate; however different patterns of protrusion could lead to the same average value,

so I analyzed local protrusion behavior. One prominent feature that I observed was traveling

waves of protrusion along the edge of the cell. This traveling wave behavior had the effect

of broadening of the protrusion velocity distribution. Upon qualitative examination, traveling

waves did not seem to be linked to EGF stimulation conditions. Additionally, slow migrating

cells usually showed large quiescent areas (green) and random, disorganized protrusion and re-

traction behavior (Fig. 2.12A). Only fast migrating cells showed traveling waves of protrusion

(Fig. 2.12B). I examined the difference in protrusion velocity distributions in the same way

that I examined distributions of FA properties (Fig. 2.7). The Kolmogorov-Smirnov statis-

tic was smaller when comparing EGF stimulation conditions than it was when comparing cell

migration speeds (Fig. 2.12C). This suggested that waves as described by a wide protrusion

velocity distribution correlate with differences in migration speed and not EGF concentration.

I computed the fraction of cells with waves and measured the standard deviation of the pro-

trusion velocity distribution in slow and fast migrating cells. Both waves and high standard

deviations were features of fast migrating cells (Fig. 2.12D, E and F). Consequently, fast cells

tend to organize their protrusion in a qualitatively different way than slow migrating cells and

this does not necessarily correlate with EGF stimulation.
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Figure 2.12 The spatial control of protrusion differs between slow and fast migrat-

ing cells. A. Protrusion velocity map for slow migrating cells at 0.01, 1, and 100

nM EGF from left to right. B. Protrusion velocity map for fast migrating cells

at 0.01, 1, and 100 nM EGF from left to right. The cell edge was divided into

100 segments and the average protrusion rate in each segment was determined

over time. Red represents fast protrusion, green represents quiescence and blue

represents fast retraction. C. The Kolmogorov-Smirnov statistic was the average

of three pair-wise comparisons (EGF) or simply the pair-wise comparison (cell

speed). A larger value for the Kolmogorov-Smirnov statistic signifies a higher

probability that there are differences between groups. D. The fraction of cells

with lateral waves (gray bars) or high standard deviation (STD) of protrusion

velocity (white bars) between slow and fast migrating cells. E. Histograms of

protrusion/retraction velocity between slow migrating cells (gray bars) and fast

migrating cells (white bars). Histograms of slow (dot lines) and fast migrating

cells (solid lines) were fit with Gaussian distribution. F. The mean values of

standard deviation (STD) of protrusion velocity between slow and fast migrating

cells were also shown. Nslow = 34, Nfast = 24. Error bars are 95% confidence

intervals and asterisks denote p < 0.01.
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2.4 Discussion

Variability in cell response to environmental cues is becoming a more appreciated phe-

nomenon that can drive how populations of cells respond to their environment. Cell-to-cell

variability arises from heterogeneity in protein level (Rinott, Jaimovich et al. , Yuan, Wulf

et al. 2011) or organization of cellular structures such as the membrane (Wieser, Weghuber

et al. 2009) or the cytoskeleton (Lacayo, Pincus et al. 2007). Interestingly, this variability

can be enhanced by extracellular stimuli (Colman-Lerner, Gordon et al. 2005). The idea that

variability can be enhanced under certain conditions sets up the interesting possibility that

the mean response is a relatively poor statistical metric. Rather, the distribution itself or

the standard deviation or another parameter that characterizes the distribution may be more

appropriate. The obvious result of this dependence on the distribution is a sensitizing of a

subpopulation of cells to particular environments. This is acutely evident in pathologies such

as cancer metastasis, where subpopulations of cells are selected based on different responses to

the tumor microenvironment. Therefore, the fastest cells most likely drive metastasis, whereas

the average cell migration rate might be less important. I showed that the distribution of cell

migration speed and persistence is very much regulated under EGF stimulation, even though

the average response differs marginally. Indeed, this has been demonstrated previously (Ware,

Wells et al. 1998). Ware et al. generated distributions of migration rate in response to no EGF

or high EGF concentration. However, the focus of that paper was primarily on the changes

in the average migration response and the widening of the distribution in response to EGF

was evident, but not discussed. What causes this widening? Heterogeneity in the local ECM

concentration might play a role. I have examined collagen coverage and it tends to be fairly

homogeneous at the resolution of the light microscope (about 100 nm) and I observed cells in

close proximity that varied greatly with respect to their migration speed. However, ECM inho-

mogeneity cannot be fully dismissed as a possible cause for the cell-to-cell variability. Another

cause of the cell-to-cell variability might be autocrine or paracrine signaling. MTLn3 cells are

known to secrete other EGF receptor ligands, namely TGF-α (Goswami, Sahai et al. 2005).

However, I did not observe clustering of migration speeds around sources. Often cells in the
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same clusters showed distinct behavior. A third possibility is that concentrations of signaling,

adhesion or cytoskeletal regulatory proteins might contribute to the heterogeneity. This might

be the most probable cause of the cell-to-cell variability; however determining which specific

components might contribute to this is the subject of further investigation.

EGF does seem to regulate some FA characteristics, namely FA intensity and number per

cell (Fig. 2.13). FA intensity decreases as EGF stimulation increases. FA number per cell

is highest at low EGF concentrations, suggesting that either the assembly is maximized or

disassembly is minimized at this point. EGF is known to alter actin cytoskeleton dynamics,

perhaps resulting in enhanced assembly dynamics. Alternatively, EGF is also known to up-

regulate calpain, a protease involved in disassembly, which might be activated highly at high

EGF concentrations. Interestingly, FA number per cell does not seem to affect cell migration

rate. Rather, low FA intensity seems to correlate with fast migrating cells. This might be

the direct link between EGF stimulation and cell migration speed regulation. Zaidel-Bar et

al. observed that the localization of paxillin in large FAs did not affect the rate of protrusion

of the nearby lamellapodia. However, paxillin association with focal complexes was inversely

correlated with the rate of local protrusion. Thus, focal complexes containing relatively low

levels of paxillin were found in fast protrusions (Zaidel-Bar, Ballestrem et al. 2003). While

seemingly less important as measured by the Kolmogorov-Smirnov statistic, I also found that

fast migrating cells contain FAs with intermediate sizes, intermediate sliding speeds and short

lifetimes (Table 2.2 and Fig. 2.9). The fact that fast migrating requires intermediate sized FAs

(0.3 - 3 µm2) is not surprising. Focal complexes, small FAs are traditionally thought to occupy

this range of areas (Gardel, Schneider et al. 2010). These smaller FAs are usually located near

the leading edge and transmit strong propulsive traction forces needed during fast migration.

Larger, mature FAs exert weaker forces (Beningo, Dembo et al. 2001) and supermature fibrillar

adhesions (Goffin, Pittet et al. 2006) are involved in ECM remodeling, both processes that are

typically seen in slower migrating cells. Fast migrating cells also contained FAs with interme-

diate speed. FA speed affects cell speed in complicated ways due to its spatial regulation. For

example, Smilenov et al. found that fibroblasts with stationary FAs tend to transmit large

forces and result in migratory cells (Smilenov, Mikhailov et al. 1999). However, Diener et al.
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Figure 2.13 Different adhesion and protrusion characteristics correlate with EGF

stimulation and cell speed. Cells can either be grouped based on EGF con-

centration or cell speed. EGF concentration is considered an input that acts to

regulate adhesion and protrusion characteristics, whereas cell speed is an output

that acts to integrate information determined by inputs such as EGF concentra-

tion. Both FA intensity and number per cell correlate with EGF concentration,

whereas FA intensity and the presence or absence of protrusion waves correlate

with cell speed. Cell speed could be regulated by EGF through changes in FA

intensity, but other inputs are most likely needed to regulate the presence of pro-

trusion waves, since EGF concentration correlates poorly with the presence or

absence of protrusion waves.

found that FAs moved with a sliding speed of 4 µm/hr in migrating human osteosarcoma cells

on collagen-coated coverslips (Diener, Nebe et al. 2005) and FAs at the trailing edge are pulled

forward at rates of > 5 - 10 µm/hr (Palecek, Schmidt et al. 1996). Lifetime was minimal in fast

migrating cells. Others have shown that FAs with short lifetimes correlate with fast migrating

cells, in line with what I observe (Nayal, Webb et al. 2006).

Given that local protrusion is linked to FA intensity and that FA intensity was lowest in

fast migrating cells, I examined the protrusion dynamics under different stimulation conditions.

These cells are known to respond acutely to EGF stimulation with two peaks of barbed end

formation resulting in a robust protrusion response (Mouneimne, Soon et al. 2004). However,

cells are often not exposed to these acute signals in vivo and so how protrusion changes under
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chronic EGF stimulation? I found that while EGF stimulation condition correlated poorly

with lateral waves generated in cells, fast migrating cells usually generated lateral waves of

protrusion as has been seen elsewhere (Machacek and Danuser 2006, Barnhart, Lee et al.

2011). The existence of lateral protrusion waves suggests locally activated feedback loops that

travel laterally along the edge of the cell (Enculescu, Sabouri-Ghomi et al. 2010, Barnhart, Lee

et al. 2011). This positive feedback loop operates through adhesion signaling for protrusion and

protrusion resulting in more adhesions (Cirit, Krajcovic et al. 2010). How does this behavior

relate to migration rate? Barnhart et al. noticed that keratocytes migrating on more adhesive

substrates generated these lateral waves and migrated with a slower speed (Barnhart, Lee et al.

2011). I see an opposite relationship, where high speeds result in lateral waves of protrusion.

This difference may be related to the differences in cytoskeleton organization and morphology

between these cells. Keratocytes adopt highly regular persistent cytoskeleton structure and

cellular morphology resulting in extremely fast migration speeds (500 − 600 µm/hr). MTLn3

cells on the other hand have a varied cytoskeleton structure and cellular morphology and are

much slower (< 100 µm/hr). Consequently, highly organized, persistent protrusion that is seen

in keratocytes results in the fastest migrating cells. Less efficient, but somewhat organized

lateral protrusion seen in both keratocytes and MTLn3 cells results in intermediate speeds.

Poorly organized protrusion seen in MTLn3 cells results in slow speeds. Local differences in

ECM in our system might explain why EGF is not a primary driver for fast migrating cells or

lateral protrusion waves, leading high cell-to-cell variability.

2.5 Conclusions

EGF was found to broaden the distribution of cell migration rates, generating both faster

and slower cells, but not dramatically affecting the average response. Several different adhe-

sion and protrusion characteristics correlated with EGF stimulation and cell migration speed,

however there is a hierarchy of these correlations. FA intensity and number per cell correlate

with EGF stimulation conditions. FA intensity decreases with increasing EGF stimulation and

FA number per cell is highest at low EGF stimulation conditions. In contrast, FA intensity and

protrusion waves rather than number per cell correlate with cell speed. Fast cells are marked
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by low FA intensity and protrusion waves. Consequently, while EGF stimulation could regulate

FA intensity to modulate cell speed directly or by partially activating protrusion waves, other

factors such as contractility most likely lead to protrusion waves. Adhesion and protrusion

characteristics that do not correlate with EGF stimulation condition but do correlate with

cell migration speed constitute the most sensitive outputs for identifying why cells respond

differently to EGF. The idea that EGF can both increase and decrease the migration speed of

individual cells in a population has particular relevance to cancer metastasis where the microen-

vironment can select subpopulations based on some adhesion and protrusion characteristics,

leading to a more invasive phenotype as would be seen if all cells responded like an average

cell.

Since metastasis is mainly caused by those fast migrating cells invading surrounding tissue

and migrating to secondary tumor sites, it is especially important to study the adhesion, pro-

trusion and migration behavior of fast migrating cells. In the next chapter, I will describe a

simple and high throughput method to mark or isolate fast migrating cells in order to determine

if differences in protein expression level can explain the cell-to-cell variability. Additionally, in

order to determine the cause of protrusion waves as well as the effects of other factors on mi-

gration, I will examine how substrate adhesion and contraction regulate migration, protrusion

waves and FA properties. This will be discussed in chapter 4.
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CHAPTER 3. COMBINATION OF QD-BASED PHAGOKINETIC

ASSAY AND FLOW CYTOMETRY TO ASSESS CELL-TO-CELL

VARIABILITY IN MIGRATION

Cancer metastasis is often driven by fast moving cells. Consequently, simple and high-

throughput methods by which to mark or isolate fast moving cells are needed. I constructed a

homogeneous quantum dot (QD) coating on collagen substrates with 200 nM aminopropanediol-

QDs in cell culture medium. After incubation on QD substrates, cells could uptake fluorescent

QDs through phagocytosis. I hypothesized that the fast migrating cells uptake more QDs and

are brighter due to the longer distances over which they migrated in comparison to slow migrat-

ing cells. Therefore, I compared the migration distance and the fluorescent intensities of tumor

cells (MTLn3) and non-tumor cells mouse embryonic fibroblast (MEF) using the combination of

phagokinetic assay and flow cytometry. While cell migration speed was the largest contributor

to the QD uptake, cell area affects the uptake, too. Consequently, fluorescence was normalized

based on cell area, so that a dependence of fluorescence intensity on cell migration speed could

be seen. There is a positive but weak correlation between QD uptake and cell speed, especially

after long time migration for MTLn3 cells. Therefore, the combination of QD-based phagoki-

netic assay and flow cytometry is a reasonable approach to analyze cell-to-cell variability in

migration.

3.1 Introduction

Cell adhesion and migration play essential roles in cancer development. Metastases, rather

than primary tumors, are responsible for most cancer deaths. During metastasis, cancer cells

detach from the primary tumor, invade surrounding connective tissue and blood vessels, are
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transported in the bloodstream and invade other organs after extravasation (Chambers, Groom

et al. 2002). The ability of tumor cells to invade surrounding tissue and to metastasize to

different sites in the body is known to be related to the motility of the cells. Aggressive

metastasis requires fast migration. Therefore, it is important to study the migration behavior

of those fast migrating cells and understand why those invasive cells migrate fast. It is also

important to have a simple, robust and quantitative method that can separate fast migrating

cells from other cells and can be employed widely in a clinical setting as a diagnostic tool.

Albrecht-Buehler introduced a method called the phagokinetic assay to indirectly measure

cell migration behavior (Albrecht-Buehler 1977; Guenter 1977; Guenter 1977). He coated cell

culture substrates with nanoparticles and seeded cells on the nanoparticles. Upon migration

along the surface, cells internalized the nanoparticles and thus left clear tracks which repre-

sented a blueprint of their motility. Compared to particles dissolved in solution the uptake

of nanoparticles adsorbed to a surface is more efficient, because solution uptake is limited by

diffusional transport (Pellegrino, Kudera et al. 2005). Originally gold colloids were used as

nanoparticles, and they were visualized by dark-field microscopy or by transmission electron

microscopy (Guenter 1977). This method has been improved over time (Scott, McCool et al.

2000) and has been used for a variety of migration studies on a wide spectrum of cell types,

including fibroblasts (Guenter 1977), neutrophils (Igarashi, Kawa et al. 1997), keratinocytes

(Ando and Jensen 1993; Chen, Helmold et al. 1994) and endothelial cells (Mcauslan and Reilly

1980).

The gold particles originally used in phagokinetic assays were quite inhomogeneous and

large, up to a few hundred nanometers in diameter (Parak, Gerion et al. 2003). Since the

typical size of a cell is of the order of a few tens of microns, the gold particles are relatively

large for the cells to internalize. Therefore, the use of small CdSe/ZnS quantum dots (QD) is

advantageous (Alivisatos, Parak et al. 2002; Larabell, Pellegrino et al. 2003). QDs also have

other advantages. For example, the uptake of QDs has minimal impact on the morphology

and migration behavior of cells (Alivisatos, Parak et al. 2002). Fluorescence is an easier

measurement to quantify than scattering. QDs are good fluorescent probes for multicolor cell

structure labeling because of their high quantum yields (Sha, Han et al. 2009), high molecular
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excitation coefficients (Beuthan, Dressler et al. 2004), strong resistance to photobleaching (Le

Gac, Vermes et al. 2006) and chemical degradation (Park, Weng et al. 2008), broad excitation

spectra (Van Orden, Willard et al. 2001), narrow emission spectra (Han and Huang 2010), large

stokes shift (Avidan and Oron 2008) and long fluorescence lifetimes (Li, Mueller et al. 2010).

Because QDs have smaller sizes and are more homogeneous than colloidal gold, improved spatial

resolution can be achieved. The use of QDs also facilitates monitoring live cells, both before

and after perturbations, such as potential chemotherapeutic agents (Alivisatos, Gu et al. 2005).

Furthermore, tracks can be observed in stacked layers with different color of fluorescence, which

would allow for analyzing migration behavior in three dimensional cultures (Parak, Pellegrino

et al. 2005).

This ability to determine migration rate from QD-based phagokinetic assay has led those

to propose to use it in determining the invasiveness of cancer cells. Teresa et al. provided a

rapid, robust and quantitative in vitro measurement of metastatic potential by utilizing the the

phagokinetic assay to distinguish between non-invasive and invasive cancer cell lines (Larabell,

Pellegrino et al. 2003). They used 8 nm and 16 nm diameter QDs and incubated cells for 24

hrs or longer. They found tumor cells MDA-MB-231 had larger ratio of Atrack/Acell (area of

the track/area of the cell) than non-tumor cells MCF-10A. Although phagokinetic assays are

powerful tools for cell motility studies and can be highly automated, the analysis has revolved

around the cell tracks rather than the cells themselves. However, the fluorescence of the cell

can be correlated with the migration speed.

Flow cytometry is a convenient method for the analysis of multiple parameters of individual

cells in a population. In addition, cells can be sorted using fluorescence assisted cell sorting.

The cell samples containing internalized fluorescent QDs can be introduced into a carrier fluid,

called a sheath fluid, which forces the cells into the center of the flow chamber so that only

one cell can be detected at a time. The light source, which is typically one or more lasers, is

focused onto the cell stream at a specific point by specialized optics. The light scattered by

cells or emitted from fluorescent QDs associated with the cells triggers a photomultiplier tube

(PMT), which enhances the light signal and converts it into a digital signal. Bandpass filters

are used in conjunction with PMTs so that the emission from a specific fluorophore can be
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measured. The output of each of the PMTs is recorded for each cell, and the data is stored

on a computer. Cell sorting relies on droplet deflection instruments. In these instruments the

stream is broken up into drops by means of a vibrator that operates at nearly 100 kHz. Under

most conditions, the drops that are formed will contain only a single cell. As the sheath fluid

typically contains phosphate-buffered saline, a charge can be applied to a droplet that contains

a cell of interest, such as the cell with high fluorescent intensity, and the charged droplet will

be deflected into a collection tube by a charged plate. Today′s high-speed droplet deflection

sorters, such as the Becton-Dickinson FACS-Aria or the Dako MoFlo, can sort up to 90,000

cells per second (Link, Jeong et al. 2007). Therefore, fast migrating cells which take up more

QDs and thus have higher fluorescent intensities, could be stained for different proteins and a

correlation between migration speed (QD fluorescence) and protein expression can be drawn.

Additionally, cells might be able to be separated based on migration speed (QD fluorescence)

using cell sorting techniques. Consequently, I began to optimize the phagokinetic assay using

QDs and determine if flow cytometry could be used.

I first tried different coating conditions including three types of QDs, different concentrations

of and buffers for the QDs to find the most homogeneous QD substrates. I found that 200 nM

aminopropanediol-QDs in cell culture medium showed a more homogeneous surface distribution

of QDs than other conditions. I hypothesized that the fast migrating cells would uptake more

QDs and be brighter due to the longer distances over which they migrated in comparison to

slow migrating cells. Then I compared the phagokinetic tracks and the fluorescent intensities

of tumor cells (MTLn3) and non-tumor cells mouse embryonic fibroblast (MEF) using the

phagokinetic assay and flow cytometry. However, the slower moving MEF cells were brighter

and had larger and clearer phagokinetic tracks than fast moving MTLn3 cells. This is probably

because MEF cells have much larger area than MTLn3 cells. While cell migration speed was

the largest contributor to the QD uptake, cell area affects the uptake, too. I also compared

the effects of different densities of collagen and different incubation times on the cell migration

behavior and found that the cells incubated on 300 µg/ml of collagen (300COL) had larger

tracks and were brighter than the cells on 3 µg/ml of collagen (3COL). The cells incubated for

24 hours had larger tracks and were brighter than the cells incubated for 6 hours. However,
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if I focused my attention on brighter cells more predictable results were seen. MTLn3 cells

incubated on 3COL and for 24 hours (a condition that produces fast migrating cells) were

brighter than MTLn3 cells incubated on 300COL and for 24 hours (a condition that produces

slow cells). These results suggested that the combination of the phagokinetic assays and flow

cytometry might be a simple method to mark and isolate cells according to their migration rates,

however, optimization was not fully realized. Additionally, large changes in uptake efficiency

among cells migrating at different speeds might also affect the correlation between fluorescence

and migration speed. Cells with higher QD internalization might be better models for further

studies.

3.2 Materials and Methods

Cell Culture

Mouse embryonic fibroblasts (MEF) were obtained from Dr. Clare Waterman (NIH NHLBI)

and were maintained in Dulbecco’s Modified Eagle Medium (DMEM, from Invitrogen) con-

taining 10% fetal bovine serum (FBS, from Invitrogen), 2% glutamax (Invitrogen) and 1%

penicillin-streptomycin at 37◦C in 5% CO2 incubator. Rat mammary adenocarcinoma cells

(MTLn3) were obtained from Dr. Jeffrey E. Segall (Albert Einstein College of Medicine)

and maintained in α-MEM media with L-glutamine, containing 5% FBS and 1% penicillin-

streptomycin at 37◦C in 5% CO2 incubator. Cells were passed at 80% confluence every

2 or 3 days until passage 20. Cells were seeded on QD-coated coverslips at 50,000-100,000

cells/coverslip density and incubated from 6 hours to 5 days at 37◦C in 5% CO2 incubator.

QD substrate coating

3 µg/ml of rat tail collagen I (Invitrogen) and 2 µg/ml poly-L-lysine hydrochloride (PLL,

from Sigma) was dissolved in 0.5 M acetic acid (Fisher) for coating on coverslips. A 150 µl

drop of this solution was placed on the center of each 35 mm cell culture dish (Fisher) and then

a 22 mm × 22 mm squeaky clean coverslip (Corning, Fisher) was placed on top of the collagen

solution. The collagen was allowed to incubate under aluminum foil for at least 1 hour for

every experiment. An alternate concentration used was 300 µg/ml of collagen without PLL.

Cysteine, lysine and aminopropanediol-QDs were prepared at various concentrations depend-
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ing on the specific experiment (from 10 nM to 200 nM). QD solutions were either nanopure

water or α-MEM medium with L-glutamine (Invitrogen) containing 1% penicillin-streptomycin

(Invitrogen) and 1 mg/ml bovine serum albumin (BSA, from Sigma). Method 1 of coating QDs

includes directly adding 150-200 µl of QD solution on top of the coverslips with collagen and

PLL and then allowing the solution to dry continues were sterilized under Ultra-Violet (UV)

light for 15 minutes. Method 2 of coating QDs includes treating the QD solution similarly to

collagen coating. A 150 µl drop of QD solution was placed on a new cell culture dish and the

collagen-coated coverslip was placed on top of the QD solution, with the collagen-coated side

facing downward. The coverslips were incubated in the refrigerator for overnight and dried and

sterilized under UV light for 15 minutes.

Microscopy

Coverslips were mounted onto glass slide chambers in cell culture media without phenol red.

Chambers were maintained at 37◦C on a heated stage. Phase contrast images were captured at

20× (NA 0.50, Nikon) with a charged-coupled device (CoolSNAP HQ2, Photometrics) attached

to an inverted microscope (Eclipse Ti, Nikon). Fluorescent images were captured at 20×

with the microscope connected to a fluorescence illumination system (Lumen200PRO, Prior).

Camera and shutter were controlled by µManager 1.3. To detect the cysteine-QDs, an excitation

filter 555/25 and an emission filter 605/52 were used. For lysine and aminopropanediol-QDs,

an excitation filter ET 645/30times and an emission filter ET 705/72m were used. Exposure

times of either 50 ms or 2000 ms were used. NOTE: The epi-illumination mercury arc lamp

was changed during our research period, so absolute fluorescence may vary slightly.

Flow cytometry

Cells were incubated on QD substrates for 6 hours or 24 hours and then detached from the

coverslips using 0.25% (w/v) trypsin (Invitrogen). Cell culture media was added to neutralized

the trypsin and the cells in neutralized solution were centrifuged at 1500 RCF for 5 minutes

at 4◦C. The supernatant was aspirated and 100 µl of 1% cold paraformaldehyde (PFA, Fisher)

was added. The cells in fix solution was transferred into a 12 × 75 mm, 5 ml polystyrene

round bottom test tube (BD Falcon) and then taken to the flow cytometry facility (Iowa State

University) for analysis. To detect the QDs, an emission wavelength of 555 nm for cysteine-QDs
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and an emission wavelength of 605 nm for lysine and aminopropanediol-QDs were used.

Cell migration assay

Cells were incubated on QD substrates for 24 hours and then made into glass slide chambers

in cell culture media without phenol red. Chambers were maintained at 37◦C on an automated

heated stage (Warner). Phase contrast time-lapse images were captured every 2 minutes for

12 hours at 20× with the charged-coupled device attached to the inverted microscope. Cell

centroids were identified and tracked manually by MTrackJ plugins of ImageJ. Single cell speed,

S, and directional persistence time, P, were obtained by fitting these to the persistent random

walk equation 3.1 (Dunn 1983; Othmer, Dunbar et al. 1988; Ware, Wells et al. 1998):

< d2(t) >= 2S2P [t− P (1 − e−t/P )], (3.1)

where t is the time interval, using a non-linear least squares regression analysis.

Statistical analysis

All graphs and statistical analyses were done using MATLAB and JMP software. To de-

termine the statistical differences of mean values between pairs under different conditions, a

Turkey HSD test was applied to the data.

3.3 Results

Optimizing QD coating conditions

I tested three types of QDs containing differently charged ligands: neutral aminopropanediol

(AP), negatively charged cysteine (Cys) and positively charged lysine (Lys) ligands. By imaging

these three types of QDs on collagen and poly-L-lysine (PLL) substrates, I found that only AP-

QDs could be seen under 50 ms exposure time, while Cys and Lys-QDs were hardly visible (Fig.

3.1). Although AP-QDs easily aggregate, I chose AP-QDs as the candidate QD. However, a

50 ms exposure time is too short to properly excite QDs. Experiments at a longer exposure

times were used to properly visualize the QDs. I compared three types of QDs and measured

the mean values and standard deviation to decide which conditions resulted in the brightest

and most homogenously distributed.
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Figure 3.1 Aminopropanediol-QDs are the brightest among three types of QDs. 10

nM of A. aminopropanediol, B. cysteine, C. lysine-QDs on collagen and poly-L-ly-

sine substrates under 50 ms exposure time. Scale bar is 10 µm. Number of images

for different types of QDs is: NAP = 6, NCys = 3, NLys = 6.
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Figure 3.2 Different concentrations of AP-QDs on collagen and poly-L-lysine sub-

strates. A. 10 nM, B. 100 nM, C. 200 nM of AP-QDs under 50 ms exposure

time. Scale bar is 10 µm. D. The mean values of QD intensity under various

concentrations of AP. Error bars are 95% confidence interval and asterisk denotes

p < 0.01. Number of images under different concentrations of AP-QDs is: N10nM

= 21, N100nM = 19, N200nM = 23.

I coated different concentrations of AP-QDs on the substrates, as shown in Fig. 3.2. AP-

QDs aggregated at 10 nM and 100 nM. However, they seemed to be homogeneously distributed

at 200 nM. In addition, 200 nM AP-QDs had the highest mean intensity among three con-

centrations (Fig. 3.2D). For these two reasons I chose 200 nM AP-QDs for further study.

Different buffers and coating methods also affect QD aggregation (Zhang, Haage et al. 2012).

Consequently, I dissolved 200 nM AP-QDs in either nano-pure water or DMEM with BSA

solution and then coated them on substrates by either method 1 or method 2. Method 1

includes adding QD solution on top of the substrates and allowing them to dry. Method 2

includes adding QD solution on cell culture dishes and then covering the substrate coverslips
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Figure 3.3 AP in DMEM media with method 2 had brighter and more homogenous

distribution. Images of 200 nM AP-QDs in A. water with method 1, B. water

with method 2, C. DMEM + BSA with method 1, D. DMEM + BSA with method

2, under 50 ms exposure time. Scale bar is 10 µm. E. The mean values of QD

intensity (gray bars) and mean intensity/standard deviation (white bars) treated

by different methods. Error bars are 95% confidence intervals. The data with as-

terisks is significantly different with the data without asterisks. Number of images

treated by different method is: NH2O−M1 = 10, NH2O−M2 = 14, NDMEM−M1 =

15, NDMEM−M2 = 11.

on top of the QD solution overnight. By observing QD images in different buffers and treating

with different methods, I found that QDs in DMEM solution had smaller size than QDs in

water (Fig. 3.3A-D), which indicated that DMEM caused less aggregation than water buffer.

I also measured the inverse of coefficient of variation (CV −1) for QD distribution, which is

defined as the mean intensity over the standard deviation (STD). Either brighter QDs (larger

mean intensity) or more homogeneous QDs (smaller STD) or both result in higher CV −1. It is

obvious that method 2 had higher CV −1 than method 1 (Fig. 3.3E). Therefore, I decided to

use 200 nM AP-QDs in DMEM+BSA solution with method 2 for the following phagokinetic

experiments.
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Phagokinetic assays

After determining the optimal QD coating method, I began to compare the QD uptake

behavior and phagokinetic tracks between two types of cells, rat mammary adenocarcinoma

cells (MTLn3) and mouse embryonic fibroblast cells (MEF). The MTLn3 cell line was derived

from a lung metastasis and is highly metastatic. The MEF cell line was derived from mouse

embryos and migrate relatively slowly compared to MTLn3 cells. It has been shown that cells

are able to phagocytose QDs in a nonspecific way as they migrate on a homogenous layer of

QDs, leaving behind a dark phagokinetic track absent of fluorescent particles (Alivisatos, Parak

et al. 2002). I hypothesized that the fast migrating cells would uptake more QDs due to the

longer distances over which they migrated compared to slow migrating cells. If this is true, I

would be able to detect the fast migrating cells using flow cytometry.

I absorbed 200 nM AP-QDs in DMEM+BSA media on either 3 µg/ml of collagen (3COL)

or 300 µg/ml of collagen (300COL) substrates and then incubated MTLn3 and MEF cells

on homogenous QD substrates for different time periods, from 6 hours to 5 days. From the

phase contrast images, I observed that MEF cells were more elongated and had larger areas

than MTLn3 cells (Fig. 3.4A and D). The cells on 300COL were larger than those on 3COL

substrates and this trend was more apparent for MEF cells compared to MTLn3 cells (Fig.

3.4A, D, G and J). After incubating for a long time (5 days), MTLn3 cells were more likely

to cluster together than MEF cells (Fig. 3.4M and P). From the fluorescent and composite

images, I found that MEF cells were brighter and had larger and clearer phagokinetic tracks

than MTLn3 cells (Fig. 3.4B, C, E and F). However, there were almost no tracks for the cells

incubated for 5 days (Fig. 3.4N, O, Q and R), indicating that the cells migrated over the

entire substrate, phagocytosing almost all of the AP-QDs or that the QD dissociated from the

surface.
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Figure 3.4 Phagokinetic assays of MTLn3 and MEF cells on different substrates

incubated for different days. MTLn3 cells on 3 µg/ml collagen for 1 day

(A-C) or 5 days (M-O) incubation. MTLn3 cells on 300 µg/ml collagen for 1 day

incubation (G-I). MEF cells on 3 µg/ml collagen for 1 day (D-F) or 5 days (P-R)

incubation. MEF cells on 300 µg/ml collagen for 1 day incubation (J-L). Left

columns are phase contrast images of the cells. Middle columns are fluorescent

images of the cells and QDs. Right columns are composite images, where red is

phase and green is fluorescent image. Scale bar is 20 µm.
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Figure 3.5 Different substrates and incubation time affect the phagokinetic migra-

tion of MTLn3 and MEF cells. Mean intensity of MTLn3 (gray bars) and

MEF (white bars) for A. all cells or B. cells with mean intensity higher than 300

pixels analyzed by flow cytometry. 200 nM of AP-QDs were coated on cell culture

dishes (Dish), 3 µg/ml of collagen (3COL) or 300 µg/ml of collagen (300COL)

substrates and cells were incubated on different AP-QDs substrates for either 6

hours (6h) or 24 hours (24h). Error bars represent 95% confidence interval.

Flow cytometry quantification of AP-QD uptake

To quantify the amount of AP-QDs phagocytosed by the cells, I used flow cytometry to

measure the intensity of individual cells under different conditions. Under the same condition,

MEF cells always had higher mean intensity than MTLn3 cells (Fig. 3.5A), either due to

faster migration, larger area or more efficient phagocytosis. Cells on 300COL had higher mean

intensity than those on 3COL (Fig. 3.5A), which might due to larger area of cells on 300COL.

The cells on cell culture plastic dishes had the highest intensity, however, the volume of AP-QDs

on the dish was 3 times larger than on the collagen substrates. Cells on the dish phagocytosed

AP-QDs with higher efficiency. The cells incubated for 24 hours had lower mean intensity than

those incubated for 6 hours (Fig. 3.5A). However, these cells have doubling times of roughly 24

hours, so a fraction of those cells at 24 hours might have undergone division, effectively halving

the fluorescence signal of the AP-QDs. Interestingly, if I only analyzed those cells with mean

intensity higher than 300 pixels, which should have indicated fast migrating cells, I observed

that MTLn3 cells on 300COL had lower mean intensity than those on 3COL substrates for 24

hours incubation (Fig. 3.5B). This is reasonable, given that MTLn3 cells adhere more tightly

to the 300COL substrate, resulting in a slower migration speed and shorter migration tracks.
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Figure 3.6 12 hours phagokinetic assay of MTLn3 and MEF cells on 300COL sub-

strates incubated for 1 day. Merged images of MTLn3 cells A. before 12 hours

and B. after 12 hours migration and merged images of MEF cells D. before 12

hours and E. after 12 hours migration. Phase images are in red and fluorescent

images are in green for A, B, D and E. Composite images of C. MTLn3 and F.

MEF cells before and after 12 hours migration. Original images are in green and

after 12hrs images are in red.

Correlation between AP-QD uptake and cell speed via cell migration assays

To further confirm the hypothesis that fast migrating cells might phagocytose more AP-QDs

and thus be brighter than slow migrating cells, I took a 12 hour time-lapse series of MTLn3

and MEF cells on 300COL substrates incubated for 1 day and also compared the fluorescent

images of AP-QDs before and after the 12 hours migration (Fig. 3.6). I measured the cell

migration rate and quantified the AP-QDs uptake amount in individual cells in Fig. 3.6. The

R2 before 12 hours was very low, indicating there is no correlation between AP-QD uptake and

cell speed. However, after 12 hours, R2 value became higher, indicating there is a positive but

weak correlation between AP-QD uptake and cell speed (Fig. 3.7). The slope of the data after

12 hours was steeper than the slope before 12 hours, which means after 12 hours migration, the

coupling between AP-QD uptake and cell speed was more dominant than the coupling before

12 hours. Additionally, the values of mean intensity/area of MTLn3 cells were higher than the

values of MEF cells with the same migration speed, which indicates that MTLn3 cells are more

sensitive to the phagokinetic assay than MEF cells.
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Figure 3.7 AP-QDs uptake amount was affected by cell speed. Correlations between

mean intensity/area for individual cells and cell speed were fit with linear relation-

ship. Cells in original images of Fig. 3.6 are white circles and were fit in black

line. Cells in after 12hrs images of Fig. 3.6 are gray circles and were fit in dash

line. Cells with pink background are MTLn3 cells and the others are MEF cells.

The correlation curve is based on MEF and MTLn3 Cells combined.
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3.4 Discussion

Invasive cancer cells have been studied most frequently in populations, not as individual

cells. However, single-cell assays revealed that genetically identical cells in identical environ-

ments can display variability in drug sensitivity, cellular response and phenotype (Sorger, Niepel

et al. 2009). Since cancer metastasis is caused by those fast migrating tumor cells, it is im-

portant to understand why those cells migrate faster than other cells and how this cell-to-cell

variability can be predicted for future treatment of cancer metastasis. My objective was to

optimize an easy way to mark or isolate the fast migrating tumor cells from other cells and

then study the migration behavior of those cells. Previous research showed that the QD-based

phagokinetic assay is simple and effective in discriminating between non-invasive and invasive

cancer cell lines (Larabell, Pellegrino et al. 2003). After incubating on a homogenous layer

of fluorescent QDs for a certain time, motile cells phagocytose enough QDs to leave behind

tracks void of fluorescence. I hypothesized that the fast migrating cells phagocytose more QDs

than slow migrating cells. Furthermore, I hypothesized that flow cytometry could detect fluo-

rescence differences between fast and slow migrating cells. Several experiments were designed

to test this hypothesis. However, direct results from the flow cytometry data didn′t match the

hypothesis well (Fig. 3.5). While cell migration speed was the largest contributor to the QD

uptake, cell area affects the uptake, too. Consequently, fluorescence must be normalized based

on cell area. When this was done, a dependence of fluorescence intensity on cell migration

speed could be seen, especially after long time migration for MTLn3 cells (Fig. 3.4, 3.6 and

3.7).

In order to optimize the QD uptake efficiency, it is important to select the type of QDs based

on the homogeneity of the substrates. Due to the negatively charged collagen substrates and

the generally negatively charged cell membranes, positively charged Lys-QDs might be better

for the coating collagen and interacting with cells through electrostatic interaction. However,

it is well known that negatively charged particles could also be taken up into cells through

ATP-dependent pathways (Park, Nam et al. 2010). In fact many cell labeling experiments

with QDs have been carried out with negatively charged particles (Parak, Pellegrino et al.
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2005). I selected AP-QDs based on fluorescence intensity, however, longer excitation times

could make other QDs more attractive. Therefore, a longer exposure time should be used

for future experiments geared at optimizing this system. As described above conditions that

generate bright and homogeneous fields should be chosen. In addition, different buffers should

be more thoroughly assessed as others in the lab have shown this to dramatically affect QD

aggregate size (Zhang, Haage et al. 2012). For instance, Lys and AP-QDs had the smallest

size in DMEM + BSA solution, while Cys had the least aggregation in water or PBS + FBS

solution. The best QD coating technique found may not be the best condition due to the

limited number of experiments conducted.

From the phagokinetic trackings and the flow cytometry quantification data of MTLn3

and MEF cells, I did observe fast migrating cells with longer phagokinetic trails and higher

fluorescence intensities using flow cytometry indicating higher QD uptake. However, I was

not sure whether QD uptake was constant. Albrecht-Buehler studied the phagokinetic tracks

of 3T3 cells using gold particles and he found that the removed particles are partly ingested,

partly accumulate on the dorsal cell surface in big clumps which can be released once in a while

(Guenter 1977). There is still uncertainty associated with the mechanism of uptake. This might

dramatically affect the ability to correlate migration speed with QD intensity.

From the cell migration assay, I found that there is a correlation between QD uptake and cell

speed. However, the relationship was not strong enough to make a solid statement. In addition,

by observing the migration paths of MEF cells, I found one cell migrated very fast but didn′t

leave any phagokinetic track behind it (Fig. 3.8). This might occur because the QDs adhere

too tightly to the collagen substrates that the cells were not able to pull them off the surface

or that they adhere too loosely and passively deadhere. Alternatively, cells might reach a point

at which they are saturated with QDs and cannot phagocytose additional QDs. Consequently,

the degree of QD uptake may only marginally reflect the migratory behavior of the cells.

However, if this approach can be optimized in the future, cells might be sorted based on

fluorescence. Then long time migration assay should be used to measure their migration rates.

If the higher intensity subpopulation of cells migrated faster than the lower intensity group,

the hypothesis is confirmed. Additionally, subpopulations of cells could be sorted for several
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Figure 3.8 Timelapse images of MEF cells migrating on 300COL substrates. A-E.

Time-lapse series and F. phagokinetic tracks of MEF cells migrating on 300COL

substrates incubated for 1 day. Scale bar is 20µm. The time on the lower-right

corner indicates hours:minutes. White arrow points to one fast migrating cell

without any phagokinetic track.

generations and the speed and persistence of each subpopulation of cells could be measured. If

they still exhibit large variability, then the variability comes from microenvironment factors. If

the variability diminishes after separation and the genetics are stable over several generations,

then the variability is controlled translationally.

3.5 Conclusions

I began to optimize a QD-based phagokinetic assay and flow cytometry as a high through-

put approach to study the cell-to-cell variability in migration. By comparing different types,

concentrations, buffers and coating methods of QDs, I found that 200 nM AP-QDs in DMEM

with a sandwich-like incubation method was the best condition for highest intensity and most

homogeneous distribution. I then studied the phagokinetic tracks of both tumor cells (MTLn3)

and fibroblast cells (MEF) as well as the fluorescent intensity of each individual cell by flow

cytometry. While cell migration speed was the largest contributor to the QD uptake, cell area
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affects the uptake, too. Consequently, fluorescence was normalized based on cell area, so that a

dependence of fluorescence intensity on cell migration speed could be seen, especially after long

time migration for MTLn3 cells. Therefore, this combination of QD-based phagokinetic assay

and flow cytometry is a reasonable approach to analyze cell-to-cell variability in migration, but

needs more optimization.
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CHAPTER 4. EGF, ADHESIVITY AND CONTRACTILITY

INTEGRALLY MODULATE CELL MIGRATION THROUGH

PROTRUSION AND FOCAL ADHESION DYNAMICS

It is well known that EGF affects the cyclic processes of migration, such as protrusion and

adhesion. However, these properties are also regulated by the ability of cells to adhere to the

surroundings and generate contractile force. In addition, some work indicates that down reg-

ulating adhesion might have the same effect as down regulating contractility. Consequently,

adhesion and contraction can potentially modulate EGF-stimulated migration. However, it

is not clear whether adhesion and contraction modulates migration through the same mecha-

nism. Therefore, I measured EGF-stimulated cell migration speed and persistence as well as

protrusion and FA properties under conditions where adhesion and contraction were altered.

I found that increasing non-specific adhesion or decreasing ROCK-mediated contractility have

the same effect of EGF-mediated migration. Both resulted in a decrease in migration speed,

but the dose response remained biphasic. Do these perturbations affect protrusion dynamics

and FA properties similarly? The answer seems no. While protrusion waves were originally

thought to correlate with cell migration speed, here they do not. Increasing non-specific adhe-

sion decreases migration speed, but dramatically increases protrusion waves, whereas decreasing

contractility by blocking ROCK seems to block protrusion waves. Consequently, ROCK may

be the causative agent in generating protrusion waves. Instead, FA characteristics seem to

regulate migration speed as both increasing adhesion and decreasing contractility lead to more

and smaller focal adhesions with longer lifetimes. Consequently, the disassembly rate, which is

dependent on the FA number and is exhibited by the lifetime, might be leading to a decrease in

migration speed. This shows that while perturbations might affect migration speed similarly,

the regulation of subcellular properties is distinct.
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4.1 Introduction

EGF stimulation is a widely used model to induce cell migration in wound healing (Segall,

Tyerech et al. 1996, Wells, Gupta et al. 1998) and tumor progression (Xie, Turner et al. 1995,

Turnert, Chen et al. 1996, Arteaga 2002, Wells, Kassis et al. 2002, Herbst 2004). The migration

speed response to EGF is dose dependent. For example, phagokinetic assay of keratinocyte

migration induced by EGF indicated that there was a 2.5 - 4.5 fold increase of migration in

a log-linear manner, with a maximum concentration at 1.6 - 8 nM EGF (Ando and Jensen

1993). Joslin et al. found that the average speed of human mammary epithelial cells increased

with increasing concentrations of exogenous EGF, from 0.2 to 2 nM (Joslin, Opresko et al.

2007). In other types of cells, EGF stimulation has a negative relationship with cell migration

(Maheshwari, Wells et al. 1999, Maheshwari, Wiley et al. 2001). A low concentration of EGF

(1.6 nM) has a stimulatory effect on trophoblast migration, whereas high concentrations of

EGF (16 nM) shows an inhibitory effect (Han, Li et al.). Interestingly, EGF stimulation can

also be biphasic. For example, MDA-MB-231 cells demonstrated a characteristic bell-shaped

chemomigratory curve toward EGF (0.16 - 16 nM), with an optimal concentration of 1.6 nM

(Price, Tiganis et al. 1999). Maheshwari et al. found that EGF can either decrease or increase

fibroblast speed depending on the concentration of fibronectin surface (Maheshwari, Wells et

al. 1999). Furthermore, the distribution in migration speed and persistence time appears to be

dependent on EGF stimulation (Ware, Wells et al. 1998), suggesting that EGF controls not only

the mean response, but also the cell-to-cell variability in response. The diversity in response

to EGF at the level of cell migration speed indicates that other characteristics that define a

particular cell state might modulate the response to EGF. Two of these characteristics include

adhesion to the substrate, whether specific or non-specific, and contractile force generated by

the cell. These regulate protrusion and focal adhesion dynamics which are determining factors

that lead to migration.

Cell motility relies on underlying biophysical processes, including membrane protrusion

and retraction (Zhang, Yang et al. , Chinkers, McKanna et al. 1979, Hinz, Alt et al. 1999,

Maheshwari, Wells et al. 1999), as well as formation and disruption of FA organization (Han,
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Li et al. , Peppelenbosch, Tertoolen et al. 1993, Segall, Tyerech et al. 1996, Harms, Bassi et

al. 2005, Katz, Amit et al. 2007). Dynamics of protrusion and FAs are in turn affected by the

cells ability to adhere to the surroundings and generate contractile force. The effect of EGF on

protrusion is context dependent and might depend on the ECM concentration, where fractional

membrane protrusion and retraction activity vary with surface fibronectin concentration in the

presence of EGF but not in its absence (Maheshwari, Wells et al. 1999). The effect of EGF on

FA dynamics also depends on adhesion on substrates. For example, there is a dose dependency

of FA disassembly in response to decreased adhesiveness of substrates under EGF stimulation,

which is mediated by Erk through calpain to promote proteolysis of FA proteins and thus drive

adhesion disassembly (Xie, Pallero et al. 1998). Contraction couples adhesion and protrusion,

too. Myosin II-mediated contraction drives the retrograde flow of F-actin filaments, which is a

major inhibitor of protrusion (Lim, Sabouri-Ghomi et al. 2010). Myosin II-mediated periodic

contraction also correlates with regeneration of lamellipodial actin, causing initiation of new

adhesion sites (Giannone, Dubin-Thaler et al. 2007). Rho activates contractility through its

effector, Rho kinase (ROCK), leading to subsequent phosphorylation of the regulatory chain

of myosin and myosin-actin mediated contraction (Totsukawa, Yamakita et al. 2000). This

Rho/ROCK-mediated contractility is involved in FA dynamics, including both the formation

(Kaibuchi, Kuroda et al. 1999) and the disassembly of FAs (Lauffenburger and Horwitz 1996).

While it seems that adhesion and contraction are two sides to the same coin, is this always

true? Gupton et al. found that when turning adhesion up or contraction down, both the cell

migration speed and the subcellular signatures such as FA size decreased. They recapitulated

fast migration of the intermediate ECM density at a higher ECM density by activating myosin

II. However, they didn′t recapitulate fast migration at a lower ECM density by inhibiting

myosin II activity (Gupton and Waterman-Storer 2006). Therefore, the mechanism by which

changes in adhesion and contraction result in the same change in migration. In order to

investigate whether adhesivity and contractility modulate EGF-mediated cell migration by the

same mechanism, protrusion and adhesion dynamics were examined under those perturbations.

I measured EGF-stimulated cell migration speed and persistence as well as protrusion and FA

characteristics under conditions where adhesion and contraction were altered. I found that
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increasing non-specific adhesion or decreasing ROCK mediated contractility have the same

effect on EGF-mediated migration. Both resulted in a decrease in migration speed, but the dose

response remained biphasic. While protrusion waves were originally thought to correlate with

cell migration speed, here they do not. Increasing non-specific adhesion decreases migration

speed, but dramatically increases protrusion waves, whereas decreasing contractility by blocking

ROCK seems to block protrusion waves. Consequently, ROCK may be the causative agent in

generating protrusion waves. Instead, FA characteristics seem to regulate migration speed as

both increasing adhesion and decreasing contractility lead to more and smaller focal adhesions

with longer lifetimes. Consequently, the disassembly rate, which is dependent on the FA number

and is exhibited by the lifetime, might be leading to a decrease in migration speed.

4.2 Materials and Methods

Materials.

Cell culture media was α-MEM medium with L-glutamine (Invitrogen) containing 5% fetal

bovine serum (Invitrogen) and 1% penicillin-streptomycin (Invitrogen). Collagen and poly-

L-lysine (PLL) solution contained 0.3 or 3 µg/ml of rat tail collagen I (Invitrogen) and 2

µg/ml of PLL hydrochloride (Sigma), dissolved in 0.5 M acetic acid (Fisher) and sterilized

under ultraviolet light for 30 minutes. Serum free imaging media was α-MEM medium without

phenol red (Invitrogen) containing 1 mg/ml bovine serum albumin (Sigma), 12 mM HEPES

(Fisher), and 1% penicillin-streptomycin (Invitrogen), adjusted to pH 7.4 and filtered through

0.22 µm pore size filter (Millipore, Fisher). An EGF solution containing 0.1 or 100 nM of EGF

with or without 10 µM Rho kinase (ROCK) inhibitor Y-27632 (Calbiochem) was dissolved in

serum free imaging media.

Cell culture.

Rat mammary adenocarcinoma cell line (metastatic MTLn3) was obtained from Dr. Jeffrey

E. Segall (Albert Einstein college of Medicine). The cell line was derived from the 13762NF

rat mammary adenocarcinoma tumor (Neri, Welch et al. 1982). Cells were maintained in

cell culture media at 37◦C in 5% CO2 and were passed every 2 or 3 days. Collagen and PLL

solution was incubated on 22 × 22 mm squeaky cleaned coverslips (Corning, Fisher) at room
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temperature for 1 hour. Cells were seeded on coverslips with three types of coatings: 0.3 µg/ml

of collagen (0.3COL), 3 µg/ml of collagen (3COL) and 3 µg/ml of collagen with 2 µg/ml of

PLL (3COL+PLL). 50,000 - 100,000 cells per coverslip were seeded and incubated for 24 - 48

hours at 37◦C in 5% CO2.

Cell migration assay.

MTLn3 cells were incubated on coverslips with three types of substrates (0.3COL, 3COL

and 3COL+PLL) for 48 hours and were switched to serum free imaging media for 2 hours.

Coverslips were mounted onto glass slide chambers in serum free imaging media with different

concentrations of EGF (0, 0.1and 100nM) with or without Y-27632. Chambers were maintained

at 37◦C for 2 hours and then imaged on a heated stage every 2 minutes for 8 hours. Phase

contrast time-lapse images were captured at 10× (NA 0.30, Nikon) with a charge-coupled

device (CoolSNAP HQ2, Photometrics) attached to an inverted microscope (Eclipse Ti, Nikon).

Cell centroids were identified and tracked manually by MTrackJ plugins of ImageJ. Single cell

instantaneous speed, S, and directional persistence time, P, were obtained by fitting these to

the persistent random walk equation 4.1 (Othmer, Dunbar et al. 1988):

< d2(t) >= 2S2P [t− P (1 − e−t/P )], (4.1)

using a non-linear least squares regression analysis. The sampling time is every two minutes

for 6 - 8 hours. The instantaneous speed decreased when the time lags increased from 0 to

200 minutes. I fit the model over a 30 minute time lag. To quantify protrusion rate we used a

constrained optimization program to measure the protrusion and retraction rates from masked

images as done previously (Machacek and Danuser 2006). The cell edge was segmented into

100 sectors. The average protrusion rate in these sectors was calculated over time.

Fluorescence imaging.

MTLn3 cells were incubated on coverslips with two types of substrates (3COL and 3COL+PLL)

for 24 hours and transfected with paxillin-EGFP and Fugene 6 (Roche) according to the man-

ufacturers protocol (6 µl of Fugene 6 and 3 µg of EGFP-paxillin). After one hour transfection,

the media was changed to cell culture media and the transfected cells were maintained at 37◦C

in 5% CO2 for 23 hours. Then the cells were switched to serum free imaging media for 2 hours.



www.manaraa.com

88

Coverslips were mounted onto glass slide chambers in serum free imaging media with different

concentrations of EGF (0, 0.1 and 100 nM EGF) with or without Y-27632. Chambers were

maintained at 37◦C for 2 hours and then imaged on a heated stage every 10 seconds for 40 -

60 minutes. TIRF images were captured at 60× oil objective (NA 1.49, Nikon) equipped with

a TIRF illuminator and fiber optic-coupled laser illumination. The 488nm laser line of an air-

cooled tunable Argon laser (Omnichrome Model 543-AP-A01, MellesGriot) was reflected off a

dichroic mirror (89000 ET-QUAD, Chroma). Camera and shutter were controlled by µManager

1.3. An automated segmentation and tracking algorithm was utilized for large-scale analysis of

FA dynamics (Wurflinger, Gamper et al. 2011). FAs smaller than 0.05 µm2 and larger than 10

µm2 were excluded from our analysis because they represent either FAs consisting of less than

three pixels or several FAs clustered together. FA fluorescence intensities were calibrated to the

standard condition of 1 mW laser power with a 300 ms exposure time, so FA intensity should

be directly proportional to protein level across all samples. FA numbers of individual cells were

counted at each frame and then all the FA numbers/frame for 240 - 360 frames were included

in the histogram and mean value calculation. For other FA properties, such as intensity, speed,

lifetime, size and elongation, properties of each FA were first averaged over 240 - 360 frames,

and then all the averaged values of FA properties were included in the histogram and mean

value calculation.

Statistical analysis.

To determine the statistical differences between the conditions under various EGF stimula-

tions, a one-way analysis of variance (ANOVA) was applied to the data. The significant level

is 99% for p-value = 0.01.



www.manaraa.com

89

4.3 Results

Adhesivity and contractility modulate cell speed in response to EGF.

Cell migration plays an important role in tumor progression and I as well as others have

shown that migration is altered through EGF stimulation. Along with migration speed, protru-

sion and focal adhesion characteristics can be altered as well. Because adhesion to the substrate

and intracellular contractility represent two important processes during cell migration, I was

interested in determining if altering adhesion and contraction potentiated the response to EGF.

As mentioned above there is much evidence indicating that adhesion and contraction are in-

terconnected, so it is plausible that decreasing either adhesion or contraction would have the

same effect on cell migration, protrusion characteristics and focal adhesion (FA) characterics.

As decribed in my previous work, the migration speed of rat adenocarcinoma cell line (MTLn3)

is a biphasic function of EGF concentration, so I picked three EGF concentrations that could

illustrate this behavior (0, 0.1 and 100 nM). Cells plated on substrates with optimal collagen

concentration (3 µg/ml) showed a characteristic biphasic migrational response to EGF. How-

ever, when plated on substrates with less specific adhesivity, i.e. less collagen (0.3 µg/ml), the

migration speed increased monotonically with EGF concentration (the blue line in Fig. 4.1A).

In order to further investigate the adhesivity influence on migration response to EGF, I added a

non-specific adhesive component poly-L-lysine onto the 3 µg/ml of collagen substrate and found

that the biphasic response was preserved, but the migration speed decreased significantly under

all conditions of EGF (the green line in Fig. 4.1A). Given that adhesivity and contractility are

often interrelated, I wondered whether contractility had similar effects on migration response.

I used 10 µM of Rho kinase (ROCK) inhibitor Y-27632 to inhibit Rho-mediated contractility

of the MTLn3 cells on 3 µg/ml of collagen substrate. Amazingly, I found that decreasing con-

tractility had the same response as increasing non-specific adhesion with PLL (the orange line

in Fig. 4.1A). Finally, in order to see if the speed modulation by adhesion and contractility

was saturated, I examined migration on the high non-specific adhesion substrate (3COL+PLL)

under contractility inhibition (10 µM Y-27632). The response was similar to what was seen

at lower collagen concentrations, speeds at the intermediate EGF concentrations decreased,
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Figure 4.1 Adhesivity and contractility modulate cell migration speed in response

to EGF. A. Speed, B. persistence time, C. coefficient of variation (CV) of speed

and D. CV of persistence time for MTLn3 cells on different substrates in response

to 0, 0.1 and 100 nM EGF. Blue line represents 0.3 µg/ml of collagen; red line

represents 3 µg/ml of collagen; orange line represents 3 µg/ml of collagen with

Y-27632; green line represents 3 µg/ml of collagen with PLL; purple line repre-

sents 3 µg/ml of collagen with PLL and Y-27632. Error bars are 95% confidence

intervals. Asterisks indicate significant differences between different EGF concen-

trations (∗∗: p < 0.01; ∗: p < 0.05). Cell numbers for 0.3COL: N0 = 92, N0.1 =

92, N100 = 113; for 3COL: N0 = 99, N0.1 = 164, N100 = 146; for 3COL+Y27: N0

= 208, N0.1 = 203, N100 = 132; for 3COL+PLL: N0 = 32, N0.1 = 44, N100 = 42;

for 3COL+PLL+Y27: N0 = 59, N0.1 = 86, N100 = 133.

resulting in a monotonic response (the purple line in Fig. 4.1A). Although adhesivity and

contractility affected the migration speed dramatically, they had a much smaller impact on

persistence. As shown in Fig. 4.1B, persistence seemed to increase when speed decreased and

vice versa, however, there was no significant difference in persistence at no EGF and high con-

centrations of EGF. In addition, unlike what I saw previously, no changes in the cell-to-cell

variability in migration speed among EGF concentrations were observed when altering either

the adhesion or contraction (Fig. 4.1C and D).
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Protrusion waves do not necessarily correlate with fast migration speed, but

are dependent on Rho kinase.

Given that non-specific adhesion and contractility act in similar ways to alter migrational

responses to EGF, I was interested in determining if this could be explained by altering a pre-

viously determined signature of fast migrating cells, protrusion waves. I assessed differences

in protrusion and retraction velocities in response to EGF under four different conditions, 3

µg/ml of collagen (3COL) and 3 µg/ml of collagen adding PLL (3COL+PLL), either with

(3COL+Y27 and 3COL+PLL+Y27) or without ROCK inhibitor Y-27632. By qualitatively

observing the lateral protrusion/retraction waves under different treatment, it is hard to tell

any difference (Fig. 4.2), so I quantified the fraction of cells with waves in response to EGF

under different adhesion and contractility conditions. I found that without EGF stimulation,

there were almost no waves for all substrates, whereas increasing EGF concentration often

times increased the fraction of cells exhibiting wave behavior (Fig. 4.3A). Interestingly, the

previous marker for fast migration, protrusion waves, seemed to not be as good of a signature

as originally hypothesized. Conditions with fast migration (3 µg/mL collagen) seemed only

to produce an intermediate fraction of cells with waves, whereas increasing the adhesion with

PLL increased the fraction with waves and decreasing the contractility with Y-27632 decreased

the faction with waves (Fig. 4.3A and B), even though both decreased the migration speed.

Consequently, contractility through ROCK might be important for wave formation, but wave

formation itself is not an indicator of fast migration. Furthermore, a Kolmogorov-Smirnov

statistic test was used to determine which type of perturbation causes the largest difference

between the distribution of protrusion velocities in response to EGF. When this statistic is

large, it is more likely that there is a difference in distributions of protrusion velocities under

the perturbation. On original 3COL substrate, increasing adhesivity caused larger difference

than decreasing contractility and the largest difference appeared when both increasing adhe-

sivity and decreasing contractility together (Fig. 4.3C). However, on more adhesive substrates

(3COL+PLL), decreasing contractility had a more significant effect on protrusion distribution

than on the original 3COL substrates (Fig. 4.3C). This data indicated that on less adhesive

substrates, adhesivity plays an important role in altering protrusion dynamics, whereas on ad-
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Figure 4.2 Protrusion velocity maps of MTLn3 cells on different substrates un-

der 0.1 nM EGF stimulation. Protrusion with lateral waves on A. 3COL, B.

3COL+PLL, C. 3COL+Y27, D. 3COL+PLL+Y27 and protrusion without lateral

waves on E. 3COL, F. 3COL+PLL, G. 3COL+Y27, H. 3COL+PLL+Y27. The

cell edge was divided into 100 segments and the average protrusion rate in each seg-

ment was determined over time. Red represents fast protrusion, green represents

quiescence and blue represents fast retraction.

hesive substrates, contractility has an larger impact on protrusion dynamics. EGF was also

required to affect protrusion velocity because under EGF stimulation, the KS statistic values

for conditions with EGF were always larger than those without EGF stimulation under both

perturbations (Fig. 4.3C).
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Figure 4.3 Adhesivity and contractility affected protrusion waves differently. A.

Fraction of cells with protrusion waves on different substrates in response to EGF.

Blue line represents 3 µg/ml of collagen; red line represents 3 µg/ml of collagen

with Y-27632; green line represents 3 µg/ml of collagen with PLL; purple line rep-

resents 3 µg/ml of collagen with PLL and Y-27632. B. Fraction of cells with waves

on different substrates under all concentrations of EGF. C. Kolmogorov-Smirnov

statistic test of protrusion velocity distribution between various pertubations un-

der different concentrations of EGF. Number of cells for different substrates:

N3COL,0EGF = 15; N3COL,0.1EGF = 12; N3COL,100EGF = 12; N3COL+Y 27,0EGF

= 10; N3COL+Y 27,0.1EGF = 11; N3COL+Y 27,100EGF = 15; N3COL+PLL,0EGF = 5;

N3COL+PLL,0.1EGF = 10; N3COL+PLL,100EGF = 8; N3COL+PLL+Y 27,0EGF = 8;

N3COL+PLL+Y 27,0.1EGF = 7; N3COL+PLL+Y 27,100EGF = 8.
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Figure 4.4 FA morphology of MTLn3 cells on different substrates under 0.1 nM

EGF. A. 3COL, B. 3COL+PLL and C. 3COL+PLL+Y27. Scale bar is 10 µm.

Adhesivity and contractility modulate EGF-induced migration through differ-

ent focal adhesion dynamics.

Given that adhesivity and contractility affected the presence of protrusion waves differ-

ently, I was interested in determining if these two perturbations affected focal adhesion (FA)

characteristics differently. FA assembly, maturation and disassembly process can be quanti-

fied using several FA properties, such as FA number, size, intensity, lifetime, elongation and

speed. By qualitatively observing the FA morphology under three different conditions (3COL,

3COL+PLL and 3COL+PLL+Y27) under 0.1 nM EGF stimulation, I found that increasing

adhesivity and decreasing contractility increased FA number and decreased FA size (Fig. 4.4).

FA characteristics can be ordered based on the magnitude in the difference between two per-

turbations: increasing adhesion (3COL vs. 3COL+PLL) and decreasing contractility (3COL+PLL

vs. 3COL+PLL+Y27). This magnitude was quantified by the Kolmogorov-Smirnov statistic,

which is the pair-wise comparisons between 3COL and 3COL+PLL or between 3COL+PLL

and 3COL+PLL+Y27 (Fig. 4.5). When this statistic is large, it is more likely that there is a

difference in distributions of FA properties under the perturbation. Similar to previous results

in chapter 2, FA number per cell and intensity showed the largest values for both increasing

adhesion and decreasing contractility. However, adhesivity and contractility affected the FA

distribution in response to EGF differently. FA number per cell and intensity showed the

biphasic response to EGF when the substrate adhesivity was increased, whereas they showed

the monotonic response to EGF when the contractility was decreased (Fig. 4.5). Cells on

3COL+PLL had more FAs than on 3COL substrates for all levels of EGF and cells with Y-
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Figure 4.5 Adhesivity and contractility modulate the distribution of FA proper-

ties in response to EGF differently. Quantification of the distribution dif-

ference of FA properties between adhesivity and contractility perturbations under

different EGF concentrations. The Kolmogorov-Smirnov statistic was the pair–

wise comparisons between 3COL and 3COL+PLL (adhesivity perturbation) or be-

tween 3COL+PLL and 3COL+PLL+Y27 substrates (contractility perturbation).

A larger value for the Kolmogorov-Smirnov statistic signifies a higher probability

that there are differences between groups.

27632 had more FAs than without Y-27632 under EGF stimulation (Fig. 4.6A). Inhibition of

contractility significantly increased FA intensity under EGF stimulation. Adhesivity affected

FA intensity was more complexity. When increasing adhesivity under no and low EGF concen-

trations, FA intensity increased, while intensity decreased under high EGF concentration (Fig.

4.6B). In addition, both increasing adhesivity and decreasing contractility decreased FA area

under EGF stimulation (Fig. 4.6C). Decreasing contractility also resulted in FAs with longer

lifetime and smaller elongation (Fig. 4.6 D and F). Therefore, adhesivity and contractility also

affected FA properties differently. Although both increasing adhesion and decreasing contrac-

tility generated more and smaller FAs, contraction additionally increases the FA intensity and

lifetime and decreased FA elongation under EGF stimulation.
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Figure 4.6 Adhesivity and contractility modulate focal adhesion dynamics in re-

sponse to EGF differently. FA A. number per frame, B. intensity, C. area,

D. lifetime, E. speed and F. elongation on different substrates under 0, 0.1 and

100 nM EGF stimulation. Blue line represents 3 µg/ml of collagen with PLL and

Y-27632; red line represents 3 µg/ml of collagen with PLL; green line represents

3 µg/ml of collagen. Error bars are 95% confidence interval. Cell number for

3COL: N0 = 8, N0.1 = 3, N100 = 6; for 3COL+PLL: N0 = 5, N0.1 = 10, N100 =

8; for 3COL+PLL+Y27: N0 = 4, N0.1 = 6, N100 = 7. FA number for number

per cell on 3COL: N0 = 2881, N0.1 = 1309, N100 = 2049; on 3COL+PLL: N0 =

1545, N0.1 = 2987, N100 = 2473; on 3COL+PLL+Y27: N0 = 1434, N0.1 = 1912,

N100 = 2465. FA number for other FA properties on 3COL: N0 = 3386, N0.1 =

1596, N100 = 2132; on 3COL+PLL: N0 = 1963, N0.1 = 7009, N100 = 4919; on

3COL+PLL+Y27: N0 = 1423, N0.1 = 4067, N100 = 4795.
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4.4 Discussion

An optimal organization of actin filaments, myosin II and FAs is required for fast migra-

tion, indicating that actin filament assembly, myosin II-mediated contractile force generation

and FA dynamics are interdependent functions (Gupton and Waterman-Storer 2006). The

forces driving protrusion waves are generated by actin polymerization at the cell front (Pollard

and Borisy 2003), while myosin II-mediated contractility causes the entire actin network to

flow back and depolymerizes (Vallotton, Gupton et al. 2004). Therefore, contractility might

indirectly affect protrusion through modulating the depolymerization rates of actin. For ex-

ample, Myosin II-mediated contraction promotes the F-actin retrograde flow, which is a major

inhibitor of protrusion (Lim, Sabouri-Ghomi et al. 2010). Evidence has been shown that both

oscillating rates of actin polymerization and depolymerizaiton produce periodic contractions of

the leading edge (Giannone, Dubin-Thaler et al. 2004). When inhibiting contractility through

downregulation of the Rho-ROCK pathway, actin depolymerization might be inhibited, de-

creasing the production of free actin monomers for the generation of new actin filaments. The

results showed that increasing EGF concentration often increased the fraction of cells with pro-

trusion waves. This result seems to contradict the previous findings in chapter 2, whereas EGF

stimulation had little effect upon protrusion waves. However, in chapter 2, EGF concentrations

were grouped into thirds instead of two (no EGF vs. EGF). By reexamining the fraction of

cells with waves between no EGF and EGF stimulation in chapter 2, the result indicated that

EGF stimulation did increase the fraction of cells with protrusion waves and this enhancement

was even larger than the conditions in this chapter (Fig. 4.7). Upon EGF stimulation, acti-

vated EGF receptors near the edges of the cell promote a local increase in actin polymerization

sites. The new actin filaments pushes the membrane out along the substratum, resulting in the

protrusion waves (Bailly, Condeelis et al. 1998). Adhesion to substrate is another promoter

of protrusion waves according to my results. When increasing substrate adhesivity, there is a

higher fraction of cells with protrusion waves and more FAs (Fig. 4.3 and 4.6A). These FAs

might play a role in stabilizing the protrusion as well as in the control of its final shape and

amplitude. However, Bailly et al. has found that EGF-stimulated lamellipods still extended



www.manaraa.com

98

Figure 4.7 EGF stimulation enhanced lateral protrusion waves. A. Fraction of cells

with lateral protrusion waves in chapter 2 and B. Fraction of cells with lateral

protrusion waves in this chapter. NA,NoEGF = 5; NA,EGF = 18; NB,NoEGF = 38;

NB,EGF = 83.

in the presence of adhesion-blocking peptides or over nonadhesive surfaces. They were slightly

shorter and retracted rapidly under those conditions (Bailly, Condeelis et al. 1998). Therefore,

the initial adhesivity of the substrates might only affect the shape of the outcoming protrusion

rather than the presence of the waves.

Gupton et al. has described a direct relationship between adhesion strength and the total

amount of FA molecules at the ventral cell surface (Gupton and Waterman-Storer 2006) and FAs

are significant larger at low adhesion, which is consistent with my observation that increasing

adhesivity resulted in more and smaller FAs (Fig. 4.6A). Increases in contractility may promote

FA maturation and turnover by producing more contractile power than the FA can resist.

Therefore, when decreasing ROCK-mediated contractility, FAs had smaller area due to the

inhibition of maturation and had longer lifetime due to the inhibition of turnover (Fig. 4.6C

and D). Without FA turnover, there is less retraction and the cells cannot pull the rear from

the substrates, resulting in slow migration speed.
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4.5 Conclusions

I measured EGF-stimulated cell migration speed and persistence as well as protrusion and

FA characteristics under conditions where adhesion and contraction were altered. I found that

increasing non-specific adhesion or decreasing ROCK mediated contractility have the same

effect of EGF-mediated migration. Both resulted in a decrease in migration speed, but the dose

response remained biphasic. While protrusion waves were originally thought to correlate with

cell migration speed, here they do not. Increasing non-specific adhesion decreases migration

speed, but dramatically increases protrusion waves, whereas decreasing contractility by blocking

ROCK seems to block protrusion waves. Consequently, ROCK may be the causative agent in

generating protrusion waves. Instead, FA characteristics seem to regulate migration speed as

both increasing adhesion and decreasing contractility lead to more and smaller focal adhesions

with longer lifetimes. Consequently, the disassembly rate, which is dependent on the FA number

and is exhibited by the lifetime, might be leading to a decrease in migration speed.

When studying the cell migration behavior on different types of substrates, I observed that

cells formed clusters with different sizes and morphology. In addition, cell clustering plays an

important role in the formation of secondary tumor site and as well as dispersing cells in tissue

engineered constructs. Consequently, I wanted to investigate what causes the clustering. So

in chapter 5, I will show data associated with the quantification of cell clustering on different

substrates as well as how the mechanism of collagen attachment to different substrates regulates

clustering.
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CHAPTER 5. COLLAGEN ATTACHMENT TO SUBSTRATES

CONTROLS CELL CLUSTERING THROUGH MIGRATION

This chapter was modified from the paper submitted to Biophysical Journal.

Yue Hou, Laura Lara Rodriguez, Juan Wang, Ian C Schneider

Cell clustering and scattering play important roles in cancer progression and tissue engi-

neering. While the extracellular matrix (ECM) is known to control cell clustering, much of the

quantitative work has focused on the analysis of clustering between cells with strong cell-cell

junctions. Much less is known about how the ECM regulates cells with weak cell-cell contact.

Clustering characteristics were quantified in rat adenocarcinoma cells, which form clusters on

physically adsorbed collagen substrates, but not on covalently attached collagen substrates.

Covalently attaching collagen allowed for higher initial collagen surface coverage and decreased

desorption of collagen. This lower initial density of collagen as well as its decrease over time

with physically adsorption resulted in more clustering. While changes in proliferation rate

could not explain differences seen in the clustering, changes in cell speed and persistence could.

Cells plated under conditions that resulted in more clustering had a lower persistence time and

slower migration rate than those under conditions that resulted in less clustering. In addition,

the use of a scaling model showed that quantitative changes in migration speed explain quan-

titative changes in clustering. Understanding how the ECM regulates clustering will not only

impact the fundamental understanding of cancer progression, but also will guide the design of

tissue engineered constructs that require either the clustering or dissemination of cells in the

construct.
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5.1 Introduction

Tissues reorganize continuously by disassembling and assembling cellular structures. The

disassembly process is often referred to as scattering and describes the well-studied epithelial

to mesenchymal (EMT) transition (Thiery, Acloque et al. 2009). The assembly process is often

referred to as aggregation or clustering. Both cell scattering and clustering play important roles

in pathologies like cancer metastasis (Hanahan and Weinberg 2000), but also in regenerative

medicine and tissue engineering (Sasai 2013). In carcinomas, the primary tumor develops as

cluster of cells from an epithelial layer, where cells are attached. Mutations in oncogenes disrupt

cell-cell adhesion (Ma, Maulik et al. 2003), causing cells to break off the primary tumor as single

cells or clusters, metastasize to distant organs and form nascent secondary tumors (Hanahan

and Weinberg 2000). Clustering during metastasis might also be advantageous. For example,

squamous cell carcinomas can escape apoptosis by forming multicellular clusters (Zhang, Lu

et al. 2004, Zhang, Xu et al. 2010). Some cancer cells also undergo EMT, where epithelial

cells lose polarity and diminish cell-cell adhesion, and gain migratory and invasive properties of

mesenchymal cells (Vincent-Salomon and Thiery 2003). In addition to pathological in vivo en-

vironments, engineered environments must be able to orchestrate cell scattering and clustering

during the formation of functional tissues (Sasai 2013). Many types of cells are known to self-

assemble into organ-like structures in engineered environments outside of the body (Moscona

and Moscona 1952, Giudice 1962, Wei, Larsen et al. 2007). For instance, mouse embryonic cells

from submandibular gland can assemble into branched structures that resemble salivary gland

buds in vitro (Wei, Larsen et al. 2007). While cell clustering is desired for certain specific tissue

engineering applications, other applications require limiting cell clustering, particularly in the

case of stem cell expansion (Ferrari, Balandras et al. 2012). Understanding the signals that

contribute to scattering and clustering will not only provide therapeutic targets for pathologies,

but also will guide the design of engineered tissue environments that can regulate the degree

of cell scattering and clustering.

In the most general sense, scattering is the process by which cells transit from a state

of close proximity to state where cells are well-dispersed. In most studies, the cells in close
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proximity form cell-cell junctions, so scattering is described as a disassembly process that

includes loss of cell-cell junctions (Thiery, Acloque et al. 2009). This type of scattering can

proceed either through transcriptional control, usually by altering the expression of the cell-cell

adhesion molecule E-cadherin (Guaita, Puig et al. 2002, Grotegut, von Schweinitz et al. 2006),

or through signaling (Boyer, Roche et al. 1997, Khwaja, Lehmann et al. 1998) or cytoskeletal

(Ryan, Foty et al. 2001, de Rooij, Kerstens et al. 2005) events upstream of transcription,

usually by altering the relative magnitudes of the cell-cell or cell-substrate adhesion forces.

Numerous extracellular ligands such as hepatocyte growth factor (Montesano, Matsumoto et

al. 1991) or epidermal growth factor (Boyer, Roche et al. 1997, Pope, Graham et al. 2008) can

induce scattering. Clustering, on the other hand, is the process by which cells transit from a

well-dispersed state to a state of close proximity. Cell clustering can be induced by extracellular

ligands like insulin like growth factor (Guvakova and Surmacz 1997). Again, in most studies

the cells in close proximity form cell-cell junctions, so clustering is described as an assembly

process that includes formation of cell-cell junctions. When cell-cell adhesion is significant

and in the absence of proliferation, the assembly of clusters can result either from random

migration (de la Rosa, Yanez-Mo et al. 2005, Mina-Osorio, Shapiro et al. 2006, Wei, Larsen

et al. 2007, Gassei, Ehmcke et al. 2008, Pope and Asthagiri 2012) or paracrine-mediated

directed migration (Silver and Montell 2001, Hardikar, Marcus-Samuels et al. 2003). Both

induce cell-cell contact and cluster formation when cells collide (Kudo, Kigoshi et al. 2009). In

the presence of proliferation, the continual division of well-attached daughter cells can also act

to enhance clustering (Andl, Mizushima et al. 2003). When cell-cell adhesion is insignificant,

the mechanisms are somewhat different. The only routes for cell clustering are proliferation

coupled with slow migration (Wu, Yu et al. 2013) or paracrine-mediated attraction of cells.

Since migration, cell-substrate adhesion and perhaps proliferation are important processes

in the disassembly and assembly of cell clusters, the ECM plays a role in regulating scattering

and clustering (de Rooij, Kerstens et al. 2005, Shields, Dangi-Garimella et al. 2011, Pope and

Asthagiri 2012, Shields, Krantz et al. 2012). The ECM determines the speed and persistence

of cell migration which can act to cluster cells (Pope and Asthagiri 2012). It also sets the

cell-substrate adhesive force, so the type of the ECM ligand and its mechanical stiffness are
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important regulators of cell scattering (de Rooij, Kerstens et al. 2005, Gilchrist, Darling et

al. 2011). For example, epithelial cell scattering is enhanced on collagen and fibronectin,

as compared with laminin I and rigid substrates that produce high traction forces promoted

scattering, in comparison to more compliant substrates (de Rooij, Kerstens et al. 2005). In

addition, cell clustering is also enhanced in environments where cells can exert large contractile

forces (Salmenpera, Kankuri et al. 2008, Rhee, Ho et al. 2010, da Rocha-Azevedo, Ho et al.

2013). These contractile forces coupled with matrix degradation act to remodel the ECM (Xu,

Boudreau et al. 2009), which in turn can either enhance scattering or clustering.

While there have been several recent quantitative efforts made to characterize scattering and

clustering on different ECM (de Rooij, Kerstens et al. 2005, Pope and Asthagiri 2012), this has

mainly focused on cells that can generate strong cell-cell junctions. I was interested in probing

mechanisms that lead to the clustering of cells that lack robust cell-cell junctions. Therefore, I

constructed four types of substrates that varied in the way in which collagen was attached to the

surface and in their adhesivity. A rat adenocarcinoma cell line (MTLn3) was used as a model

system to study scattering and clustering in cells that lack strong cell-cell adhesion. I developed

a method to quantify the clustering and found higher clustering on physically adsorbed collagen

substrates than on covalently attached substrates. Higher clustering correlated with substrates

that were initially lower in collagen density and that showed larger rates of collagen cleavage or

desorption from the surface. No significant difference in cell proliferation was observed between

the conditions. However, cell migration was enhanced on collagen that was covalently attached

to the surface. This indicates that the attachment mechanism of collagen can alter the clustering

behavior of cells by regulating the migration rate. This has importance in understanding how

matrix remodeling might alter clustering in vivo, but also how the immobilization of ECM in

engineered constructs is a critical factor in disseminating cells across a surface or throughout

a matrix.

5.2 Materials and Methods

Materials:

Cell culture media was MEMα medium (Life Technologies, Grand Island, NY, USA) con-
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taining 5 % fetal bovine serum (Life Technologies, Grand Island, NY, USA) and 1 % penicillin-

streptomycin(Life Technologies, Grand Island, NY, USA). Collagen (Col) and poly-L-lysine

(PLL) solution contained 1.8 µg/mL of rat tail collagen I (Life Technologies, Grand Island,

NY, USA) and 2 µg/mL of PLL hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) and

was dissolved in UV-sterilized 0.5 M acetic acid (Fisher Scientific, Hampton, New Hampshire,

USA). Imaging media was MEMα medium without phenol red containing 5 % fetal bovine

serum, 1 % penicillin-streptomycin, and 12 mM HEPES (Fisher Scientific, Hampton, New

Hampshire, USA). The matrix metalloproteinase inhibitor, GM-6001 (Calbiochem, EMD Mil-

lipore Corporation, Billerica, MA, USA) was prepared at 0.25 µM, dissolved in Dulbecco’s

Phosphate-Buffered Saline (DPBS) with calcium and magnesium (Life Technologies, Grand

Island, NY, USA).

Collagen Substrates Treatment:

No. 1.5, 22 mm square coverslips (Corning Inc., Corning, New York, USA) were sonicated

30 minutes in the following solutions to make squeaky cleaned coverslips: hot tap water with

Versa Clean detergent (Fisher Scientific, Hampton, New Hampshire, USA), hot tap water,

distilled water, double distilled water, 1 mM ethylenediaminetetraacetic acid (EDTA) solution

(Fisher Scientific, Hampton, New Hampshire, USA), 70% ethanol in water and 100% ethanol.

An adaptation of a protocol to functionalize coverslips with glutaraldehyde was used (Branch,

Corey et al. 1998). Cleaned coverslips were soaked in a 3:1 sulfuric acid (Fisher Scientific,

Hampton, New Hampshire, USA):30% hydrogen peroxide (Fisher Scientific, Hampton, New

Hampshire, USA) solution for one hour, washed with double distilled water and placed in 10

mL of 1% aminopropyltriethylsilane (APTES) (Fisher Scientific, Hampton, New Hampshire,

USA) in 10 mM acetic acid for two hours. They were then rinsed with double distilled water,

spin dried and heat-treated in an oven at 100◦C for one hour. Finally, the coverslips were

treated with 5 mL of 6% glutaraldehyde (Fisher Scientific, Hampton, New Hampshire, USA) in

phosphate buffered saline (PBS) without calcium and magnesium (Gibco, Grand Island, New

York, USA) for two hours. The functionalized coverslips were stored in double distilled water

at 4◦C until use. A 1.8 µg/mL Col solution with or without 2 µg/mL PLL was added onto a 35

mm cell culture dish (Fisher Scientific, Hampton, New Hampshire, USA) and covered either by
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a cleaned coverslip or a functionalized coverslip. Alternatively, collagen was printed onto the

surface. Polydimethylsiloxane (PDMS) stamps were made via soft lithography by mixing 184

Silicone Elastomer Base (Dow Corning) with its curing agent in a 10:1 weight ratio and then

allowing it to spread on top of a fused silica master. The master coated with PDMS was exposed

to a vacuum to remove any air pockets and then cured for an hour at 60◦C. PDMS stamps

were sonicated in double distilled water and in 100% ethanol. A 200 µL collagen solution of 45

µg/mL collagen I and 15 µg/mL alexa 555-labeled collagen I in 0.5 M acetic acid was applied

to each stamp. After 40 min incubation, the collagen solution was removed and then the stamp

was placed on the functionalized coverslip and allowed to incubate for 15 minutes. Later, the

stamp was removed and the coverslips were incubated in the dark for 2 hours. Before seeding

MTLn3 cells, the coverslips were washed with PBS.

Cell Culture:

Rat mammary adenocarcinoma cell line (MTLn3) was obtained from Dr. Jeffrey E. Segall

(Albert Einstein College of Medicine). Cells were maintained in cell culture media at 37◦C in

5 % CO2 and were passed every two or three days.

Clustering Assay:

MTLn3 cells between passage 2 and 20 were seeded onto Phys-COL or Cov-COL substrates

in 35 mm cell culture dishes at an approximate density of 50,000 cells per dish and maintained

in cell culture media at 37◦C in 5 % CO2. Dishes with cells were imaged every 8 hours from

0 hour to 48 hours. Phase contrast images were captured at 10× magnification (NA 0.30,

Nikon) with a charge-coupled device (CoolSNAP HQ2, Photometrics) attached to an inverted

microscope (Eclipse Ti, Nikon). Cell centroids were identified manually by MTrackJ plugins of

ImageJ. Quantification of clustering was analyzed by MATLAB. Briefly, if the centroid of a cell

was 26 µm further from other centroids, this cell was defined as single cell and its centroid was

deleted from the centroid matrix. Then the clusters were identified using the kmeans function

in MATLAB. Cluster number was determined by an iteration process. The percentage of
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variance is governed by the following equation 5.1:

%V ar = 1 −

Ncell∑
i=1

D2
i,cell−cluster

Ncell

Ncell∑
j=1

Ncell∑
k=1

D2
jk,cell−cell

N2
cell

(5.1)

Where Dcell−cluster is the within-cluster sums of point-to-cluster-centroid distances; Ncell is

the number of cells in each image; Dcell−cell is the pair-wise distance between individual cells.

Cluster number was tested from two to Ncell and the percentage of variance was calculated.

When the percentage of variance reached 0.995, the iteration stopped and that cluster number

was the set as the final cluster number. The decay distance and scatter index of cells and

clusters were calculated using the MATLAB function rdfcalc (from GUI: Radial Distribution

Function, File ID: #31494, File exchange, MATLAB CENTRAL). The area under the RDF

curve is the scatter index (SI ) defined as equation 5.2:

SI =

∑
i
gi(r)ri∑

i
gi(r)

(5.2)

The decay distance (R1/2max) is the distance where the probability equals the half height of

the peak. The cell number in clusters and percentage of cells in clusters were quantified based

on the identified clusters and total cell number.

Collagen Degradation and Uptake Assay:

Collagen was labeled using Alexa Fluor 555 carboxylic acid, succinimidyl ester (Life Tech-

nologies, Grand Island, NY, USA) as before (Nicholas R. Romsey, submitted) and was attached

to the surface at a concentration of 1.8 µg/mL. For substrates with cells, MTLn3 cells in imag-

ing media were then flowed into this chamber at an approximate density of 25,000 cells per

coverslip. For substrates with cells plus GM-6001, 0.25 µM GM-6001 solution was added into

the chamber. For substrates without cells, only the imaging media was flowed into the chamber.

The chambers were then sealed with VaLaP and imaged on a heated stage. For the degradation

assay, differential interference contrast (DIC) images were captured at 0, 6 and 21 hours using

a 40× oil objective (NA 1.30, Nikon, Melville, NY, USA) using the same imaging system as

mentioned above. Epifluorescence (EPI) images were captured at 0, 6 and 21 hours using a 40×
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oil objective with an excitation filter 555/25 and an emission filter 605/52. The fluorescence

intensity of the whole image was quantified using ImageJ. For the uptake assay, MTLn3 cells

were incubated for 6 hrs in cell culture media at 37◦C in 5 % CO2, mounted into the chambers

and time lapse images were taken using a 40× oil objective with the same imaging system as

mentioned above. DIC images were captured every two minutes, while EPI images were taken

every two hours. The cells were manually selected according to the DIC images and then the

fluorescent intensity of the cells was quantified based on the EPI images using ImageJ.

Cell migration assay:

The cell migration assay was performed based on the previous work (Hou, Hedberg et

al. 2012). Briefly, MTLn3 cells were incubated on collagen substrates for 6 hrs and were

mounted into perfusion chambers (Warner Instruments, Hamden, CT, USA) in imaging media.

Chambers were imaged on an automated heating stage every 2 minutes for 12 hours. Phase

contrast images were captured at 10× objective (NA 0.30, Nikon) with a charge-coupled device

(CoolSNAP HQ2, Photometrics) attached to an inverted microscope (Eclipse Ti, Nikon). Cell

centroids were identified manually by MTrackJ plugins of ImageJ. Model speed, S, and model

persistence time, P, of single cell were obtained by fitting these to the persistence random walk

equation 5.3 (Dunn 1983, Othmer, Dunbar et al. 1988):

< d2(t) >= 2S2P [t− P (1 − e−t/P )], (5.3)

using a nonlinear least square regression analysis. I fit the model over a 30 minute time lag.

5.3 Results

Mechanism of collagen attachment regulates cell clustering

Collagen is a large charged protein that can physically adsorb to bare glass surfaces (Phys-

COL) or covalently react with functionalized glass surfaces (Cov-COL). Both approaches are

used to render substrates adhesive towards cells. I observed that these different collagen attach-

ment mechanisms altered the clustering behavior of a rat adenocarcinoma cell line (MTLn3).

MTLn3 cells adhered to Phys-COL substrates and formed noticeable clusters after 8 hrs. (Fig.

5.1A), whereas those adhered to Cov-COL substrates did not cluster (Fig. 5.1B). Interestingly,
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this clustering was not due to cell-cell contact as in other epithelial cells, because MTLn3 cells

are highly metastatic and do not form cell-cell contacts. I was interested in quantifying the

clustering, so I logged the position of the nucleus of each cell and used a k-means clustering

algorithm outlined in the materials and methods to identify the clusters (Fig. 5.2A and B).

From this position data, a radial distribution function (RDF) was calculated (Fig. 5.2C). The

RDF describes the probability of finding a cell at a distance from a given reference cell. This

quantitative clustering approach formed the basis of my analysis. Different parameters, such as

scatter index (SI ) and decay distance (R1/2max) were analyzed from the RDF to characterize

the clustering behavior (Fig. 5.2C). Larger SI and R1/2max values indicate more scattered and

less clustered cells.

Since cells were less clustered on Cov-COL surface, but appeared to spread more quickly

(Fig. 5.1), I decided to examine whether the clusters were caused by differences in adhesivity

of the substrate. Therefore, I added an adhesive component, poly-L-lysine (PLL), to both

substrates and observed cell morphology on four different substrates: Phys-COL, Cov-COL,

Phys-COL+PLL and Cov-COL+PLL (Fig. 5.3). No large difference in cell spreading area

was seen (Fig. 5.4). Cells on Phys-COL substrates had tighter clusters and were less spread

than cells on Cov-COL substrates (Fig. 5.3). The PLL treatment only marginally altered

the clustering (Fig. 5.3). In order to support these qualitative observations, I quantitatively

analyzed the clustering behavior using the metrics described above.
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A) 0h 8h 16h

24h 32h 48h

B) 0h 8h 16h

24h 32h 48h

Figure 5.1 Attachment mechanism of collagen produces differences in clustering in

MTLn3 cells. A) Phys-COL and B) Cov-COL substrates. Cells were imaged

after incubation for 0, 8, 16, 24, 32 and 48 hrs in 5% serum α-MEM medium.

Scale bar is 100 µm.
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Figure 5.2 Schematic illustrating cluster analysis. A) Original phase contrast image, B)

plot of cell and cluster positions, and C) plot of radial distribution function (RDF)

showing decay distance (R1/2max) and the area under the curve (Scatter Index

(SI )). The blue dots in B) represent the centroids of cells in A) and the circles in

B) represent the cells in a cluster. The asterisks in B) represent the centroids of

clusters. Each color represents a cluster. Scale bar is 100 µm.

A) B) C) D)

Figure 5.3 PLL does not dramatically affect clustering on different substrates. A)

Phys-COL, B) Cov-COL, C) Phys-COL+PLL and D) Cov-COL+PLL. Cells were

imaged after incubation for 24 hrs in 5% serum MEM α medium. Scale bar is 100

µm.
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Figure 5.4 Quantification of cell spreading on different substrates. Normalized de-

tachment factor per cell was the total areas of the unspread cells divided by the

total cell number. The blank circle line represents Phys-COL. The filled circle line

represents Cov-COL. The blank square line represents Phys-COL+PLL. The filled

square line represents Cov-COL+PLL. Error bars are 95% confidence intervals.

To quantify the clustering behavior on the four different substrates, I measured the SI of

cells, normalized SI of cells, SI of clusters, R1/2max, cell number in clusters, percentage of

cells in clusters, RDF of cells and RDF of clusters over time (Fig. 5.5, 5.6 and 5.7). Clear

differences were seen. Cells on substrates with covalently attached collagen produced larger SI

values than those on substrates with adsorbed collagen (Fig. 5.5A). In addition, the SI values

increased over time and above what was seen initially when collagen was covalently attached

(Fig. 5.5B). While PLL addition to physically adsorbed collagen substrates did increase the

scattering above that seen with collagen alone, it did not reach the same level as that seen when

collagen was covalently attached to the substrate (Fig. 5.5A). However, while there was a no-

ticeable difference in the SI value of cells among the different substrates, there was no significant

difference in the SI value of clusters among the different substrates (Fig. 5.5C), suggesting that

the distances between neighboring clusters changed in a similar manner. Enhanced clustering

on physically adsorbed collagen also resulted in smaller values of R1/2max (Fig. 5.5D) and a

larger mean cell number in clusters (Fig. 5.5E). Finally, the most dramatic difference was seen

in the percentage of cells that existed in clusters. After 8 hrs, the percentage of cells in clusters

on covalently attached collagen decreased by roughly 50% over the next 16 hrs., whereas the
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Figure 5.5 Quantification of cell clustering over time on different substrates. A)

Scatter Index (SI ) of cells, B) normalized SI of cells, C) SI of clusters, D) decay

distance (R1/2max), E) mean cell number in clusters and F) percentage of cells

in clusters. The black open circle represents Phys-COL. The gray filled circle

represents Cov-COL. The black open square represents Phys-COL+PLL. The gray

filled square represents Cov-COL+PLL. Error bars are 95% confidence intervals.

percentage of cells in clusters on physically adsorbed collagen remained constant (Fig. 5.5F).

These data suggest that the largest effect on clustering was the mechanism of attachment of

collagen, with a smaller effect due to non-specific adhesivity of the substrate.
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Figure 5.6 Radial distribution functions of cells on different substrates at different

time points. A) 0h, B) 8h, C) 16h, D) 24h, E) 32h, F) 40h and G) 48h. The

blue line represents Phys-COL. The red line represents Cov-COL. The green line

represents Phys-COL+PLL. The black line represents Cov-COL+PLL.
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Figure 5.7 Radial distribution functions of clusters on different substrates at dif-

ferent time points. A) 0h, B) 8h, C) 16h, D) 24h, E) 32h, F) 40h and G) 48h.

The blue line represents Phys-COL. The red line represents Cov-COL. The green

line represents Phys-COL+PLL. The black line represents Cov-COL+PLL.
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Covalent collagen attachment inhibits desorption and uptake by cells

Given that collagen attachment to the surface drives clustering, I was interested in determin-

ing if the surface coverage of collagen was different between conditions and whether it changed

over time. To determine this, I used Alexa Fluor 555-labeled collagen to construct Phys-COL

and Cov-COL substrates and quantified the fluorescent intensity of the whole image over time.

I examined substrates with and without cells. However, because MTLn3 cells are known to

express matrix metalloproteinases which could cleave and potentially release collagen from the

surface, I also treated cells with a broad spectrum MMP inhibitor, GM-6001. Although the

bulk concentrations of fluorescent collagen used to treat both substrates were the same, the

amount of collagen binding to the Cov-COL surface was roughly two fold larger than that on

Phys-COL substrates (Fig. 5.8). If the clustering was only caused by low coverage of collagen, I

should observe clustering on low concentration Cov-COL and scattering on high concentration

Phys-COL substrates. Indeed, cells formed clusters on low concentration Cov-COL substrates

and on functionalized glass (Fig. 5.9). However, cells also formed clusters on high concentra-

tion and stamped Phys-COL substrates. Therefore, the collagen coverage might only partially

explain why some substrates result in clustering, while others do not. Low collagen surface cov-

erage and Phys-COL may coordinately be driving the cluster formation. Collagen physically

adsorbed to glass decreases in the absence of cells, whereas collagen attached to the surface

remains constant over time (Fig. 5.8). In the presence of cells the collagen surface coverage

decreases under both conditions, albeit to a lesser extent when collagen is covalently attached

to the surface. This decrease in collagen coverage on both Phys-COL and Cov-COL substrates

is abrogated when matrix metalloproteinase activity is blocked using GM-6001, indicating that

some of the collagen is cleaved from the surface and some passively desorbs (Fig. 5.8). These

data indicate that surface coverage of collagen plays a part in clustering and that collagen on

Phys-COL substrates decreases due to desorption, matrix metalloproteinase activity and other

cellular processes.
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Figure 5.8 Quantification of surface collagen density. A) Phys-COL and B) Cov-COL.

The white bar represents substrates with MTLn3 cells. The black bar represents

substrates with cells and adding MMP inhibitor GM-6001. The gray bar represents

substrates without cells. Error bars are 95% confidence intervals.
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F) G) H) I) J)

Figure 5.9 Morphology of cells at 12-16 hrs on different substrates. A) no COL Phys,

B) 0.3 µg/mL COL Phys, C) 0.3 µg/mL COL+PLL Phys, D)30 µg/mL COL Phys,

E) stamped COL Phys, F) no COL Cov, G) 0.3 µg/mL COL Cov, H) 0.3 µg/mL

COL+PLL Cov, I) 30 µg/mL COL Cov and J) stamped COL Cov, Scale bar is

100 µm.
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A) B) 

E) F) 

C) D) 

G) H) 

Figure 5.10 Uptake of collagen by cells on different substrates. A) Differential inter-

ference contrast image of cells (A, C, E and G) and epifluorescence image of Alexa

Fluor 555-labeled collagen (B, D, F and H) on Phys-COL (A and B), Cov-COL

(C and D), Phys-COL+PLL (E and F) and Cov-COL+PLL (G and H). B) and

F) were scaled to the same background level. D and H were scaled to the same

background level. Scale bar is 20 µm.

Another approach to quantify the desorption or cleavage of collagen from the surface is to

measure the uptake of fluorescent collagen by the cells. To investigate how cells uptake collagen

after desorption or cleavage from the surface, I imaged cells on the four different substrates

with fluorescently labeled collagen and quantified the mean fluorescent intensity of the cells

on four substrates over time. The fluorescent intensity of the cells on physically adsorbed

collagen substrates was higher than the surrounding areas, while the fluorescent intensity of

the cells on covalently attached substrates did not differ from the surrounding area (Fig. 5.10).

The intensity of collagen inside the cells was quantified and increased with time on physically

adsorbed collagen substrates (Fig. 5.11A and C). However, cell fluorescence was much more

stable on substrates with covalently attached collagen (Fig. 5.11B and D). This coupled with

quantification of collagen on the surface indicate that surfaces with covalent collagen attachment

have a higher collagen density and are more resistant to desorption or cleavage than surfaces

with adsorbed collagen. This difference in collagen surface coverage then contributes to the

differences in clustering. However, why do cells exposed to different collagen surface coverages

cluster differently? Two possible mechanisms that lead to clustering are proliferation and

migration.
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Figure 5.11 Quantification of the uptake of collagen by cells on different substrates.

A) Phys-COL, B) Cov-COL, C) Phys-COL+PLL and D) Cov-COL+PLL. Differ-

ent symbols and lines represent different experiments. Insert of A) is the enlarged

image of experiment 1 and 2 in A). Error bars are 95% confidence intervals.



www.manaraa.com

122

0 8 16 24 32 40 48
0

1

2

3

4

5

6

Time (h)

N
o

rm
a

liz
e

d
 T

o
ta

l 
C

e
ll 

N
u

m
b

e
r

 

 

Phys−COL

Cov−COL

Phys−COL+PLL

Cov−COL+PLL

Figure 5.12 Quantification of cell proliferation over time on different substrates.

Normalized total cell number was calculated. The black opencircle represents

Phys-COL. The gray filled circle represents Cov-COL. The black open square

represents Phys-COL+PLL. The gray filled square represents Cov-COL+PLL.

Error bars are 95% confidence intervals.

Cell proliferation does not explain clustering differences on different substrates

Given that the mechanism of collagen attachment to the surface results in different surface

coverage of collagen over time, I was interested in determining whether this had an effect on

proliferation. A simple conceptual model for scattering and clustering of non-adherent cells

involves the two processes of proliferation and diffusion. The diffusion rate is driven by cell

migration and contains two parts, cell migration speed and persistence. When a cell divides,

it forms a cluster of two. If the cell migrates slowly, this cluster will grow in size and the

average distance between cells will become smaller. Increased proliferation rate can act to

enhance clustering, whereas increased diffusion rate acts to enhance scattering. One might

assume that cells on physically adsorbed collagen proliferate faster than cells on covalently

attached collagen. Therefore, I counted the total cell number over time on the four different

substrates to examine whether there was a difference in proliferation rate. There was no

significant difference in normalized total cell number between substrates until 40 hrs, much after

distinctions in clustering arise (Fig. 5.12). Therefore, clusters are not caused by differences in

cell proliferation rates.
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Cell migration does explain clustering differences on different substrates

Given that proliferation rates were the same among cells plated on collagen attached to

substrates through different mechanisms, I wanted to determine if diffusion rates, set by the

magnitude of the cell migration velocity and persistence time, were the same among different

substrates. I tracked cell nuclei over time on Phys-COL and Cov-COL substrates and fitted the

mean-squared displacement to a model for a persistent random walk. Both the speed and the

persistence of MTLn3 cells on Phys-COL were lower than that on Cov-COL (Fig. 5.13A). The

persistent random walk model only fits mean-squared displacement data well if the sampling

time is sufficiently smaller than the persistence time. If this is not the case, fitting algorithms

often push persistence times to arbitrarily low values and migration speeds to arbitrarily high

values. When this happened, these data were taken from the pool. However, I noticed that this

occurred more frequently with Phys-COL substrates as compared to Cov-COL substrates (Fig.

5.13B). This indicates that cells plated on Phys-COL substrates in general had a much lower

persistence than cells plated on Cov-COL substrates. This data indicates that an diminished

diffusion rate caused by decreased cell migration speed and persistence and not an enhanced

proliferation rate drives the clustering of cells on collagen physically adsorbed to the substrate.
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Figure 5.13 Quantification of cell migration on different substrates. Cells were tracked

and mean squared displacements were fitted to a persistent random walk model.

A) Cell speed (open bars) and persistence (gray bars) were measured for cells

plated on both Phys-COL and Cov-COL substrates. Error bars represent 95%

confidence intervals. B) The percentage of cells that did not fit the model on both

Phys-COL and Cov-COL substrates is also shown. Cell migration tracks for cells

plated on C) Phys-Col substrates and D) Cov-Col substrates.
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5.4 Discussion

In cells that generate firm cell-cell contact, scattering or clustering is a competition between

cell-cell vs. cell-substrate adhesivity (de Rooij, Kerstens et al. 2005). If the cell-cell adhesive

force is stronger than the cell-substrate adhesive force, cells will tend to remain clustered as

opposed to scattering when contractility increases. If contractility increases dramatically and

cells do not detach from each other, retraction will occur (Schneider, Hays et al. 2009). Growth

factors or other regulators can initiate scattering by either decreasing the cell-cell adhesive force

or increasing the cell-substrate adhesive force. When the ECM is presented under conditions

of high cell-substrate adhesion (high concentration and stiffness), cells are more able to scatter

in response to stimulants (de Rooij, Kerstens et al. 2005). In the case of clustering, migration

drives the assembly of clusters. Cells from different regions must find each other, so they search

for neighbors using a random walk. Consequently, larger clusters are formed when migration

rate is maximal (Pope and Asthagiri 2012). However, in order to cluster cells that form weak

cell-cell contact, random migration is not sufficient. With no intercellular adhesion, random

migration acts to disperse cells. Consequently, there are only two mechanisms that can explain

cell clustering in cells that lack strong cell-cell junctions. The first involves paracrine attraction

between cells (Silver and Montell 2001, Hardikar, Marcus-Samuels et al. 2003). Here the

paracrine attraction acts as the assembling factor rather than cell-cell adhesion. In addition to

this paracrine mediated interaction, high proliferation rates with correspondingly low migration

rates could also cause cell clustering. Above it is shown that changes in cell clustering correlate

with changes in random cell migration. However, can paracrine attraction be ruled out in favor

of a model that includes only fast proliferation and slow random migration?

Perhaps a scaling approach using parameters that describe the rate of proliferation and

dispersion could explain changes in average cell spacing. Proliferation rate is characterized by

a first order rate constant, µ [=] hr−1. Fits to the time-dependent cell number (Fig. 5.12)

resulted in rate constants of 0.028 hr−1 and 0.031 hr−1 for Cov-Col and Phys-Col substrates,

respectively. These equate to doubling times of 25 hr and 22 hr for Cov-Col and Phys-Col

substrates, respectively. Dispersion rate or diffusion rate is characterized by a diffusion coef-



www.manaraa.com

126

ficient, D [=] µm2/hr. For random migration the diffusion coefficient, D is also referred to

as the random motility coefficient and is equal to the migration speed squared multiplied by

the persistence time. Using speeds and persistence times in Fig. 5.13, I was able to calculate

the random motility coefficient for Cov-Col and Phys-Col of 910 µm2/hr and 230 µm2/hr,

respectively. The length scale of dispersion is given by the following equation 5.4:

R =

√
D

µ
(5.4)

Consequently, the ratio of dispersion length scales between the Cov-Col and Phys-Col conditions

are governed by the following equation 5.5:

RCov−Col

RPhys−Col
=

√
DCov−ColµPhys−Col

DPhys−ColµCov−Col
(5.5)

This ratio can be directly calculated using the R1/2max for each of the two conditions. This

ratio at 16 hrs, after sufficient time for migration and proliferation, but before confluency, was

calculated to be 2.1. Using the random motility coefficient and the proliferation rate constant

for both conditions a ratio of 2.1 is also calculated. This indicates that simple changes in

random motility coefficient can explain the quantitative difference in clustering. In addition,

it suggests that while paracrine interactions could act to assemble clusters together, they are

probably not at play here since changes in random motility appear to explain the changes in

clustering.

The clustering of cells in response to different ECM environments has relevance in can-

cer. Many clinical and experimental observations suggest that both the weakening of cell-cell

contacts and enhanced migration lead to metastasis driven by single cells (Friedl and Wolf

2003). However, others have found less invasive clusters of cells in lymph nodes (Cavallaro and

Christofori 2001). This suggests that either multicellular clusters can escape from the primary

tissues and form emboli in blood vessels or lymph nodes (Tomlinson, Alpaugh et al. 2001).

The idea that metastases might be in fact multicellular clusters provides motivation for the

work showing carcinoma cells can escape suspension-induced apoptosis by forming multicelluar

clusters. Single cells in suspension that do not form clusters undergo apoptosis (Zhang, Lu

et al. 2004, Zhang, Xu et al. 2010). Moreover, the clustering of stromal cells might be just
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as important as the clustering of cancer cells as there is some indication that these clusters

can initiate tumor invasiveness (Lizonova, Bizik et al. 1990, Kankuri, Cholujova et al. 2005).

Therefore, cell clustering plays an important role in the formation of secondary tumor site

by either assembling the cancer cells themselves or reorganizing stromal cells. In addition, a

firm understanding of clustering is required in tissue engineering applications. Under certain

circumstances clusters might be desired, while other circumstances might require the disper-

sion of cells (Sasai 2013). The examination of clustering on 2D surfaces does have relevance

to tissue engineering. While 3D matrices are the first and most common type of construct in

tissue engineering applications, engineered surfaces are also important (Ma, Mao et al. 2007,

Bauer, Schmuki et al. 2013). Often ECM like collagen is used to make materials like titanium

for implants biocompatible (Morra, Cassinelli et al. 2003). Knowing the best approach by

which to attach collagen or other ECM to the surface in order for the body to populate it with

the appropriate cells that are either dispersed or clustered will have noticeable impact on the

design of biomaterials like artificial hips and dental implants (Puleo and Nanci 1999, Li and

Kawashita 2011).

5.5 Conclusions

I observed that MTLn3 cells formed clusters on physically adsorbed collagen substrates,

while on covalently attached collagen surfaces, cells were more scattered. This clustering ap-

pears to be independent of cell-cell attachments as these cells make few cell-cell junctions due

to their highly metastatic nature. I quantified several clustering parameters based on radial

distribution function and the quantification confirmed my qualitative observations. Cells on

covalently attached collagen surfaces had larger scatter index and resulted in lower percentage

of cells in clusters. I found that surfaces with covalently attached collagen had a higher col-

lagen coverage and were more resistant to desorption or cleavage than surfaces with adsorbed

collagen. While proliferation was the same on physically adsorbed collagen in comparison to

covalently attached collagen, the migration speed and persistence were much lower resulting in

clustering. This study shows that cell clustering, even in cells that make few cell-cell contacts,

is regulated through ECM attachment to substrates through the modulation of cell migration
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characteristics.

Given that uniformly distributed ECM substrates affect cell migration and clustering, I

wondered how directional cues such as micropatterned collagen lines influence cell adhesion,

protrusion and migration behavior. Therefore, in chapter 6, I present an analysis of cell adhe-

sion, protrusion and migration under contact guidance.
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CHAPTER 6. CELL ADHESION STRENGTH AND LINE SPACING

DRIVE THE EFFICIENCY OF CONTACT GUIDANCE THROUGH

PROTRUSION AND ADHESION

This chapter was modified from the paper submitted to Cellular and Molecular Bioengi-

neering.

Nick Romsey, Yue Hou, Ian C Schneider

Cell migration is an important biological function that impacts many physiological and

pathological processes. Often migration is directed along aligned fibers of collagen, a process

called contact guidance. However, cells also adhere to other components in the extracellular

matrix, possibly affecting migrational behavior. This study examines differences in directed

migration, protrusion and adhesion in response to varying the spacing of collagen lines, back-

ground adhesion strength and the density of collagen lines. Collagen lines were microcontact

printed onto glass substrates and timelapse live-cell microscopy was used to measure migration

characteristics. Changes in speed and directionality were context different, either increasing or

decreasing with line spacing as a function of background adhesivity. However, directionality

decreased and speed increased as the cell contacted more lines for all background adhesivity.

Both decreasing line spacing and increasing the number of lines a cell contacted resulted in a

higher fraction of lateral protrusion waves, but background adhesivity had no effect on protru-

sion waves. FA dynamics were also regulated by line spacing as well as the number of lines

contacted. Fewer and brighter FAs were related to high directionality. This suggests that line

spacing, adhesion strength and the number of lines contacted drive the efficiency of contact

guidance through protrusion and adhesion.
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6.1 Introduction

Cell migration is an important cell behavior that regulates numerous physiological and

pathological processes such as cancer metastasis (Friedl and Gilmour 2009). Insight into how

cell migration is regulated in these environments will not only lead to therapeutic approaches

to enhance or slow down migration during these biological processes, but also will inform

models to predict migration behavior from static images of tissue biopsies (Anderson, Weaver

et al. 2006) or will guide the design of artificial tissues (Lutolf and Hubbell 2005). In order to

achieve these goals cell migration behavior must be quantitatively characterized under different

environmental conditions.

Cells migrate by extending protrusions forward. Protrusion can either occur continuously

in spatially confined regions as in keratocyte migration or it can occur in cycles or waves of

protrusion that move laterally along the edge (Dbereiner, Dubin-Thaler et al. 2006, Machacek

and Danuser 2006, Hou, Hedberg et al. 2012). These protrusions adhere to the surrounding

extracellular matrix (ECM) through receptors or other non-specific charge-based interactions.

Integrins constitute one large family of receptors, which bind specifically to ECM proteins

such as fibronectin, laminin and collagens. However, cell adhesion can also be made through

non-specific interactions between charged ligands and surface proteoglycans or other receptors

(Massia and Hubbell 1992, Mager, LaPointe et al. 2011). While these charge-based interactions

can cooperate to adhere new protrusions to the substrate, they lack the ability to form focal

adhesions (FAs) (Massia and Hubbell 1992, Lehnert, Wehrle-Haller et al. 2004). On the other

hand, integrin interactions with ECM readily form FAs that can be attached to the actin

cytoskeleton for structural support and can engage in intracellular signaling that can drive

continued protrusion (Zaidel-Bar, Ballestrem et al. 2003, Nayal, Webb et al. 2006). Some

FA characteristics like intensity are associated with fast migrating cells and lateral protrusion

waves (Hou, Hedberg et al. 2012). When cells migrate with fast speed, changing either adhesion

or contractility (or matrix stiffness) can lead to decreased cell migration speed, resulting in

a biphasic response (Dimilla, Barbee et al. 1991, Peyton and Putnam 2005, Gupton and

Waterman-Storer 2006, Zaman, Trapani et al. 2006).
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In vivo migration is not random, but often times directed by extracellular cues such as

aligned collagen fibers. For instance, metastatic carcinoma cells translate along collagen fibers

as they exit the tumor (Wolf, Mazo et al. 2003, Sahai, Wyckoff et al. 2005, Provenzano,

Eliceiri et al. 2008). This migration behavior is called contact guidance (Dunn and Heath

1976). If the contact guidance cue is weak, cell migration is only weakly biased and not all

migration steps are in the direction of the cue. If the contact guidance cue is strong, cell

migration is strongly biased and most or all steps are in the direction of the cue. Early in

the development of the tumor, collagen is organized circumferentially around the tumor mass.

During tumor progression, these collagen fibers are reorganized by surrounding stromal cells

resulting in large fiber bundles that extend radially from the tumor mass. This new collagen

fiber morphology can then direct migration of cells out of the tumor (Provenzano, Eliceiri et

al. 2006). While protease activity and fiber reorganization are both vital to the overall process

of invasion and metastasis, protease activity seems to be most important during penetration

through the basement membrane during initial exit out of the epithelial tissue or entrance into

endothelial tissue of blood and lymph vessels (Mierke, Rosel et al. 2008). This suggests that

between these two points, cancer cell migration is determined to a large extent by the existing

ECM. How fast cells migrate in that environment (speed) and how well the aligned fibers bias

migration direction (directionality) are two primary indicators of if or how fast metastatsis

will occur. Environmental characteristics such as fiber density (fiber-to-fiber spacing) and the

concentration of charged accessory molecules in and around the ECM will impact both speed

and directionality. The ECM impacts speed and directionality by altering protrusion and FA

dynamics, which plays an important role in the adhesion-based modulation of directionality,

because a cell must form nascent FAs and extend an adherent new leading lamellipod to change

its direction of locomotion. Dynamics like lateral protrusion waves might lead to a decrease

in the directionality. Developing in vitro environments where collagen organization can be

controlled and cell migration, protrusion and FA characteristics measured will be a powerful

approach to understand how cells sense directional ECM cues.

There are various approaches by which to organize and present fibers, including electrospin-

ning collagen fibers (Matthews, Wnek et al. 2002), drawing suspended fibers across posts (Nain,
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Phillippi et al. 2008), creating aligned thin films of collagen (Amyot, Small et al. 2008) and

growing collagen fibers on atomically smooth mica (Jiang, Horber et al. 2004). Microcontact

printing lines of ECM that mimic fibers have also been used. Microcontact printing in general

is a powerful way by which to direct cell migration (Kushiro, Chang et al. 2010). Microcontact

printing adhesive lines has been used to examine cytoskeleton structure or dynamics (Csucs,

Quirin et al. 2007, Pouthas, Girard et al. 2008, Rossier, Gauthier et al. 2010), cell alignment

and bridging across lines (Oneill, Jordan et al. 1990, Clark, Connolly et al. 1992, Csucs, Quirin

et al. 2007, Doyle, Wang et al. 2009, Rossier, Gauthier et al. 2010, Desai, Khan et al. 2011),

traction forces (Borghi, Lowndes et al. 2010, Rossier, Gauthier et al. 2010) or cell migration

(Csucs, Quirin et al. 2007, Kandere-Grzybowska, Campbell et al. 2007, Doyle, Wang et al.

2009, Borghi, Lowndes et al. 2010, Maiuri, Terriac et al. 2012). Doyle et al. suggested that line

spacing could control migration rate, but these reports along with Mairuri et al. examined cells

engaged in complete directional persistence. In addition, Kandere-Grzybowska et al. examined

how both speed and persistence length varied as a function of line width, but only on very

wide lines. Borghi et al. did show evidence that directionality was a function of adhesiveness

and line spacing, but conducted experiments in slow moving cells < 15 µm/hr. These reports

did not fully address how line spacing, adhesion strength between lines and protrusion and FA

dynamics might impact migration speed or directionality, when cells have the ability to span

several ECM lines and move between lines. Given that cells can attach to several ECM fibers

simultaneously and move between fibers in vivo (Doyle, Wang et al. 2009), I was interested

in characterizing the directed migration of cells on substrates where I could probe how fiber

density (line spacing), surrounding chemical composition (different backfilling molecules) and

the number of lines cells contacted regulate the ability of cells to sense directional ECM cues

through protrusion and adhesion. Consequently, I used live cell microscopy to quantitatively

measure cell migration behavior under different environmental conditions.

6.2 Materials and Methods

Microcontact printing

All chemicals were purchased from Sigma (St. Louis, Missouri, US) or Fisher (Hampton,
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New Hampshire, US) unless otherwise noted. Coverslips used for microcontact printing were

aldehyde functionalized. No. 1, 22 mm square coverslips (Corning Inc., Corning, New York,

US) were sonicated in the following solutions: hot tap water with Neutrad (Decon Labs, King

of Prussia, Pennsylvania, US), hot tap water, distilled water, 1 mM EDTA solution, 70%

ethanol in water and 100% ethanol. An adaptation of a protocol to functionalize coverslips

with glutaraldehyde was used (Branch, Corey et al. 1998). The coverslips were soaked in a 3:1

sulfuric acid:30% hydrogen peroxide solution, washed with double distilled water and placed

in a solution of 1% aminopropyltriethylsilane (APTES) in 10 mM acetic acid. They were then

heat-treated in an oven at 100◦C. Finally, the coverslips were treated with 6% glutaraldehyde

in phosphate buffered saline (PBS) (Gibco, Grand Island, New York, US). The coverslips were

stored in double distilled water at 4◦C until use.

Masks for the patterns were purchased through Microtronics, Inc. (Newton, Pennsylva-

nia, US). SU-8 photoresist (MicroChem, Newton, Massachusetts, US) was spun on fused silica

wafers, exposed to UV light through the mask and developed per the manufacturers recommen-

dations. Polydimethylsiloxane (PDMS) stamps were created by mixing 184 Silicone Elastomer

Base (Dow Corning, Ellsworth Adhesives, Germantown, Wisconsin, US) with its curing agent

in a 10:1 weight ratio and then allowing it to spread on top of a fused silica master. The master

coated with PDMS was exposed to a vacuum to remove any air bubbles and heated for an hour

at 60◦C to cure the PDMS. PDMS stamps were sonicated in double distilled water and in 100%

ethanol. A 200 µL collagen solution of 45 µg/mL collagen I and 15 µg/mL alexa 555-labeled

collagen I in 0.5 M acetic acid was applied to each stamp. After a 40 min incubation, the

collagen solution was wicked off and then applied to an aldehyde-functionalized coverslip. This

system was allowed to incubate for fifteen minutes, and then the stamp was removed. The cov-

erslip incubated for an additional two hours and was then backfilled with either poly-L-lysine

(PLL) or PLL polyethylene glycol (PLL-PEG, Alamanda Polymers, Huntsville, AL, US) for

one hour. PLL was >30,000 MW and PLL-PEG was 16,000 MW PLL attached to 5000 MW

PEG. The PLL, PLL-PEG or FN solutions were each applied for one hour at concentrations

of 1,000, 250 and 1000 µg/ml, respectively.

Cell culture and seeding
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MTLn3 cells were subcultured in α-MEM media (Gibco, Grand Island, New York, US)

containing 5% fetal bovine serum and 1% penicillin and streptomycine (Gibco, Grand Island,

New York, US). Cells between passage three and twenty were plated onto patterned coverslips

at an approximate density of 100,000 cells per coverslip. Cells were allowed to attach to the

coverslip for three to four hours. The coverslip was then inverted onto a microscope slide

with strips of double-sided sticky tape. This chamber was filled with α-MEM media with 12

mM HEPES while lacking phenol red (Gibco, Grand Island, New York, US) and sealed using

VALAP.

Cell imaging

The microscopy stage was heated with an air curtain (Nevtech, Gardnerville, Nevada, US)

or through use of a perfusion chamber with temperature control (Warner Instruments, Hamden,

Connecticut, US). The heater was allowed to reach a steady-state 37◦C before the sample was

imaged. Before cells were imaged, lines were imaged using epifluorescence microscopy. Cells

were imaged using phase microscopy at two minute intervals. Images were captured at 20×

(NA 0.50) with a charge-coupled device (CoolSNAP HQ2, Photometrics, Tuscan, Arizona, US)

attached to an inverted microscope (Eclipse Ti, Nikon, Tokyo, Japan). Image equipment was

controlled by µManager 1.3.

Fluorescence microscopy

MTLn3 cells were incubated on patterned coverslips for one day and transfected with

paxillin-EGFP as performed previously (Hou, Hedberg et al. 2012). Transfected cells were

imaged by total internal reflection fluorescence imaging using a 60× oil objective (NA 1.49,

Nikon). Images were taken using the same microscope, camera and software and described

above. An automated segmentation and tracking algorithm was utilized for large-scale analysis

of FA dynamics (Wurflinger, Gamper et al. 2011). FAs smaller than 0.05 µm2 and larger than

10 µm2 were excluded from our analysis because they represent either FAs consisting of less

than three pixels or several FAs clustered together. FA fluorescence intensities were calibrated

to the standard condition of 1 mW laser power with a 300 ms exposure time, so FA intensity

should be directly proportional to protein level across all samples. Number of FAs on and off

collagen lines were counted by eyes.
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Migration data analysis The cells in the image sequences were manually tracked using

MtrackJ, an ImageJ add-on. The nucleus of each qualifying migrating cell was tracked. Only

cells that lived for or stayed within the bounds of the imaging field for at least six hours and

migrated were tracked. A cell that divided must have migrated by itself for six consecutive

hours, without interruption by cellular division to be tracked. A cell resulting from division

must migrate for six hours on its own, following the same criteria as a non-dividing cell. The

position of each cell was logged using MtrackJ and the directionality and migration speed was

calculated using a MATLAB script. The movement of the cell from one position (x1, y1) to

another position (x2, y2) over a given time interval (t1 to t2) was used to calculate the angle of

displacement with respect to the long axis of the collagen lines, θ and the migration speed, S.

Cell directionality, DI, was calculated for each cell using the following equation 6.1:

DI =
1

N

N∑
i=1

cos(2θi), (6.1)

where N is the number of non-overlapping time intervals contained in an individual cell track

and θi is the angle of cell movement with respect to the collagen lines between two times (ti+1

- ti = τ). This value was then averaged among cells to construct an average DI for a given

condition. Cell migration speed, S, was calculated for each cell using the following equation

6.2:

S =
1

N

N∑
i=1

√
∆xi

2 + ∆yi
2

τ
, (6.2)

where N is the number of non-overlapping time intervals contained in an individual cell track

and ∆x and ∆y are the x and y displacements between two times (ti+1 - ti = τ). This value

was then averaged among cells to construct an average S for a given condition.

To quantify protrusion rate we used a constrained optimization program to measure the

protrusion and retraction rates from masked images as done in previous chapters (Machacek

and Danuser 2006). The cell edge was segmented into 100 sectors. The average protrusion rate

in these sectors was calculated over time.

Statistical analysis

All graphs and statistical analyses were done using JMP and MATLAB software. FA num-

ber as described in the results section is more precisely a FA number per cell. Consequently, the
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number of measurements of FA number per cell is the product of the average number of frames

and the cell number. All the other FA properties were generated by using the time-averaged

FA property for each FA in each cell. Consequently, the number of measurements of FA prop-

erties is the product of the average FA number and the cell number. Differences between line

spacing or number of lines contacted were quantified by calculating the Kolmogorov-Smirnov

statistic using the MATLAB function kstest2. To determine the statistical differences of the

mean values between groups of line spacing or number of lines contacted, a student′s t-test or

ANOVA test was utilized and a p < 0.01 was deemed significant.

6.3 Results

Collagen line spacing, adhesion strength and the number of lines contacted

result in differences in cell morphology, directionality and migration speed

Collagen fiber density is never uniform over space in vivo (Wolf, Mazo et al. 2003, Sahai,

Wyckoff et al. 2005, Provenzano, Eliceiri et al. 2008). Additionally, other ECM components

might be present to varying degrees in different regions in vivo. Consequently, another student

in our lab (Nick Romsey) examined how cell migration was altered when cells were allowed to

migrate on various line spacing and surrounding adhesion strength. Rat adenocarcinoma cells

(MTLn3) were plated on various patterns with tunable line spacing (3×5 and 3×10 µm) of

fluorescently labeled collagen backfilled with poly-L-lysine (PLL) or poly-L-lysine polyethylene

glycol (PLL-PEG). We called these substrates Col:PLL-PEG and Col:PLL substrates, respec-

tively. Cells adopted circular shapes on patterns with small distances between collagen lines

on both Col:PLL-PEG and Col:PLL substrates (Fig. 6.1). However, cells on Col:PLL-PEG

substrates often formed protrusions directly over the collagen lines only and had concave edges

in areas over the PLL-PEG (Fig. 6.1B and D). Cells on Col:PLL substrates had smoother edges

(Fig. 6.1A and C). As the line spacing increased cells became more elongated on both Col:PLL-

PEG and Col:PLL substrates (Fig. 6.1C and D). However, cells on Col:PLL substrates at large

line spacing usually spanned the same line, extending small protrusions over the PLL that were

eventually retracted (Fig. 6.1C), whereas cells on Col:PLL-PEG substrates usually spanned

more than one line (Fig. 6.1D). This is interesting because PLL is much more adhesive than
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Figure 6.1 Cell morphology on Col:PLL-PEG and Col:PLL substrates: MTLn3 cells

migrating on A. 3×5 µm Col:PLL, B. 3×5 µm Col:PLL-PEG, C. 3×10 µm Col:PLL

and D. 3×10 µm Col:PLL-PEG substrates. White squares are positioned on the

tracked coordinates. Scale bars represent 20 µm. Courtesy: Nick Romsey.

PLL-PEG. Given the distinct morphology of the cells on different line spacing and background

adhesion strength, the migrational behavior such as directionality and cell migration speed on

different line spacing was quantified.
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Narrow line spacing resulted in directionality that is roughly independent of adhesivity,

however, at wide line spacing, directionality was low for Col:PLL-PEG and high for Col:PLL

substrates indicating that Col:PLL and not Col:PLL-PEG substrates are better at directing

cell migration (Fig. 6.2A). Speed behaved much differently. The average speed was generally

between 25-40 µm/hr. For line spacing less than 10 µm, cells migrated on Col:PLL-PEG and

Col:PLL substrates at similar speeds (Fig. 6.2B). However, on a lines spacing of 10 µm, cells

on Col:PLL-PEG substrates had roughly similar migration speed, whereas cells on Col:PLL

substrates had decreased migration speed (Fig. 6.2B). Plotting directionality as a function of

cell migration speed revealed an inverse and roughly linear behavior for all conditions to this

point (Fig. 6.2C).

As shown in Fig. 6.1, patterns with different line spacing resulted in cells that contacted

different numbers of lines. The number of lines that a cell contacts should regulate the fidelity

of contact guidance. The number of lines that each cell contacted was determined by visual

inspection and averaged over the imaging time. The average number of lines that each cell

contacted decreased with increasing line spacing as would be expected (Fig. 6.2F). Since the

number of lines contacted varied greatly, we grouped data based on this metric and examined

cell directionality and migration speed. The bins were determined by splitting the distribution

of lines contacted into thirds (lines contacted: <3, 3 - 5, >5). Cells attached to one line have

little chance to move in directions perpendicular to that line. In contrast, cells attached to many

lines can generate force between the lines and perhaps pull themselves perpendicularly to the

long axis of the lines. Consequently, one would expect higher directionality in cells touching

fewer lines. On both substrates, the directionality decreases as a function of the number of

lines that a cell contacts and higher adhesion generally produces better directionality (Fig.

6.2D). Speed has a slightly different relationship. It has been shown that migration speed has

a biphasic response to the density of ECM concentration or more generally, the adhesivity of

the substrate. On one side of this biphasic curve, increasing adhesivity decreases cell migration

speed. For cells migrating on few lines speed is higher on the less adhesive PLL-PEG substrate

and lower on the more adhesive PLL. At high numbers of lines contacted cell migration speed

converges for both substrates (Fig. 6.2E).
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Figure 6.2 Directionality and cell migration speed are functions of adhesion

strength, line spacing and number of lines contacted. A. and D. Direction-

ality and B. and E. cell migration speed are shown for various backfill molecules

(Col:PLL-PEG (circles) and Col:PLL (squares)), line spacing widths and number

of lines contacted ((<3, low; 3-5, medium; >5, high)). C. Directionality is plotted

as a function of cell migration speed. F. The number of lines a cell contacts is

plotted as a function of collagen line spacing. Lines guide the eyes and error bars

are 95% confidence intervals. Col:PLL-PEG: 3×3 µm (Ncells = 52 and Nsubstrates

= 6), 3×5 µm (Ncells = 16 and Nsubstrates = 2) and 3×10 µm (Ncells = 42 and

Nsubstrates = 3); low (Ncells = 41 and Nsubstrates = 6), medium (Ncells = 38 and

Nsubstrates = 10) and high (Ncells = 35 and Nsubstrates = 6). Col:PLL: 3×3 µm

(Ncells = 17 and Nsubstrates = 2), 3×5 µm (Ncells = 34 and Nsubstrates = 4) and

3×10 µm (Ncells = 11 and Nsubstrates = 2); low (Ncells = 17 and Nsubstrates = 4),

medium (Ncells = 26 and Nsubstrates = 6) and high (Ncells = 19 and Nsubstrates =

5). Courtesy: Nick Romsey.
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Collagen line spacing and the number of lines contacted regulate the protrusion

waves and protrusion waves on Col:PEG decreased directionality

Given that the directionality and cell speed are functions of line spacing, background adhe-

sion strength and the number of lines that a cell contacts, I was interested to see if protrusion

or focal adhesion signatures correlate with or explain this behavior. I examined the differences

in protrusion and retraction velocities as well as the morphology of FAs on 3×10 µm lines

of Col:PLL-PEG or Col:PLL substrates (Fig. 6.3). One prominent feature that I observed

was traveling waves of protrusion along the edge of the cell (Fig. 6.3A and B). As I have

described in earlier chapters. I quantified the fraction of cells with waves on Col:PLL-PEG and

Col:PLL substrates and found that the fraction of cells with waves doesn′t depend on adhesion

strength (Fig. 6.4A). The cells on the adhesive backfilling (Col:PLL) only had a slightly lower

percentage of traveling waves than the cells on non-adhesive backfilling (Col:PLL-PEG). I also

quantified the fraction of cells with waves on different line spacing and the number of lines

contacted. At narrow line spacing, the fraction of cells with waves was higher for Col:PLL

than Col:PLL-PEG, whereas at wide line spacing, the fraction of cells with waves was higher

on Col:PLL-PEG than on Col:PLL (Fig. 6.4B) (based on one cell). Interestingly, the fraction

of cells with waves increases as a function of the number of lines that a cell contacts and is

independent of background adhesivity (Fig. 6.4C).

Given that the protrusion waves tend to correlate with fast migration as shown in chapter

2, I wondered how fraction of cells with waves will be affected by different cell migration speed.

I binned the cell speed into two groups (slow and fast) using a kstest function in MATLAB

as mentioned in previous paper (Hou, Hedberg et al. 2012). The threshold speed is 42 µm/hr

as mentioned in previous chapter. By plotting fraction of cells with waves based on cell speed,

I found that at low cell speed, half of the cells had waves and half did not. While at high

speed, there is a higher percentage of cells with waves than without wave and this phenomenon

is independent of adhesivity (Fig. 6.4D).
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Figure 6.3 Morphology and focal adhesion dynamics of MTLn3 cells with or with-

out waves on 3 × 10 µm collagen patterned substrates: A. Col:PLL-PEG

with waves, B. Col:PLL with waves, C. Col:PLL-PEG without waves and D.

Col:PLL substrates without waves. MTLn3 cells expressing paxillin-EGFP were

imaged at various time points (in minutes) during active migration. Scale bars are

20 µm. The right column showed the protrusion velocity maps for each substrate.

The cell edge was divided into 100 segments and the average protrusion rate in

each segment was determined over time. Red represents fast protrusion, green

represents quiescence and blue represents fast retraction.
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Figure 6.4 Fraction of cells with waves is a function of collagen line patterns, cell

speed and directionality. A. Fraction of cells with waves on Col:PLL-PEG and

Col:PLL substrates. Fraction of cells with waves depends on B. line spacing, C.

number of lines contacted (<3, low; 3-5, medium; >5, high), D. cell speed and E.

directionality on Col:PLL-PEG (circles) and Col:PLL (squares) substrates. Cell

numbers for Col:PLL-PEG: N = 31, N3×5 = 10, N3×10 = 10, N<3= 13, N3−5=

15, N>5 = 3, NSlow = 9, NFast = 22, NLowDI = 7 and NHighDI = 13; for Col:PLL:

N = 9, N3×5 = 1, N3×10 = 6, N<3 = 5, N3−5 = 3, N>5 = 1, NSlow = 4, NFast =

5, NLowDI = 3 and NHighDI = 5.

Given that directionality is a decreasing function of the number of lines contacted, while

the fraction of waves is an increasing function of the number of lines contacted, I wondered

whether the protrusion waves negatively correlate with directionality. Therefore, I binned the

directionality into two groups (low and high) the same as I binned the migration speed. The

cutoff directionality is 0.4. The cells with directionality less than 0.4 were counted as low

directionality and higher than 0.4 were counted as high directionality. By plotting the fraction

of waves based on directionality, I found that when cells were plated on Col:PLL-PEG, the

fraction of cells with waves was high for low directionality cells. However, when cells were

plated on Col:PLL, the fraction of cells with waves was roughly the same for both low and high

directionality. (Fig. 6.4E).
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Collagen line spacing and the number of lines that a cell contacts regulate FA

dynamics

Since cell directionality, speed and protrusion were modulated by collagen line spacing and

the number of lines that a cell contacts, I wondered whether FA dynamics were regulated by

these two factors as well. Therefore, I examined FA morphology on both Col:PLL-PEG and

Col:PLL substrates (Fig. 6.3). When cells spanned numerous collagen lines, individual FAs

were seen to form primarily over the collagen lines. However at times some FAs formed over

the backfilled portions of the substrates, especially when cells were migrating perpendicularly

to the lines (Fig. 6.3A and B). The FAs on Col:PLL were dimmer and harder to detect than on

Col:PLL-PEG. As a result, I quantified several FA properties only on Col:PLL-PEG substrate.

The importance of FA characteristics can be based on the magnitude of the difference

between different line spacing or the number of lines contacted. This magnitude was quantified

by the Kolmogorov-Smirnov statistic (Fig. 6.5). When this statistic is large, it is more likely

that there is a difference in distributions between groups. FA number per cell, intensity and

lifetime showed the largest values, so I decided to focus on these characteristics. Furthermore,

the number of lines contacted caused larger differences in all FA properties in comparison to

the line spacing (Fig. 6.5). When binned on line spacing, I found that at narrow line spacing,

there were fewer FAs per cell, brighter, larger, more elongated, less orientated FAs and FAs

with longer lifetime than at wide line spacing. Only FA speed showed no significant differences

between 3 × 5 and 3 × 10 patterns (Fig. 6.6). FA number on and off lines has a significant

difference on narrow line spacing. When binned on number of lines contacted, there are fewer

FAs per cell, brighter FAs and FAs with shorter lifetime on lower number of lines contacted,

which associated with high directionality (Fig. 6.7). However, there is only a significant

difference between the number of FAs on and off lines on higher number of lines contacted

(Fig. 6.7H). Given that narrow spacing and lower number of lines contacted showed high

directionality, fewer FAs per cell, and brighter FAs seem to correlate with high directionality.
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Figure 6.5 Quantification of the difference between experimental distributions of

FA properties. Cells were binned based on line spacing (3 × 10 or 3 × 5 µm)

or the number of lines contacted (< 3, 3 - 5, > 5). The Kolmogorov-Smirnov

statistic was simply the pair-wise comparison (line spacing) or the average of three

pair-wise comparisons (number of lines contacted). A larger value for the Kol-

mogorov-Smirnov statistic signifies a higher probability that there are differences

between groups.
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Figure 6.6 FA properties depend on line spacing. Mean FA A. number per frames,

B. area, C. intensity, D, elongation, E. lifetime, F. speed, G. orientation and H.

number on lines (black bar) or off lines (white bar) on Col:PLL-PEG substrate

with 1 nM EGF stimulation. Error bars are 95% confidence intervals and asterisks

denote p < 0.01. For number per frame, Ncell,3×5 = 2; NFA,3×5 = 565; Ncell,3×10 =

4; NFA,3×10 = 1441; for other properties, Ncell,3×5 = 2; NFA,3×5 = 334; Ncell,3×10
= 4; NFA,3×10 = 1303.
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Figure 6.7 FA properties depend on the number of lines over which a cell spans.

Mean FA A. number per frames, B. area, C. intensity, D, elongation, E. lifetime,

F. speed, G. orientation and H. number on lines (black bar) or off lines (white

bar) on Col:PLL-PEG substrate with 1 nM EGF stimulation. Error bars are 95%

confidence intervals and asterisks denote p < 0.01 between three groups. For

number per frame, Ncell,<3 = 1; NFA,<3 = 358; Ncell,3−5 = 4; NFA,3−5 = 1409;

Ncell,>5 = 1; NFA,>5 = 239; for other properties, Ncell,<3 = 1; NFA,<3 = 151;

Ncell,3−5 = 4; NFA,3−5 = 1313; Ncell,>5 = 1; NFA,>5 = 173.
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6.4 Discussion

Here we demonstrate that the contact guidance of cells on microcontact printed collagen

lines is regulated by adhesivity between the lines, line spacing and the number of lines contacted

by cells. Directionality decreases as line spacing increases on Col:PLL-PEG substrates and

increases on Col:PLL substrates. Consequently, directionality is a decreasing function of the

number of lines contacted by cells and is higher on more adhesive substrates. This somewhat

contradicts Borghi et al. who showed that directionality decreased as line spacing increased

(Borghi, Lowndes et al. 2010), however they did not keep the collagen line width the same as we

did in this report and the backfilling agent was a more specific adhesive molecule, E-cadherin

antibody, not PLL. Interestingly, the percentage of cells with protrusion waves is an increasing

function of the number of lines contacted by cells. Consequently, low directionality could be

caused by protrusion waves.

In addition to directionality and protrusion, cell migration speed remains constant on

Col:PLL-PEG substrates and increases on Col:PLL substrates with increasing number of lines

contacted. The response of cell migration speed to the number of lines seems to vary based

on context. Borghi et al. showed that speed decreases (Borghi, Lowndes et al. 2010), Csucs

et al. showed that speed remains constant(Csucs, Quirin et al. 2007) and Doyle et al showed

that speed increases with increasing line spacing (Doyle, Wang et al. 2009). This is most likely

due to the differences in the ECM type as well as the backfilling agent used in each of these

studies. Additionally, cells migrated as fast (Csucs, Quirin et al. 2007, Borghi, Lowndes et al.

2010) or faster (Doyle, Wang et al. 2009) on these contact guidance substrates as compared

to the uniform substrates. For instance, Doyle et al. showed that cell migration speeds were

dramatically enhanced when cell migration was confined to 1D as opposed to 2D. Optimal

speed ( 65 µm/hr) was attained during 1D migration on 2.5 µm lines, a line width very similar

to the one used in this study. The authors argue this enhanced migration rate is most likely

due to alterations in adhesion stability and mechanical coupling between the cytoskeleton and

FAs (Doyle, Wang et al. 2009, Doyle, Kutys et al. 2012). Our cell migration speeds on contact

guiding substrates are roughly similar or slightly less than what we have measured in 2D using
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collagen and PLL in the same cells (Hou, Hedberg et al. 2012). However, our cells were not

completely confined to 1D migration except when cells only contacted few lines. Here, the

enhanced adhesion to PLL explains the slower migration than that seen in 2D. Indeed, when

cells contact few lines, cell migration speed appears to be inversely related to adhesion strength,

where faster migration occurs on PLL-PEG and slow migration occurs on PLL.

Why does directionality decrease as speed and the frequency of protrusion waves

increase?

Random migration can be characterized by a persistence time (or length) and a cell speed

and can occur in either 1D, 2D or 3D. Persistence time is the time over which both the mag-

nitude and direction of cell velocity remain constant. Correlations between persistence and

cell migration speed in 2D have revealed that as migration speed increases persistence time

decreases across several different cell lines (Lauffenburger 1993). Fibroblasts move slowly with

high persistence, whereas neutrophils move quickly with low persistence. However, directional

persistence is associated with lamellipodial protrusion. Harms et al. have found that EGF

stimulation increases both persistence and stablility of lamillipodial protrusions with increas-

ing fibronectin concentration and cell-substratum adhesion concomitantly influences lamellipo-

dial dynamics and directional persistence in 2D (Harms, Bassi et al. 2005). This seems to

contradict my results because I found that directionality decreases when protrusion waves in-

creases, especially for cells contact with multiple lines. However, lateral waves are different

than persistent protrusion as measured in Harms′ paper, which means that the cells extend

protrusions perpendicularly to the collagen lines. Lateral waves dramatically decrease the di-

rectionality during contact guidance. The short-timescale kinetics of FA formation may also

play an important role in modulating directional persistence over much longer timescales. For

example, microtubule motor Kif1C contributes to persistent cell migration primarily through

stabilization of an extended cell rear and maturation of trailing FAs (Theisen, Straube et al.

2012). This relates to my observation that brighter and more mature FAs are related to high

directionality. These bright, mature FAs probably exist at the rear of the cells and are resis-

tant to tail retraction. Furthermore, FAs play a role in stabilizing the protrusion as well as in

the control of its final shape and amplitude (Bailly, Yan et al. 1998). There might be more
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and dimer nascent FAs formed on multiple lines and initiate traveling protrusion waves, which

decrease the directionality.

6.5 Conclusions

This study examines differences in directed migration, protrusion and adhesion in response

to varying the spacing of collagen lines, background adhesion strength and the density of colla-

gen lines. Collagen lines were microcontact printed onto glass substrates and timelapse live-cell

microscopy was used to measure migration characteristics. Changes in speed and direction-

ality were context specific, either increasing or decreasing with line spacing as a function of

background adhesivity. However, directionality decreased and speed increased as the cell con-

tacted more lines for all background adhesivity. Both decreasing line spacing and increasing

the number of lines a cell contacted resulted in a higher fraction of lateral protrusion waves,

but background adhesivity had no effect on protrusion waves. FA dynamics were also regulated

by line spacing as well as the number of lines contacted. Fewer and brighter FAs were related

to high directionality. This suggests that line spacing, adhesion strength and the number of

lines contacted drive the efficiency of contact guidance through protrusion and adhesion.
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CHAPTER 7. CONCLUSIONS

7.1 Differences in Adhesion and Protrusion Properties Correlate with

Differences in Migration Speed under EGF Stimulation

Cell migration plays an essential role in many biological processes, such as cancer metasta-

sis, wound healing and immune response. Cell migration is mediated through protrusion and

focal adhesion (FA) assembly, maturation and disassembly. Chronic stimulation with epider-

mal growth factor (EGF) is known to enhance migration rate in many cell types; however it

is not known how FA properties and protrusion dynamics are regulated during EGF-induced

migration. In chapter 2, I described using rat adenocarcinoma cells as the model system. I

measured cell migration speed and persistence on collagen substrates with an adhesive com-

ponent poly-L-lysine (PLL) and used total internal reflection fluorescence (TIRF) microscopy

and image analysis to quantify FA properties and protrusion dynamics under different doses of

EGF stimulation.

EGF was found to broaden the distribution of cell migration rates, generating more fast and

slow cells, but not dramatically affecting the average response. Several different adhesion and

protrusion characteristics correlated with EGF stimulation and cell migration speed, however

there is a hierarchy of these correlations. When data was binned based on EGF stimulation

conditions, FA intensity and number per cell showed the largest difference among stimulation

groups. FA intensity decreased with increasing EGF concentration and FA number per cell

was highest under intermediate stimulation conditions. No difference in protrusion behavior

was observed. However, when data was binned based on cell migration speed, FA intensity

and not FA number per cell showed the largest difference among groups. FA intensity was

lower for fast migrating cells. Additionally, waves of protrusion were found in fast migrating
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cells. This effectively established signatures of FA properties and protrusion dynamics for EGF

stimulation and fast migration. EGF concentration is considered an input that acts to regulate

FA properties and protrusion dynamics, whereas cell speed is an output that acts to integrate

information determined by inputs such as EGF concentration. While EGF stimulation could

regulate FA intensity to modulate cell speed directly or by partially activating protrusion waves,

other factors like contractility or extracellular matrix (ECM) most likely lead to protrusion

waves.

The idea that EGF can both increase and decrease the migration speed of individual cells

in a population has particular relevance to cancer metastasis where the microenvironment can

select subpopulations based on some adhesion and protrusion characteristics, leading to a more

invasive phenotype as would be seen if all cells responded like an average cell. Determining

molecular signatures for fast migrating cells might enhance diagnostics which tend to emphasize

average responses. Because fast invasive cancer cells are especially important for studying

cancer metastasis, it is necessary to design a simple, high-throughput method to mark or

isolate the subpopulation of fast migrating cells from other slow migrating cells in order to

determine what differences in cell properties such as protein expression level lead to the cell-to-

cell variability (chapter 3). In addition, other environmental factors such as adhesion and cell

contractility might work through FA properties and protrusion dynamics to modulate migration

(chapter 4).

7.2 Combination of Quantum Dot-based Phagokinetic Assay and Flow

Cytometry to Assess Cell-to-cell Variability in Migration

Cancer metastasis is often driven by fast moving cells. Consequently, I began to optimize a

QD-based phagokinetic assay with flow cytometry as a high-throughput method to identify fast

moving cells with different level of fluorescence and use this information to assess cell-to-cell

variability in migration. In this QD-based phagokinetic assay, cells are incubated on fluorescent

QD substrates and allowed to uptake QDs through phagocytosis. I hypothesized that the fast

migrating cells would uptake more QDs and be brighter due to the longer distances over which
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they migrated in comparison to slow migrating cells.

By comparing different types, concentrations, buffers and coating methods of QDs, I found

that 200 nM aminopropanediol (AP)-QDs in DMEM with a sandwich-like incubation method

was the best condition for highest intensity and most homogeneous distribution of QDs on the

surface. I compared the distances and the fluorescence intensities of tumor cells (MTLn3) and

non-tumor cells mouse embryonic fibroblast cells (MEF) using the combination of the phagoki-

netic assay and flow cytometry. While cell migration speed was the largest contributor to the

uptake, cell area affected the uptake too. This required fluorescence to be normalized based on

cell area. This generated an measurable quantity that was a function of cell migration speed

only. QD uptake amount was sensitive to cell speed, perticularly after long time migration for

MTLn3 cells. Therefore, the combination of QD-based phagokinetic assay and flow cytometry

might be a reasonable approach to analyze cell-to-cell variability in migration. However, much

more optimization is required for a robust response.

7.3 EGF, Adhesivity and Contractility Integrally Modulate Cell Migration

through Protrusion and Focal Adhesion Dynamics

Although it is established that cell migration, protrusion and adhesion are regulated by ad-

hesivity and contractility, there exists little quantitative understanding concerning how these

environmental factors are integrated to modulate migration. Adhesivity can be altered by

increasing specific adhesion strength or adding a non-specific adhesive component and con-

tractility can be altered by inhibiting Rho-Rho kinase (ROCK) signaling. I studied how cell

migration speed and persistence changed on substrates of various adhesiveness or in response

to ROCK inhibition during EGF stimulation.

I found that on less adhesive substrates, the migration speed was decreased and the bipha-

sic response with EGF was eliminated. When non-specific adhesion increased, the migration

response to EGF remained biphasic, but the speed was much lower. Contractility inhibition

acted in the same manner as enhancing adhesiveness at the level of migration. When increas-

ing adhesivity and decreasing contractility together, the dose response of migration speed to
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EGF was eliminated and migration speed decreased significantly. While adhesivity and con-

tractility impacted migration similarly, their impact on protrusion and adhesion were distinct.

Enhanced adhesivity enhanced the fraction of cells with EGF-induced protrusion waves. Di-

minishing contractility abolished EGF-induced protrusion waves. Increasing adhesivity and

decreasing contractility both generated more FAs and smaller FAs in response to EGF, but

contractility also altered FA lifetime. This showed that although responses to environmental

cues at the level of cell migraiton may be similar, upstream responses may vary.

When studying the cell migration behavior, I observed that some substrae conditions in-

duced cell clustering with different sizes and morphology. In addition, clustering is an im-

portant phenomenon in metastasis and secondary tumor formation, so I wanted to investigate

what causes clustering (chapter 5).

7.4 Collagen Attachment to the Substrate Controls Cell Clustering

through Migration

Cell clustering and scattering play important roles in cancer progression and tissue engi-

neering. While the ECM is known to control cell clustering, much of the quantitative work has

focused on the analysis of clustering between cells with strong cell-cell junctions. Much less is

known about how the ECM regulates cells with weak cell-cell contact. Therefore, I constructed

four types of substrates that varied in the way in which collagen was attached to the surface

and in their adhesivity. MTLn3 cells were used as a model system to study scattering and

clustering in cells that lack strong cell-cell adhesion.

I observed that MTLn3 cells formed clusters on physically adsorbed collagen substrates,

while on covalently attached collagen surfaces, cells were more scattered. This clustering ap-

pears to be independent of cell-cell attachments as these cells make few due to their highly

metastatic nature. I quantified several clustering parameters based on a radial distribution

function and a k -means clustering approach and the quantification confirmed the qualitative

observations. Cells on covalently attached collagen surfaces had a larger scatter index and re-

sulted in lower percentage of cells in clusters. Covalently attaching collagen allowed for higher
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initial collagen surface coverage and decreased desorption of collagen. This lower initial den-

sity of collagen as well as its decrease over time when physically adsorbing resulted in more

clustering. No significant difference in cell proliferation was observed between the conditions.

However, cell migration was enhanced on collagen that was covalently attached to the surface.

This indicates that the attachment mechanism of collagen can alter the clustering behavior of

cells by regulating the migration rate.

Understanding how the ECM regulates clustering will not only impact the fundamental un-

derstanding of cancer progression, but also will guide the design of tissue engineered constructs

that allow for the clustering or dissemination of cells throughout the construct. However, ECM

sometimes organize into aligned fibers in vivo. These aligned fibers result in contact guidance,

where metastatic carcinoma cells translate along as they exit the tumor. I wondered how

directional cues such as micropatterned collagen lines influence cell adhesion, protrusion and

migration behavior. Therefore, I conducted some experiments to study cell adhesion, protrusion

and migration under contact guidance (chapter 6).

7.5 Cell Adhesion Strength and Line Spacing Drive the Efficiency of

Contact Guidance through Protrusion and Adhesion

Cell migration is often directed along aligned fibers of collagen, a process called contact

guidance. However, cells adhere to other components in the extracellular matrix, possibly

affecting migrational behavior. I was interested in characterizing the directed migration of

cells on substrates where I could probe how fiber density (line spacing), surrounding chemical

composition (different backfilling molecules) and the number of lines cells contact regulate the

ability of cells to sense directional ECM cues through protrusion and adhesion.

Collagen was microcontact printed onto glass substrates and timelapse live-cell microscopy

was used to measure migration, protrusion and adhesion characteristics. Increasing the num-

ber of lines contacted resulted in a higher percentage of lateral protrusion waves, which led

to decreases in directionality. Speed changes were context dependent. FA dynamics were also

regulated by line spacing as well as the number of lines contacted and were related to direc-
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tionality. This suggests that adhesion strength and line spacing drive the efficiency of contact

guidance through the presence of protrusion waves.

7.6 Future Work

This work has attempted to quantitatively address how cancer cell migration is regulated

through protrusion and adhesion under various perturbations and in various environments.

However, several questions remain. First, the study of cell migration under directional cues is

not complete. Do the same protrusion and FA signatures for random migration hold for directed

migration? Are signatures for different types of directed migration such as contact guidance

and chemotaxis the same? How do these signatures relate to other non-migratory functions?

Immune cells secret soluble growth factors, generating concentration gradients. Cancer cells

not only migrate out of tumor, but also remodel these fibers through protrusion and contraction

to generate a more preferable invasive environment and lead to chemotaxis. In vivo, multiple

cues for both contact guidance and chemotaxis are simultaneously presented and the substrate

is not 2D. How do these signatures change in 3D environments? Furthermore, linking these

observations of cell migration to diagnostic pathways will inform models to predict migration

behavior from static images of tissue biopsies and will guide the design of artificial tissues. For

example, can we extract cells from tissue biopsies and observe their protrusion and adhesion

dynamics and can these dynamics be related to cancer prognosis? If they are invasive, we can

then modulate their migrational behavior through modification of environmental factors, such

as altering the stiffness of microenvironments or adding specific contractility inhibitors, which

might prevent or delay the invasiveness of these cells after reintroducing them into the patient.
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