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ABSTRACT

Directed cell migration is essential for wound healing, development and tissue morphogenesis.

In vivo, geometrical cues from the extra-cellular matrix (ECM) are critical for the regulation

of directed migration. During contact guidance, the fibrillar architecture of the ECM helps

control cell shape and migration direction. Micropatterning has been a powerful tool to

demonstrate that cells respond to the geometrical presentation of ligands, however mecha-

nistic understanding of how cells sense changes in ECM geometry has been lacking. Here, we

use micropatterning to systematically vary a single spatial dimension in ECM geometry and

show that micron scale changes are sufficient to induce contact guidance. By manipulating

the regulation of protrusive activity using different cellular mechanisms we show that contact

guidance relies on spatial control of protrusive activity to direct migration. Specifically, we

prove that area and orientation are the two physical parameters of protrusion that determine

the ability of cells to undergo contact guidance. Contact guidance requires cells to translate

subcellular changes in ECM geometry into cellular scale behaviors. To sculpt tissues, cell

migration can be used to integrate changes at the cellular level and translate them into tissue

scale behaviors. An example of such a process is the tissue level patterning in Drosophila

egg chambers. During egg chamber elongation, the follicular epithelium undergoes collective

migration causing the egg chamber to rotate within its surrounding ECM. Rotation coin-

cides with the formation of a parallel array of actin bundles in the epithelium and fibrils

in the ECM. By studying the cellular mechanisms of migration in egg chambers, we show

that rotation plays a critical role in building the actin tissue-scale pattern. Rotation begins

shortly after egg chamber formation and requires lamellipodial protrusions at each follicle

cells leading edge. During early stages, rotation is necessary for tissue-level actin bundle

alignment, but it becomes dispensable after the ECM is polarized. This work highlights how

cell migration can be used to build a polarized tissue scale organization.

xi



CHAPTER 1

INTRODUCTION

Cell migration plays a central role in several developmental, physiological and pathological

processes. During development cell migration is required for diverse morphogenetic pro-

cesses conserved among organisms, ranging from branching morphogenesis of kidney and

breast tissue, to migration of neural crest cells out of the neural tube [50, 103, 9, 94]. In

adults, leukocytes are required to translocate to areas of insult to mediate phagocytic and

immune function [61]. Migration of fibroblasts and vascular endothelial cells is essential for

wound healing [37]. In cancer metastasis, multicellular masses invade their ECM and mi-

grate into the bloodstream [31].

Migration of single cells is a process that has been studied extensively over the past years and

is relatively well understood. Despite its complexity, single cell migration can be thought as

consisting of four discrete steps: protrusion of the cell’s leading cell edge, adhesion to the

extra-cellular-matrix (ECM), generation of traction stresses against adhesions and release of

rear adhesions and cell body contraction [35]. For efficient movement, these processes must

be tightly coordinated in space and time. The ability of cells to coordinate these processes

is controlled by numerous internal and external cues. Internally, localized Rac activity and

membrane tension can determine the sites of growth of the leading edge [44], and regions

of high Rho activity can inhibit local cell protrusion [111] and favor adhesion disassembly

and retraction of the trailing edge. Externally, the way in which a cell migrates is influenced

by the chemical, physical and topographical cues from the cellular microenvironment. The

ECM in vivo is a major component of this microenvironment, therefore a critical regulator

of cell migration. It is composed of a fibrous mesh of glycoproteins and proteoglycans, in-

cluding both the collagens and a diverse array of non-collagenous proteins such as laminins,

tenascins, and fibronectin [46, 89].

1



Physical characteristics of the ECM such as rigidity, density and geometry can direct cell

migration [13, 80]. For instance, changes in geometry or spatial arrangement of adhesive

cues provided by the ECM can guide cell motility [80]. During this process, termed contact

guidance, aligned ECM fibrils promote changes to cell morphology and migration direction.

Classical studies in vivo have shown that cells interacting with fibrillar ECM networks alter

their shape and migration direction in response to ECM orientation [27, 113]. For instance,

during amphibian gastrulation, aligned ECM fibrils facilitate mesodermal cell migration to-

wards the animal pole [70]. More recently, orientation of ECM fibrils has been linked to

morphogenesis during Drosophila egg chamber elongation [41]. The development of new

techniques such as micropatterning of the ECM, has enabled the characterization in vitro of

cellular responses to changes in shape and size of ECM adhesive regions [99], however the

subcellular mechanisms by which cells are able to sense ECM geometry and translate it into

changes in shape and migration direction, are not understood.

Contact guidance requires cells to translate subcellular changes in ECM geometry into cellu-

lar scale behaviors. By contrast in vivo, to sculpt tissues, cells need to integrate changes at

the cellular level and translate them into tissue scale behaviors. During migration of multi-

cellular assemblies, cells establish a multicellular polarity, reflected in supracellular organiza-

tion of the actin cytoskeleton, generate a protrusive force that drives migration and maintain

cell-cell junctions during motion [31]. Of particular interest to this work is the collective mi-

gration that occurs in Drosophila egg chambers. Drosophila egg chambers are multicellular

structures in the fly ovary that each give rise to a single egg after a series of developmental

steps. Although initially spherical, egg chambers lengthen across the anterior-posterior axis

as they mature [8, 36]. This change in egg chamber shape depends on a tissue-scale circum-

ferential array of ECM and actin, that is thought to act as a ‘molecular corset’ restricting

growth perpendicular to the anterior-posterior (A-P) axis [41, 42]. At the same time elon-

gation correlates with the ability of cells to undergo collective migration perpendicular to

2



the A-P axis [41]. While there is evidence that collective migration is required to build the

ECM pattern, the relationship between migration and the tissue-level actin pattern as well

as the cellular mechanisms of migration in this context, remain unknown.

In its initial chapters, this thesis will describe work done to understand the phenomenon

of contact guidance, first by characterizing the influence of fibril-like ECM geometries on

cell motility and then elucidating the subcellular mechanisms that allow cells to sense ECM

geometry. Later chapters will explore the role of collective cell migration in the storage

of polarity information across a tissue, using Drosophila egg chambers as a model system.

Together this work sheds light into how ECM geometry is sensed by subcellular organelles

and translated into cellular scale behaviors. At the same time it provides a foundation to

understand the relationship between collective cell migration and tissue-scale patterning of

the actin cytoskeleton.

1.1 Cellular mechanisms for migration

To migrate directionally, cells must first establish front-back polarity. The acquisition of cell

polarity is fundamental to initiate migration and can be enforced by physical cues such as

tension in the plasma membrane [44], and intracellular signaling primarily mediated by the

differential activity of the small GTPases Cdc42, Rac1 and RhoA [111, 106, 78]. Once cells

become polarized, they can move in a preferred direction. While complex, the process of cell

migration can be broken down into four discrete steps: protrusion of the cell’s leading edge,

adhesion to the ECM, generation of traction stresses and release of rear adhesions and cell

body contraction. These morphological changes and physical forces necessary for migration

are largely generated by the actin cytoskeleton [35].

Actin polymerization at the cell’s leading edge, mediated primarily by the Arp2/3 complex,

drives protrusion formation. This protrusive actin network is known as the lamellipodia.

3



Lamellipodium

Lamella

Branched actin network

required for leading edge protrusion

Contractile actin fibers that

transmit forces across a cell
Focal adhesions

Multiprotein complexes that

link the actin cytoskeleton and the ECM

Figure 1.1: Schematic of the cellular actin cytoskeleton. The lamellipodium (green cross-
hatches) is a branched actin network responsible for leading edge protrusion. The lamella
(thin gridded lines) is composed of contractile fibers that transmit force across the cell. Focal
adhesions (purple circles) are multiprotein complexed that provide attachment to the ECM.

A few microns back from the lamellipodia is the lamella, a contractile network of bundled

actin, that contains myosin. In the contractile lamella, myosin II mediates actin retrograde

flow, creating force that is transmitted to the ECM, moving the cell body forward (Figure

1.1) [81]. For productive leading edge advancement, cells need to couple protrusion forma-

tion with stabilization. Conversely, for productive advancement of the cell body, contraction

must be coupled to deadhesion. Integrins are the major family of receptors that promote

attachment to the ECM during migration. Integrin-based adhesions are highly complex

structures with over 150 different associated molecules. At the leading edge activated inte-

grins associate with the ECM and recruit vinculin, talin, paxilin, and several other adaptor

proteins to assemble macromolecular complexes, termed focal adhesions [45]. Nascent ad-

hesions assemble in the lamellipodia [75] and, in the absence of myosin activity, turn over

rapidly [14]. Contractile stresses generated by myosin II in lamellar actin networks drive a

retrograde frictional slip of nascent adhesions until a tension stabilizes the plaques to the

ECM [3]. As the leading edge advances, signal transduction largely governs the decision of

focal adhesions to mature further or turnover [38, 112].

Upstream of actin polymerization are Rho GTPases. Their primary function is to act as a
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molecular switch to control signal transduction pathways by cycling GDP-bound, inactive

forms and a GTP-bound active state. In their GTP-bound state they interact with down-

stream effectors to regulate actin dynamics [85]. Rho activity in migrating cells is associated

with focal adhesion maturation and cell contractility, and it is responsible for cell body con-

traction and rear end retraction. While Rac regulates the polymerization of actin to form

leading edge lamellipodia protrusions and nascent adhesion formation [78, 22].

1.2 Contact guidance

During migration, cells encounter a wide variety of extracellular environments. Since the

ECM is a major component of the cellular microenvironment, it is not surprising that its

physical properties such as rigidity, density and geometry regulate migration [13]. The ECM,

composed of a fibrous mesh of glycoproteins and proteoglycans [46]. Most notable are the

proteins that make up the core of basement membranes: type IV collagens, laminin, nidogen,

and perlecan [118], and fibrillar collagens that surround a wide variety of cell types such as

the mammary epithelium, glial and mesodermal cells [67, 84, 101, 69] (Figure 1.2). Classical

studies have shown that cells interacting with a fibrillar ECM alter their morphology and

migration [34, 113]. In this process known as contact guidance, the physical structure of the

surrounding ECM helps control cell shape and migration [80].

The complexity of the in vivo microenvironment makes difficult to isolate the influence of

different ECM properties on cell migration. Therefore, in vitro approaches have been very

powerful to elucidate the influence of individual ECM physical properties on migration. In

particular, micropatterned and microengineered cell adhesion substrates have enabled the

study of cell phenotypes in response to selective cell attachment to the ECM [25, 95, 99].

These approaches allow the engineering of aligned ECMs with structure at the nano- and

micro- scale. At both of these scales, cells respond by preferentially elongating and align-

ing parallel to the patterned features [116, 20, 117, 26, 23, 96]. In addition to controlling
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Figure 1.2: Fibril-like structure of the ECM in vivo. A) Immunofluorescence image show-
ing the Collagen IV structure surrounding epithelial cell layer in Drosophila egg chambers
(Scale bar=10µm). Image adapted from [12]. B) Scanning electron micrograph of the inner
surface of the dorsal ectodermal layer of an Ambystoma maculatum embryo showing ECM
fibrils (Scale bar=10 µm). Image adapted from [69]. C) Multiphoton microscopy image of
carcinoma cells (green) moving on an aligned ECM fibrils (purple)(Scale bar=25µm). Image
adapted from [16].

cell shape, nano and micro architecture in the ECM can influence alignment of the actin

cytoskeleton. Filipodia and lamellipodia generally extend parallel to the underlying features

with aligned stress fibers and focal adhesions that scale with the width of the underlying

substrate [92, 96, 97]. In conjunction with its effects in cell polarity, structured ECMs can

also influence migration. For instance, the migration speed of fibroblasts depends on the

width of the ECM features [25], while the separation between features can dictate the direc-

tion of migration [51, 96, 116].

As described in the previous section, many of the fundamental processes that regulate cell

migration at the micro and nano scale have been identified and described in detail. Sur-

prisingly, mechanistic understanding of how cells sense changes in ECM geometry at these

scales has been lacking. While significant research has been made to characterize cellular

phenotypes in response to structured ECMs the molecular mechanisms underlying contact

guidance remain elusive. A few distinct possibilities have arisen in the literature, previous

studies in structured ECM showed that Rac was activated at sites of adhesion formation,

consequently stimulating protrusion formation at those sites [116]. While myosin II activity
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was shown to be important for the cell shape changes that occur in response to structured

ECM [30, 90], illustrating the importance of the core migration machinery during contact

guidance.

1.3 Overview of Drosophila egg chamber development

During development tissues undergo dramatic changes in architecture linked to collective cell

migration [50, 94]. While there are several examples of well understood migration mediated

morphogenetic processes [87], understanding the cellular basis of migration and morphogen-

esis in developmental systems is challenging. Drosophila egg chambers are egg precursors

within the fly ovary that provide a tractable model for morphogenesis and migration. Each

egg chamber is encased in its own ECM and its development can be considered isolated. In-

dividual egg chambers are composed of only two different cell types, the germline surrounded

by a somatic epithelium of follicle cells (FC). FCs are in contact with germline cells at the

apical side, while their basal surface lies on an ECM. When an egg chamber is first formed,

it is ≈ 20 µm in diameter and roughly spherical. Egg chambers are formed in a structure

known as the germarium, to form a mature egg they must progress through 14 developmental

stages (Figure 1.3) [36, 43, 8]. Each developmental stage can be distinguished by changes

in morphology, since although initially spherical, egg chambers undergo preferential growth

along the A-P axis, a process that results in an egg chamber that is 2.5 times longer than it

is wide. (Figure 1.4).

During egg chamber growth there are well defined restricted periods of growth. The germline

grows through periods of endoreplication, followed by growth via vitillogenesis, which drive

a >5000-fold expansion of the follicle volume. Meanwhile, the FC epithelium proliferates to

≈ 650-1000 cells from stages 1 to the end of stage 6, when cell divisions cease. After stage 6,

FCs grow only through endoreplication, therefore changes in egg chamber morphology after

stage 6 correspond to pure morphogenesis [21]. The most obvious morphogenetic change in
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Figure 1.3: A Developmental array of Drosophila egg chambers. Developmental stages
shown are 4, 5, 7, 9, 10 and 13. Each stage can be distinguished by morphological changes.
Egg chambers are expressing Collagen-IV GFP and are stained with phalloidin for F-actin.
Figure adapted from [8].

egg chamber morphology occurs at stage 5, where egg chambers begin to elongate to acquire

an elliptical shape. Elongation of the egg chamber occurs parallel to the anterior-posterior

(A-P) axis. At stage 7 egg chambers are already elliptical (Figure 1.4). Egg chambers achieve

75% of their final elongation during stages 5 and 9, therefore this period corresponds to the

major phase in elongation. By stage 10, egg chambers reach their final shape since at the

end of stage 10, the contents of the nurse cells are transferred into the occyte in a process

called dumping [62].

1.4 Planar polarity and migration in the Drosophila egg

chamber

In addition to apico-basal polarity, many epithelia also display polarity within the plane

of the tissue. Planar polarity refers to the organization of morphological and/or molecular

structures within and/or across a tissue in a plane orthogonal to its apico/basal axis [39].

In the case of Drosophila egg chambers, planar polarity is manifested in the appearance of

aligned actin filaments at the basal side of the epithelium along with spatial segregation of

proteins such as Misshapen, Fat2 and Lar (Figure 1.5) [57, 107, 32, 40]. Actin filaments

within each FC show a common orientation. At certain stages during development, this
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Figure 1.4: Drosophila egg chamber elongation depicted as the aspect ratio at different
developmental times. Yellow table on top of the graph indicates the stage and its duration
in hours. Figure adapted from [8].

orientation is coordinated throughout the epithelium, creating a tissue-scale level array of

parallel actin filaments perpendicular to the A-P axis [40]. This planar polarized actin orga-

nization is evident in the germarium, however previous literature showed that from exiting

the germarium through stage 4, egg chambers lost tissue-scale actin organization [32]. Actin

filaments were thought to regain orientation across several cells during stage 5, afterwards

this organization became increasingly robust until late stage 8, after which they become

disorganized as FCs undergo further morphogenetic events (Figure 1.5) [7, 19, 32, 40, 42].

Appearance of tissue-scale polarity of the actin cytoskeleton occurs concurrently with egg

chamber elongation, at stage 5 [32, 108]. Coincidently around stage 5, collagen IV fibers

present at the basal surface of the epithelium appear to increase in density and acquire a

fibril-like organization oriented perpendicular to the A-P axis [41, 47, 43] (Figure 1.5). Since

both the actin cytoskeleton and the ECM display alignment across the entire tissue at the

onset of elongation, the appearance of this form of planar polarity led to the formulation
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Figure 1.5: Schematic representation of planar polarity in the Drosophila egg chamber FC
epithelium. During stage 4, the ECM lacks a fibril-like organization and basal actin organi-
zation is poorly coordinated across cells. After stage 5, collagen IV displays a tissue-scale
fibril-like structuture perpendicular to the A-P axis. Basal actin filaments follow the same
organization across the entire tissue. Figure adapted from [8].

of the “molecular corset” hypothesis [1, 40]. In this model, the circumferential arrangement

of ECM fibrils and the cytoskeleton promotes preferential elongation along the A-P axis by

mechanically constraining growth [43].

A B

Figure 1.6: Drosophila egg chambers undego rotation as a result of migration of the FC
epithelium. A) Live imaging of a rotating stage 7 egg chambers. Cells are pseudocolored in
white to show advancement. B) Still image of an ovariole depicting rotation stages. Figure
adapted from [8].
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Importantly, between stages 5 and 8, the egg chamber also displays a form of migration. Fol-

licle cells migrate in a circumferential trajectory, perpendicular to the A-P axis [41] (Figure

1.6). There is evidence that rotation of the egg chamber is driven at the cellular level by

the classical mechanisms of cell migration [57], however this remains to be confirmed. In the

absence of tissue-scale spatial patterning of actin and the ECM, rotation is blocked, how-

ever the causal relationship between cell migration and establishment of tissue-scale planar

polarity remains unknown [57, 108, 41].

1.5 Thesis motivation

This work addresses the mechanisms that guide cell migration at different scales. First, the

subcellular mechanisms for contact guidance were investigated. In order to carry out this

study, a simplified experimental system was developed where ECM geometry is controlled

at a micrometer scale. This system enabled the study of the effect of inter-fibrillar spacing

on cell shape and migration. To characterize systematically contact guidance phenotypes,

quantitative metrics that describe asymmetries in cell shape and migration direction were

defined. Additionally, since leading edge protrusion determines migration direction, custom

image analysis routines that enable the identification of leading edge protrusions were devel-

oped. This allowed the characterization of protrusion dynamics in cells migrating on ECM

patterns with different inter-fibrillar spacing. Since the molecular mechanisms that control

leading edge protrusion have been well described, this enabled us to disrupt the spatial reg-

ulation of leading edge protrusion. By studying the outcome of misregulation of protrusions

on contact guidance, we were able to determine the role of lamellipodia regulation during

this process. Using this quantitative approach, we arrived at an integrated understanding of

contact guidance, where rather than focusing on the effects of a single perturbation to lamel-

lipodial dynamics on shape elongation and directed migration, we established the physical

parameters of protrusion that control contact guidance.
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Secondly, the relationship between cell migration and tissue scale polarity are explored us-

ing Drosophila egg chambers as a model system. This work addressed the role of collective

cell migration in the development of the cytoskeletal patterning observed in Drosophila egg

chambers, as well as the cellular mechanisms of migration. While at the tissue scale, FC

migration results in rotation of the egg chamber, the mechanisms underlying individual FC

migration remained unexplored. Using the vast knowledge that exists on the molecular

mechanisms of cell migration, immunofluorescence and live imaging experiments were car-

ried out to determine the molecular machinery responsible for individual FC motility. Once

the molecular mechanisms of FC migration were established, this allowed us to perform

perturbations to cell motility to shed light into the relationship between migration and the

establishment of the tissue level actin pattern. There is compelling evidence that rotation

builds the polarized ECM. However, the relationship between rotation and the basal actin

bundles remained unknown. By blocking rotation at discrete time points and employing a

new quantitative method to characterize actin organization, we determined the requirement

of migration for tissue-scale actin polarity at different egg chamber developmental stages.

1.6 Publications

1. The figures and contents of Chapters 2 and 3 were submitted for publication in Fall

2016.

2. The figures and contents of Chapter 4 were first published in Nature Communications

[12].
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CHAPTER 2

MICROPATTERNING AND QUANTITATIVE IMAGE

ANALYSIS AS TOOLS TO STUDY CONTACT GUIDANCE

.

2.1 Preface

All the data presented in this chapter was collected by the author of this document. The ex-

perimental design was conceived by the author with critical input from Margaret Gardel and

Patrick Oakes. The development and implementation of the quantitative metrics presented

in this chapter was done by the author with critical input from Patrick Oakes.

2.2 Introduction

In classical tissue culture conditions all of the external cues provided by structure of the

microenvironment are abolished. Novel bioengineering approaches have made possible to

recreate in vitro certain characteristics of the in vivo microenvironment. Several culturing

conditions such as cell-derived matrices and hydrogels are capable of recapitulating the mi-

cron scale fibrillar structure observed in in vivo ECMs [53, 10]. However, in most of these

systems, the control of physical parameters such as density, stiffness and composition is not

reliable. Therefore to conduct a systematic study of contact guidance, UV micropatterning

was developed as a system to isolate the effect of variations in inter-fibrillar spacing on cell

migration and elucidate the mechanisms of contact guidance. Using this technique it is pos-

sible to have control of both the stiffness and geometry of the microenvironment.

ECM patterns can be created with micrometer precision on PAA by direct exposure of the

gel to deep UV (180 nm) through an optical quartz mask [100]. A drop of acrylamide solution
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is placed directly on the chromium side of the optical mask and covered with an activated

glass coverslip (For a protocol on coverslip activation see [4]). After PAA is polymerized,

the sandwich is exposed to deep UV through the micropatterned transparent regions of the

optical mask. Deep UVs generate ozone which activate the PAA. The coverslip along with

the PAA gel is then removed from the mask and coated with crosslinker and fibronectin,

which adsorbs only on the UV-exposed regions (Figure 2.1). The direct contact with the

optical mask during PAA polymerization and UV-exposure allows for a faithful reproduction

of the spatial features on the mask with subcellular spatial resolution (Figure 2.2).

Incubate with

ECM protein 
Wash and Plate

Cells 

Coverslip
Acrylamide gel

Deep UV Light

Quartz-Chrome

mask

Figure 2.1: Schematic representation of UV micropatterning. PAA gels are polymerized
between a coverslip and a Quartz-Chrome mask. After polymerization the sandwich is
exposed to UV light, activating the transparent regions in the mask. After removal from
the mask, the coverslip and gel are incubated with crosslinker and ECM protein, yielding
subcellular resolution micropatterns.

Figure 2.2: Collagen I patterns on PAA. Different shapes can be produced reliably with
micrometer resolution. Scale bar= 50µm.
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In addition to establishing an experimental system to study contact guidance, quantita-

tive image analysis tools were developed to analyze migration dynamics. During contact

guidance cells adjust their shape and migration direction in response to changes in matrix

adhesive cues. Therefore, to study contact guidance it is necessary to define metrics that

describe cell shape and migration directionality. This chapter describes the experimental sys-

tem and the metrics developed to describe cell motility in the context of contact guidance,

as well as image analysis tools used to track changes in cell protrusion.

2.3 Materials and methods

2.3.1 Cell culture

NIH 3T3 fibroblasts (American Type Culture Collection, Manassas, VA) were cultured

in DMEM media (Mediatech, Herndon, VA) and supplemented with 10% FBS (HyClone;

Thermo Fisher Scientific, Hampton, NH), 2 mM L-glutamine (Invitrogen, Carlsbad, CA),

and penicillin-streptomycin (Invitrogen).

2.3.2 Immunofluorescence

Cells were rinsed in warm cytoskeleton buffer (10 mM MES, 3 mM MgCl2, 1.38 M KCl,

and 20 mM EGTA) and then fixed and permeabilized in 4% PFA (Electron Microscopy

Sciences, Hatfield, PA), 1.5% bovine serum albumin (Thermo Fisher Scientific), and 0.5%

Triton X-100 in cytoskeleton buffer for 15 min at 37C. Coverslips were then rinsed three

times in PBS and incubated with Alexa Fluor 488 phalloidin (1:800; Invitrogen), mouse

anti-paxillin (1:400; Millipore) and rabbit anti-fibronectin (1:400; Sigma-Aldrich) overnight

at 4C temperature. The coverslips were then rinsed 3 times in PBS and incubated for an

hour with an AlexaFluor 647 donkey anti-mouse (1:800; Invitrogen) or Alexa Fluor 568 goat

anti-rabbit (1:400; Invitrogen) secondary antibodies. Coverslips were mounted on glass slides

using the SlowFade Antifade kit (Invitrogen).
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2.3.3 UV micropatterning

Micropatterning via deep-ultraviolet illumination on polyacrylamide gels was done according

to [74]. Briefly, a chrome-plated quartz photomask (Microtronics, Newtown, PA) was cleaned

with water and wiped with 0.5 mL hexane (SigmaAldrich). A polyacrylamide gel mixture

(7.5%/0.3% weight percentages of acrylamide/bis-acrylamide) was polymerized for 30 min

between the photomask and an activated glass coverslip, yielding a gel with a shear elastic

modulus of 8.6 kPa. Once the gel was polymerized, the photomask was placed in a UVO-

Cleaner 342 (Jelight, Irvine, CA) and illuminated with a combination of 185- and 254-nm

ultraviolet light for 120s. The coverslip and gel were then detached from the photomask by

submerging the entire complex in water and gently lifting a corner of the coverslip with a

tweezers. Gels were incubated in a solution containing 5 mg/mL EDC (Thermo Fisher

Scientific) and 10 mg/mL NHS (Thermo Fisher Scientific) for 15 min. The EDC-NHS

solution was then aspirated and replaced with a solution containing 10µg/mL fibronectin

in a buffer of HEPES (pH 8.5) for 20 min. Gels were washed with phosphate buffered saline

(PBS) and incubated overnight in DMEM before cells were plated.

2.3.4 Microscopy and live cell imaging

For live imaging of migration cells were mounted in a gupton chamber (Warner Instru-

ments, Hamden, CT). Imaging media was supplemented with 10 mM HEPES and 30 mL/mL

Oxyrase (Oxyrase Inc., Mansfield, OH). Imaging of migration and spreading was performed

on a temperature-controlled inverted Nikon Ti-E microscope with a Lumen 200 Pro light

source (Prior) and an HQ2 cooled CCD camera (Roper Scientific) controlled via Metamorph

acquisition software (MDS Analytical Technologies). Images were acquired using a 20X or

10X 0.75 Plan Fluor air objective (Nikon).

Fixed samples and cells for protrusion analysis were imaged on an inverted microscope (Ti-

E; Nikon, Melville, NY) with a confocal scanhead (CSU-X; Yokogawa Electric, Musashino,
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Tokyo, Japan), laser merge module containing 491, 561, and 642 laser lines (Spectral Ap-

plied Research, Richmond Hill, Ontario, Canada), and an HQ2 chargecoupled device camera

(Roper Scientific, Trenton, NJ). METAMORPH acquisition software (Molecular Devices, Eu-

gene, OR) was used to control the microscope hardware. Images were acquired using a 60X

1.2 NA Plan Apo water-immersion objective or a 20X 0.75 NA Plan Fluor multi-immersion

objective (Nikon) or a 20X Plan Fluor air objective.

2.4 Results

2.4.1 UV micropatterning can be used to study the effects of ECM

geometry on cell migration

Deep UV micropatterning onto poly-acrylamide (PAA) gels provides an easy method to have

combined geometrical and mechanical control of the cellular microenvironment [100, 99]. To

study the mechanisms of contact guidance, patterns that reproduced a fibril-like environ-

ment were designed. To mimic fibrillar geometry and isolate the effects of variations in

inter-fibrillar spacing, we micropatterned parallel lines of fibronectin of a constant width (2

µm). The spacing between lines varied from 0 to 10 µm (Figure 2.3). These dimensions were

chosen such that NIH 3T3 fibroblasts were able to spread on multiple lines and the width of

each line was large enough for typical focal adhesion formation [25, 56].

To test the designed patterns, fibronectin was patterned onto PAA gels and NIH 3T3 fi-

broblasts were plated onto these substrates. Immunofluorescence of fibronectin and paxillin

confirmed that focal adhesions were excluded from unpatterned regions and formed on fi-

bronectin stripes, allowing cells to attach to several pattern features (Figure 2.4).

17



Line thickness

2µm

Line spacing

s = 0-10µm
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Figure 2.3: Schematic representation of patterns used to mimic fibrillar ECM. Large rectan-
gular regions where patterned by uniformly coating with ECM or with parallel lines. Line
thickness was maintained constant for all patterns (2 µm), while line spacing for different
patterns was varied between 0 and 10 µm.

3 µm 5 µm 10 µm0 µm

Figure 2.4: Cells plated on fibronectin micropatterns visualized by immunofluorescence.
Green channel shows Fibronectin localization. Red channel shows the localization of paxillin.
Legend on top shows the line spacing for each pattern. Scale bar=20 µm.

2.4.2 Characterization of cell shape

One of the characteristic phenotypes of contact guidance are changes in cell morphology [80].

To determine if the changes in ECM geometry imposed by the designed patterns had an im-

pact on cell morphology, we stained cells plated on structured substrates with phalloidin.

Fibroblasts plated on uniformly coated substrates (0µm spacing) acquired a characteristic

polarized morphology with no preferred directional orientation [66] . By contrast, on all line

patterns cells elongated and became preferentially aligned to the ECM (Figure 2.5).

Interestingly, cells appeared to elongate and orient parallel to the ECM as the spacing be-

tween lines in the patterns increased. To measure these differences in cellular phenotypes

across patterns, we defined two metrics to describe changes in cell morphology. Fixed sam-
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3 µm 5 µm 10 µm0 µm

Figure 2.5: Actin cytoskeleton of cells plated on fibronectin micropatterns visualized by
phalloidin staining. Legend on top shows the line spacing for each pattern. Scale bar=20
µm.

ples of cells on patterns with phalloidin labelled F-actin were thresholded in Matlab to obtain

a mask representing the cell. The built in “regionprops” function was used to fit an ellipse

to each cell mask and obtain its major (b) and minor (a) axes. Cell shape elongation was

defined by the ratio b/a. Orientation was defined as 〈cos2(θ)〉, where θ is the angle between

a line parallel to the ECM and the long axis, b, of the cell ellipse.

Characterization of cell shape using these two metrics showed that cell elongation increased

linearly with line spacing (Figure 2.6 A), without significant changes to spread area (Figure

2.6 B). Orientation increased sharply from 0 to 2µm spacing, with a mean orientation with

respect to the ECM lines of 0.62 out of a maximum possible value of 1. The orientation

between 2 and 10µm then slowly increased until it reached a mean value of 0.9596, indicating

almost complete alignment with the ECM (Figure 2.6 C) . Thus, fibril spacing controls cell

shape and orientation.

2.4.3 Characterization of migration dynamics

During cell migration the axis of cell shape polarization corresponds the direction of mi-

gration [80, 55]. Since cells oriented their long axis parallel to the ECM, we next analyzed

spontaneous cell migration. To this end, cells were plated on ECM patterns and were allowed

to attach to the substrate for four hours. After this time, live cell imaging was performed at
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Figure 2.6: Quantification of cell shape elongation, area and orientation. A) Quantification
of cell shape elongation as a function of ECM pattern line spacing. Elongation is measured
by taking the ratio of the long over short cellular axes. Mean and s.d. are plotted. B)
Quantification of cell area as a function of ECM pattern line spacing. Mean and s.d. are
plotted. C) Quantification of cell shape orientation as a function of ECM pattern line spacing.
Orientation is determined by measuring the angle θ between the long axis of the cell and a
line parallel to the ECM and calculating 〈cos2(θ)〉. Mean and s.d. are plotted.

10 minute intervals to obtain 10 hour long movies of cell migration. Cells where manually

tracked using the Manual tracking plugin in ImageJ. Figure 2.7 shows rose plots of the tra-

jectories of ≈100 cells during a period of 10 hours.

3 µm 5 µm 10 µm0 µm

Figure 2.7: Migration trajectories of cells on uniform (0µm) and linear ECM patterns. Line
spacing is indicated by legend on top. Scale bar=100 µm.

Migration dynamics of cells on patters were characterized by the mean speed of migration

and a guidance parameter that was defined to score the directionality of migration relative

to the ECM. The instantaneous speed was measured from cell displacements at 20 minute

intervals. For each cell the mean of the instantaneous speed over a period of 10 hours was

considered as the representative speed measure. To assess directionality of migration we
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analyzed cell trajectories over a period of 10 hours. For each time step in a trajectory we

calculated the angle θ , between the displacement vector of a cell and the ECM. We defined

a guidance g parameter such that:

g(t) =


0, if θ ≥ 25

1, if θ ≤ 25

for every displacement in a cell’s trajectory. Once guidance values were obtained we calcu-

lated the mean guidance as a function of lag time according to:

g(τ) =

ti+τ∑
t−ti

g(t)/τ

Figure 2.8 shows the guidance values plotted as a function of lag time τ , for the trajectories

of the cells shown in Figure 2.7. The guidance value increases as a function of lag time up

to ≈ 160 minutes, becoming flat afterwards. The guidance value at τ=320 was considered

a representative measure of the orientation of the trajectories relative to the ECM since

around this value the curves for all line spacings are flat.
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Figure 2.8: Guidance as a function of lag time for cells plated on patterns with different line
spacings.
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Using these metrics, the mean speed of migration and migration guidance were calculated

for cells migrating on patterns with different line spacings. Strikingly, the instantaneous

migration speed was unaffected over the range of line spacings measured (Figure 2.9 A).

However, cell trajectories became oriented parallel to the ECM with increasing line spacing.

The guidance parameter demonstrates that migration direction becomes increasingly par-

allel to the ECM as a function of line spacing, having its sharpest increase from 2 to 3µm

(Figure 2.9 B). Taken together these results demonstrate that micrometer-scale variations

in fibril-like spacing, from 2 to 3µm, can direction of cell migration parallel to the ECM,

without affecting the speed of migration.
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Figure 2.9: Quantification migration dynamics. A) Quantification of migration speed as a
function of ECM pattern line spacing. Mean of the average cell speed for n>100 cells and
s.e.m. are plotted. B) Quantification of migration directionality (guidance) as a function of
ECM pattern line spacing. A guidance value of 1 indicates migration parallel to the ECM.
Guidance for τ= 320 min is plotted.
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2.5 Quantification of spatial organization of leading edge

protrusion

In the previous sections, it was established that cells are sensitive to changes in ECM geom-

etry at the micrometer scale (Figure 2.6, 2.9). In order to study the subcellular mechanisms

underlying this behavior, it is also necessary to describe migration dynamics at this scale.

Cell migration at the micrometer scale is controlled primarily by leading edge protrusion

dynamics [35], therefore a method to describe the spatial organization of cell protrusion

quantitatively was developed.

To investigate cell protrusion dynamics for cells migrating on patterns, we followed shape

changes in cells with minute time resolution. To facilitate the identification of the cell edge,

cells were transfected with the fluorescent membrane marker GFP-stargazin (Figure 2.10

A). From live cell imaging movies, contours of each cell were obtained by thresholding GFP-

stargazin imaging (Figure 2.10 B). Contour plots showed an apparent change in the spatial

localization of leading edge protrusions.

3 µm 5 µm 10 µm0 µm

0 10 20 30’

A

B

Figure 2.10: A) Fluorescence images of cells transfected with GFP-stargazin on linear ECM
patterns. B) Contour plots showing cell shape changes during a 30 minute time interval of
migration. Line spacing is indicated by legend on top. Scale bar= 20µm
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To characterize protrusion dynamics quantitatively custom Matlab software was developed

to identify the areas of leading edge growth. Protrusions were defined as regions where area

increased between contours at times t and t+2 min (Figure 2.11 A, B). This time inter-

val was chosen to avoid tracking leading edge fluctuations and following only stable, longer

lived protrusions. Each protrusion was then described by two physical parameters: area

and orientation relative to the ECM. Areas of protrusions were obtained using the built in

“regionprops” function in Matlab. Orientation with respect to the ECM pattern was deter-

mined by calculating S = 〈cos2(θ)〉, where θ is the angle between a parallel to the ECM and

the line defined by the centroid of the cell and the centroid of the protrusive region (Figure

2.11 C). The average was calculated over the angles of all protrusions that occur in a single

cell during a 30-minute time interval. Since ECM patterns are symmetric with respect to

the y-axis, angles greater than 90 were reflected across the y-axis such that θ ∈ [0, 90].

Protrusive Regions Protrusion OrientationCell Contours

t

t+t
0

θ

ECM axis

*

BA C

Figure 2.11: Schematic representation of leading edge protrusion analysis. A,B) From cell
contours, at time t and t+ t0, areas of leading edge growth are identified as protrusions. C)
Protrusion orientation is quantified by measuring the angle θ between a line connecting the
protrusion center with the cell center and a parallel to the ECM. Final orientation values are
obtained by calculating S = 〈cos2(θ)〉, where the average is taken over all cellular protrusions
that occur during a period of 30 minutes.

Characterization of leading edge protrusion for cells migrating on line patterns revealed that

their average area was unaffected by changes in line spacing (Figure 2.12 A). However, as

the line spacing increased, protrusions became oriented with respect to the ECM lines (Fig-

ure 2.12 B). This result suggests that contact guidance is predominantly regulated by the
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spatial control of protrusions, rather than its overall magnitude. This is particularly true at

smaller line spacings, since these results don’t rule out the possibility that at larger spacings

protrusion size could limit migration perpendicular to the ECM.
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Figure 2.12: Quantification of leading edge protrusion. A) Area of individual cell protrusions
as a function of ECM line spacing. Mean and s.e.m. are plotted for n ≥ 12 cells. B)
Orientation of individual cell protrusions as a function of ECM line spacing. Mean and
s.e.m are plotted for n ≥ 12 cells.

2.6 Discussion

The ability of cells to change shape and direct their migration in response to ECM ge-

ometric cues has been characterized for decades and remains an area of active research

[116, 20, 96, 26, 69, 23]. Recent advances in micropatterning have allowed the subcellular

control of ECM geometrical cues, however a systematic study that characterized the influ-

ence of a single geometrical parameter on cell shape and migration had been lacking. In this

work, UV micropatterning was established as an experimental system to study systemati-

cally the impact of micrometer changes in inter-fibrillar spacing on cell shape and migration

direction. Patterning parallel arrays of fibronectin lines showed that micrometer-scale vari-

ations in fibril-like spacing, from 2 to 3µm, can tune cell shape and bias the direction of cell

migration parallel to the ECM. Central to these results was the development of quantita-
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tive metrics to describe migration and cell shape orientation. Since the goal of this project

was to elucidate the subcellular mechanisms of contact guidance, additional metrics were

developed to describe migration dynamics at the micrometer scale. Measurements of leading

edge protrusion area and orientation showed that protrusions aligned parallel to the ECM

as line spacing was increased. Altogether these results point to spatial control of protrusions

as the subcellular scale mechanism underlying contact guidance. To further investigate this

hypothesis in the next chapter the effect of perturbations to the regulation of protrusive

activity is explored. The metrics developed in this chapter are used to compare migration

and protrusion phenotypes across different experimental conditions.
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CHAPTER 3

UNDERSTANDING THE SUBCELLULAR MECHANISMS OF

CONTACT GUIDANCE

3.1 Preface

All the data presented in this chapter was collected by the author of this document. The ex-

perimental design was conceived by the author with critical input from Margaret Gardel and

Patrick Oakes. The development and implementation of the quantitative metrics presented

in this chapter was done by the author with critical input from Patrick Oakes.

3.2 Introduction

During cell migration the spatial organization of cell protrusive activity is controlled by

numerous intra- and extra- cellular cues [13, 85]. Most relevant to this work, are the well-

established feedbacks between cell shape [48, 33, 28, 79] and cell-matrix adhesion to local

protrusive activity [116, 71] (Figure 3.1).

Myosin ECM

Size

Figure 3.1: Subcellular feedbacks that regulate cell migration. Myosin II contractility inhibits
protrusion at sites of low cellular curvature. Protrusion formation is stimulated at sites of
ECM adhesion through focal adhesion signaling. The physical dimensions of the lamellipodia
could limit protrusion stabilization perpendicular to the ECM.

The feedback between cell shape and protrusion regulation is mediated by myosin II contrac-

tility. Myosin II preferentially assembles onto cortical regions of minimal surface curvature
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while also acting to minimize curvature. Perturbations of Rho/ROCK signalling or myosin

II ATPase function disrupt curvature minimization and protrusion regulation [28]. Similarly

on patterned substrates, treatment with blebbistatin, a myosin II inhibitor, has been linked

to loss of polarity and disassembly of stress fibers [48].

Another major regulator of protrusion is the small GTPase Rac1. Rac activity controls the

several aspects of leading edge protrusion including formation, growth and size [88, 78, 72].

Spatial regulation of Rac activity is crucial for cell migration, high levels of Rac have been

previously shown to impede directed migration by promoting the formation of several lamel-

lipodial fronts [78]. Activation of Rac can be achieved through several pathways, of particular

interest to this work is Rac activation by adhesion signalling [15, 18]. Positive feedback be-

tween sites of new adhesion and protrusion formation is controlled by PAK-mediated changes

in paxillin phosphorylation, which recruit the Rac GEF β-pix [71] to adhesion sites. Knock-

down of β-pix has been linked to defects in leading edge protrusion dynamics, causing an

increased number of lamellipodia protrusions and defects in directed migration [54, 77].

Downstream of Rac1 activation, lamellipodia construction depends on the activity of the the

Arp2/3 complex [115, 93]. Depletion of Arp2/3 results in decreased lamellipodia protrusion

[115].

Our previous results show that in fibril-like environments cells align leading edge protru-

sions parallel to the ECM (Figure 2.12). Since cells are sensitive to changes in the ECM

geometry at the scale of the lamellipodia, the importance of this organelle in the regulation

of contact guidance will be studied in this chapter. Figure 3.1 shows the relevant mecha-

nisms responsible for spatial regulation of protrusion in this context. In this chapter, the

importance of these feedbacks will be investigated by perturbing molecularly these distinct

modules. The effects of these molecular perturbations on contact guidance will be char-

acterized using the migration metrics described in the previous chapter. Furthermore, to
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understand the origin of these migration phenotypes, leading edge protrusion dynamics will

be analyzed quantitatively.

3.3 Materials and Methods

3.3.1 Cell culture and reagents

NIH 3T3 fibroblasts (American Type Culture Collection, Manassas, VA) were cultured

in DMEM media (Mediatech, Herndon, VA) and supplemented with 10% FBS (HyClone;

Thermo Fisher Scientific, Hampton, NH), 2 mM L-glutamine (Invitrogen, Carlsbad, CA),

and penicillin-streptomycin (Invitrogen). The ARP2/3 inhibitor CK-666 and control com-

pound CK-689 was purchased from Calbiochem. Y-27632 was purchased from Sigma-Aldrich.

Cells were plated for 4 hours and then incubated for 3 hours in CK-666 or 45 minutes in

Y-27632 before imaging or fixation at the concentration indicated for all experiments. Cells

were transiently transfected with plasmid DNA constructs encoding GFP-Stargazin (a gift

from A. Karginov, University of Illinois at Chicago, Chicago, IL) and RacQ61L (a gift from

the G. Borisy Laboratory, Northwestern University). Transfections were performed using a

Neon electroporation system (Invitrogen).

3.3.2 KD by sh-RNA

shRNA construct sets for mouse β-pix (GIPZ Arhgef7 shRNA set) were purchased from from

Dharmacon, through Thermofisher. Transfection of constructs was performed using a Neon

electroporation system (Invitrogen). Puromycin and fluorescence selection of expressing cells

were performed per the manufacturers protocols. Knock down efficiency was determined by

Western blotting, and a stable cell line was maintained for the V3LMM 521424 clone.
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3.3.3 UV micropatterning

Micropatterning via deep-ultraviolet illumination on polyacrylamide gels was done according

to [4]. Briefly, a chrome-plated quartz photomask (Microtronics, Newtown, PA) was cleaned

with water and wiped with 0.5 mL hexane (SigmaAldrich). A polyacrylamide gel mixture

(7.5%/0.3% weight percentages of acrylamide/bis-acrylamide) was polymerized for 30 min

between the photomask and an activated glass coverslip, yielding a gel with a shear elastic

modulus of 8.6 kPa. Once the gel was polymerized, the photomask was placed in a UVO-

Cleaner 342 (Jelight, Irvine, CA) and illuminated with a combination of 185- and 254-nm

ultraviolet light for 120s. The coverslip and gel were then detached from the photomask by

submerging the entire complex in water and gently lifting a corner of the coverslip with a

tweezers. Gels were incubated in a solution containing 5 mg/mL EDC (Thermo Fisher

Scientific) and 10 mg/mL NHS (Thermo Fisher Scientific) for 15 min. The EDC-NHS

solution was then aspirated and replaced with a solution containing 10g/mL fibronectin

in a buffer of HEPES (pH 8.5) for 20 min. Gels were washed with phosphate buffered saline

(PBS) and incubated overnight in DMEM before cells were plated.

3.3.4 Immunofluorescence

Cells were rinsed in warm cytoskeleton buffer (10 mM MES, 3 mM MgCl2, 1.38 M KCl,

and 20 mM EGTA) and then fixed and permeabilized in 4% PFA (Electron Microscopy

Sciences, Hatfield, PA), 1.5% bovine serum albumin (Thermo Fisher Scientific), and 0.5%

Triton X-100 in cytoskeleton buffer for 15 min at 37C. Coverslips were then rinsed three

times in PBS and incubated with Alexa Fluor 488 phalloidin (1:800; Invitrogen), mouse

anti-paxillin (1:400; Millipore) and rabbit anti-fibronectin (1:400; Sigma-Aldrich) overnight

at 4C temperature. The coverslips were then rinsed 3 times in PBS and incubated for an

hour with an AlexaFluor 647 donkey anti-mouse (1:800; Invitrogen) or Alexa Fluor 568 goat

anti-rabbit (1:400; Invitrogen) secondary antibodies. Coverslips were mounted on glass slides

using the SlowFade Antifade kit (Invitrogen).
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3.3.5 Microscopy and live cell imaging

For live imaging of migration cells were mounted in a gupton chamber (Warner Instru-

ments, Hamden, CT). Imaging media was supplemented with 10 mM HEPES and 30 mg/mL

Oxyrase (Oxyrase Inc., Mansfield, OH). Imaging of migration and spreading was performed

on a temperature-controlled inverted Nikon Ti-E microscope with a Lumen 200 Pro light

source (Prior) and an HQ2 cooled CCD camera (Roper Scientific) controlled via Metamorph

acquisition software (MDS Analytical Technologies). Images were acquired using a 20X or

10X 0.75 Plan Fluor air objective (Nikon).

3.4 Results

3.4.1 Leading edge protrusions are oriented parallel to the ECM on line

patterns via Myosin II contractility and ECM feedback

In the previous chapter, it was found that orientation of migration and protrusion parallel

to the ECM, occurs concomitantly with changes in cell shape. Therefore, to determine the

relative contributions of the feedbacks between cell shape and cell-matrix adhesion to local

protrusive activity, the initial stages of cell spreading were analyzed.

During spreading, cells undergo rapid, Rac1-mediated isotropic spreading after initial at-

tachment [83, 114]. Live imaging revealed that on uniformly coated substrates cells spread

isotropically, by contrast, cells spread anisotropically on line patterns and quickly orient

their long axis along linear patterned features (Figure 3.2).

The rapid orientation of cell shape upon ECM attachment suggests that positive feedback

with the ECM may be sufficient to guide protrusion dynamics, even in the absence of myosin

II-mediated regulation, that could contribute in elongated cells. To determine the role of

myosin-II activity in the ability of cells to orient along ECM lines during initial spreading,

we observed spreading dynamics in cells treated with 20 µM of the Rho kinase (ROCK)
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Figure 3.2: Representative images from time-lapse phase contrast microscopy of NIH 3T3
fibroblasts spreading on uniform (0µm) and ECM striped patterns spaced by 5 and 10µm
respectively. Images correspond to 1, 5, 10, 15 and 30 minutes, contour plots show entire
time lapse. Scale bar=20µm.

inhibitor Y-27632. ROCK inhibited cells failed to orient parallel to the ECM, spreading

isotropically in line patterns. (Figure 3.3).

To compare quantitatively the spreading phenotypes of control and ROCK-inihibited cells,

area, elongation of cell shape and orientation were measured. First, it was noted that spread-

ing dynamics were not altered by ECM patterning since cell area increased at the same rate

for all cells (Figure 3.4 A). Remarkably, control cells spread anisotropically on line patterns

within four minutes after initial contact with the ECM (Figure 3.4 C). After initial orienta-

tion, cells elongated gradually, notably elongation continued to increase even after cells had

reached their maximum spread area (Figure 3.4 A, B). The rapid orientation of cell shape

upon ECM attachment suggested that positive feedback with the ECM may be sufficient to

guide protrusion dynamics, even in the absence of myosin II-mediated regulation. However,

ROCK inhibited cells failed to elongate during spreading on all line spacings (Figure 3.4 B).

Furthermore, cells had severe defects orienting parallel to the ECM (Figure 3.4 C), achiev-
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Figure 3.3: Representative images from time-lapse phase contrast microscopy of NIH 3T3
fibroblasts spreading on uniform (0 µm) and ECM striped patterns spaced by 5 and 10µm
respectively. Cells were treated with 20 µM Y-27632 upon assembly of imaging chamber.
Images correspond to 1, 5, 10, 15 and 30 minutes, contour plots show entire time lapse. Scale
bar=20µm.

ing orientation only at 10µm spacing at later times during spreading, showing that ECM

feedback is not sufficient to direct protrusions parallel to the ECM.

Altogether these results suggest that spatial regulation of protrusion on structured ECM is

dependent on ROCK-mediated contractility. However, the data does not exclude the pos-

sibility that sites of new adhesion formation can localize the extension of new protrusions

parallel to the ECM.
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Figure 3.4: Quantification of cell spreading for control and Y-27632 treated cells for 0µm,
5µm and 10µm spacings. Mean and s.d. are plotted for n≥15 cells. A) Cell area as a
function of time during cell spreading for all ECM patterns. For each time point areas are
normalized to the maximum cell area. B) Cell shape elongation during spreading. C) Cell
shape orientation as a function of time.

3.4.2 Misregulation of protrusive activity due to inhibition of Myosin II

contractility impairs contact guidance

Since ROCK-mediated contractility was required to polarize cells during spreading, we next

explored its role in contact guidance. We first analyzed the shape of fully spread cells

after treatment with ROCK inhibitor for 45 minutes. Consistent with the characteristic

morphology of ROCK-inhibited cells, cells often had multiple protrusive fronts and a tail

retraction defect (Figure 3.5 A) [76].

In contrast to WT cells, ROCK-inhibited cells did not elongate further when placed on line

patterns (Figure 3.6 A) However, these ROCK-inhibited cells exhibited a similar tendency

to orient along the ECM fibril axis as WT cells (Figures 3.5 A, 3.6 B). During cell migration

the axis of cell shape polarization corresponds to the direction of migration. Despite this,

migration directionality was severely affected in ROCK-inhibited cells (Figure 3.5 B). Similar

to control cells, the trend in guidance was to increase as a function of line spacing. However,

guidance values dropped by half their value relative to controls, being reduced from 0.8 to

0.4 at the largest line spacing (Figure 3.6 C).
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Figure 3.5: Effects of contractility inhibition on contact guidance. A) Representative images
of F-actin visualized by fluorescent phalloidin for cells on linear ECM linear patterns. Cells
shown were treated with 20µM Y-27632 . Top legend indicates spacing. Scale bar=20µm.
B) Migration trajectories of cells on uniform (0µm) and linear ECM patterns. Cells were
treated with 20µM Y-27632. Scale bar =100µm.

To determine the mechanisms causing the migration guidance defect in ROCK-inhibited cells,

we analyzed protrusions using the method described in the previous chapter. Consistent with

known effects of ROCK-inhibition, cells had disorganized protrusions and poorly defined

leading edge fronts (Figure 3.7 A). Protrusion area doubled relative to controls for spacings

smaller that 10µm (Figure 3.7 B). More strikingly, protrusions failed to organize parallel to

the ECM as shown by a sharp decrease in orientation for line spacings smaller than 10µm

(Figure 3.7 C). Compared to control cells, the orientation of protrusions diminished by 50%

(Figure 3.7 C). Altogether these results show that ROCK-mediated contractility is necessary

to organize protrusions spatially in response to structured ECM, promoting contact guidance.

Previous work suggested that inhibition of Myosin II contractility reduced the response of

cells to ECM surface micro- and nano- topography [90, 30]. Our results demonstrate that the

mechanism is likely through the important role of ROCK-mediated contractility in spatial

organization of protrusions [59]. To further establish spatial regulation of protrusion as the

underlying mechanism for contact guidance, we next explored the impact of more direct
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Figure 3.6: Quantification of the effects of contractility inhibition on contact guidance. A)
Cell shape elongation as a function of line spacing for cells treated with 20µM Y-27632
(solid line). Dashed line shows elongation for control cells treated with DMSO. B) Cell
shape orientation as a function of line spacing for cells treated with 20µM Y-27632 (solid
line). Dashed line shows orientation for control cells treated with DMSO. C) Cell migration
guidance as a function of ECM pattern line spacing for cells treated with 20µM Y-27632
(solid line). Dashed line shows guidance for control cells treated with DMSO.

perturbations on the regulation of leading edge protrusive activity.

3.4.3 Perturbations to protrusive activity via misregulation of Rac1 impair

contact guidance

Spatial regulation of Rac activity controls the formation, growth and size of leading edge

protrusions [88, 78, 72]. High levels of Rac activity have been previously shown to impede

directed migration by promoting the formation of several lamellipodial fronts [78]. Therefore,

to promote global activation of Rac and disrupt the spatial regulation of lamellipodia for-

mation, we expressed the constitutively active form RacQ61L. RacQ61L cells were rounder

(Figure 3.8 A), as shown as by the 50% decrease in elongation for all line spacings relative to

WT cells (Figure 3.8 C). Elongation values in these cells were greater than one, allowing us

to define a long axis to measure cell shape orientation (Figure 3.8 C). Intriguingly, orienta-

tion values in RacQ61L cells were comparable to wild type cells (Figure 3.8 D). In contrast,

migration trajectories were no longer parallel to the ECM (Figure 3.8 A), except at 10µm

line spacing where cells exhibited limited guidance (Figure3.8 E). The defect in guidance
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Figure 3.7: Quantification of leading edge protrusion area and direction in Y-27632 treated
cells. A) Phase contrast images of cells on linear ECM patterns treated with 20µM Y-27632.
Legend on top indicated line spacing. Scale bar=20µm. Contour plots show cell outlines
for a 30 minute time interval during migration. Scale bar=20µm. B) Area of individual
cell protrusions as a function of ECM line spacing for cells treated with 20M Y-27632 (solid
line). Dashed line shows orientation for control cells treated with DMSO. Mean and s.e.m.
are plotted for n≥8 cells. C) Orientation of individual cell protrusions as a function of ECM
line spacing for cells treated with 20µM Y-27632 (solid line). Dashed line shows orientation
for control cells treated with DMSO. Mean and s.e.m are plotted for n≥8 cells.

was more pronounced than for ROCK inhibited cells, since for all line spacings, guidance in

RacQ61L cells was reduced by at least 50% (Figure 3.8 E).

To determine how protrusive activity was altered in cells expressing RacQ61L, we next mea-

sured area and orientation of leading edge protrusions. First, we noticed that cells exhibited

protrusions around the entire cell body (Figure3.9 A). Measurements showed that protrusion

areas in these cells were comparable or lower than wild type cells (Figures 3.9 B). By con-

trast, protrusions failed to orient parallel to the ECM as a function of line spacing (Figure

3.9 C), decreasing in orientation by 60% or greater relative to wild type cells (Figure 3.9

C). This trend of protrusion orientation mimics the trend observed for guidance (compare

Figures 3.8 E and 3.9 C), demonstrating that the ability of cells to migrate parallel to the

ECM relies heavily on biasing protrusive activity in the direction parallel to the lines.

Another major regulator of protrusive activity relevant to our context is the positive feed-
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Figure 3.8: Effects of misregulation of Rac on contact guidance. A) Representative im-
ages of F-actin visualized by fluorescent phalloidin for cells on linear ECM patterns. Cells
shown were transfected with RacQ61L (first row). Top legend indicated line spacing. Scale
bar=20µm. B) Migration trajectories of RacQ61L cells on linear ECM patterns. Scale bar
=100µm. C) Cell shape elongation as a function of line spacing for RacQ61L cells treated
(solid line). Dashed line shows elongation for WT cells. D) Cell shape orientation as a
function of line spacing for RacQ61L cells (solid line). Dashed line shows orientation for WT
cells. E) Cell migration guidance as a function of ECM pattern line spacing for RacQ61L
cells (solid line). Dashed line shows guidance for WT cells.

back between sites of new adhesion and protrusion formation, controlled by PAK-mediated

changes in paxillin phosphorylation, which recruits the Rac GEF β-pix [71]. Knockdown of

β-pix has been linked to increased lamellipodia protrusion and defects in directed migration

[54, 77]. To explore how disruption to this feedback may affect contact guidance, we knocked

down β-pix to 30% of its wt levels (Figure 3.10).

For cells on lines, β-pix KD led to a slight reduction in elongation for line spacings greater

than 3µm (Figure 3.11 A), reaching only 70% of the non-targeting-control (NT) cell values
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Figure 3.9: Quantification of leading edge protrusion area and direction in RacQ61L cells.
A) Phase contrast images of RacQ61L cells on linear ECM patterns. Legend on top indicated
line spacing. Scale bar=20µm. Contour plots show cell outlines for a 30 minute time interval
during migration. Scale bar=20µm. B) Area of individual cell protrusions as a function of
ECM line spacing for RacQ61L cells (solid line). Dashed line shows orientation for WT cells.
Mean and s.e.m. are plotted for n≥8 cells. C) Orientation of individual cell protrusions as a
function of ECM line spacing for RacQ61L cells (solid line). Dashed line shows orientation
for WT cells. Mean and s.e.m are plotted for n≥8 cells.

(Figure 3.11 C). Similar to previously analyzed cells, β-pix KD had no defects in cell orien-

tation parallel to the ECM (Figure 3.11 A, D). Strikingly, migration guidance was reduced

in these cells by about 50% compared to the NT-control cells (Figure 3.11 B, E). Together

these results show that feedback between adhesion and protrusion initiation is not essential

for cell shape anisotropies during contact guidance, however it plays an important role to

direct migration in the direction of the ECM. Since β-pix is required for the positive feed-

back between adhesion and protrusion, we expected -pix KD cells to mislocalize protrusions

similar to RacQ61L cells. Surprisingly cell protrusions occurred mostly along the ECM axis

(Figure 3.12 A). Quantification of protrusion orientation revealed that protrusions localized

parallel to the ECM to levels comparable to non-targeting control cells (Figures 3.12 C). In

contrast with RacQ61L cells, we observed that β-pix KD cells had large protrusions that

fluctuated heavily in size, as evidenced by the two-fold increase we measured in protrusion

area and the large fluctuations of this measurement (Figure 3.12 A).
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Figure 3.10: Western blot of β-pix and GAPDH showing knock-down of β-pix
.

Altogether these results show that spatial regulation of protrusive activity is required for

contact guidance. Similar to our previous results with ROCK-inhibited cells, the axis of

cell shape orientation does not correlate with migration direction upon disruption to Rac1

regulation. Our β-pix KD data shows that in addition to localization of protrusions, the size

of protrusions can regulate the directed migration for cells on patterns. This supports our

previous hypothesis, where the size of protrusions could limit the ability of cells to migrate

perpendicular to the ECM (Figure 3.1). To further test this idea we decided to explore in

detail whether changes to protrusion size could impact contact guidance.

3.4.4 Reduction of protrusion size increases contact guidance

The Arp2/3 complex is required for lamellipodia construction. Depletion of Arp2/3 results

in decreased lamellipodia protrusion [115]. Thus, to modulate protrusion size in the reverse

direction and establish the relevance of this physical parameter for contact guidance, we

treated cells with 100µM of the Arp2/3 inhibitor CK-666. Upon first inspection Arp 2/3

inhibited cells appeared to be more elongated and polarized in the direction of the ECM

(Figure 3.13 A). Quantification confirmed that these cells had increased elongation com-

pared to cells treated with the control molecule CK-869, particularly at line spacings smaller

than 5µm (Figure 3.13 C), while cell orientation was comparable to controls (Figures 3.13

D). More significantly, we observed higher values for guidance at all line spacings, with a
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Figure 3.11: Effects of β-pix KD on contact guidance. A) Representative images of F-actin
visualized by fluorescent phalloidin for cells on linear ECM patterns. Cells shown were KD
for β-pix. Top legend indicated line spacing. Scale bar=20µm. B) Migration trajectories
of β-pix KD cells on linear ECM patterns. Scale bar =100µm. C) Cell shape elongation as
a function of line spacing for β-pix KD cells. Dashed line shows elongation for NT-control
cells. D) Cell shape orientation as a function of line spacing for β-pix KD cells (solid line).
Dashed line shows orientation for NT-control cells. E) Cell migration guidance as a function
of ECM pattern line spacing for β-pix KD cells (solid line). Dashed line shows guidance for
NT-control cells.

two-fold increase at spacings smaller than 5 µm compared to controls (Figures 3.13 E).

Our previous results show that contact guidance depends inversely on protrusion size and

directly on localization of protrusions parallel to the ECM, therefore we expected Arp 2/3

inhibited cells to have reduced protrusion size and/or highly localized protrusions. Indeed,

cell protrusions appeared to be smaller and directed almost exclusively in the direction of the

ECM (Figure 3.14 A). Quantitative analysis confirmed that protrusions in Arp2/3 inhibited
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Figure 3.12: Quantification of leading edge protrusion area and direction in β-pix KD cells.
A) Phase contrast images of β-pix KD cells on linear ECM patterns. Legend on top indicated
line spacing. Scale bar=20µm. Contour plots show cell outlines for a 30 minute time interval
during migration. B) Area of individual cell protrusions as a function of ECM line spacing
for β-pix KD cells (solid line). Dashed line shows orientation for NT-control cells. Mean
and s.e.m. are plotted for n≥8 cells. C) Orientation of individual cell protrusions as a
function of ECM line spacing for β-pix KD cells (solid line). Dashed line shows orientation
for NT-control cells. Mean and s.e.m are plotted for n≥8 cells.

cells decreased by 40% in area compared to cells treated with the control molecule (Figure

3.14 B). Remarkably, orientation of protrusions followed the same trend as migration guid-

ance, increasing 2-fold for cells on line spacings smaller that 5µm (Figures 3.13, 3.14). Our

results are surprising since Arp 2/3 depletion leads to defects in other ECM sensing processes

such as haptotaxis [115, 52]. However, it is possible that during contact guidance, the spatial

constrains of adhesive cues are sufficient to organize adhesion and direct protrusions.

Together with our β-pix KD measurements, these results further validate that contact guid-

ance can be tuned by changes in protrusion size. Furthermore, this demonstrates how contact

guidance can be improved by modulation of a subcellular organelle, namely the lamellipodia.

3.5 Discussion

The ability of cells to change shape and direct their migration in response to ECM geometric

cues has been characterized for decades and remains an area of active research. However,
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Figure 3.13: Effects of Arp 2/3 inhibition on contact guidance. A) Representative images
of F-actin visualized by fluorescent phalloidin for cells on linear ECM patterns. Cells shown
were treated with 100 µM CK-666. Top legend indicated line spacing. Scale bar=20µm.
B) Migration trajectories cells treated with 100 µM CK-666 on linear ECM patterns. Scale
bar =100µm. C) Cell shape elongation as a function of cells treated with 100µM CK-666.
Dashed line shows elongation for cells treated with the control molecule CK-689. D) Cell
shape orientation as a function of line spacing for cells treated with 100 µM CK-666 (solid
line). Dashed line shows orientation for cells treated with the control molecule CK-689. E)
Cell migration guidance as a function of ECM pattern line spacing for cells treated with
CK-666. (solid line). Dashed line shows guidance for cells treated with the control molecule
CK-689.

mechanistic understanding of how cells sense changes in ECM geometry and direct migra-

tion has been lacking. By manipulating the regulation of protrusive activity using different

cellular mechanisms we show that contact guidance relies on spatial control of protrusive

activity to direct migration. Specifically, we prove that area and orientation are two physical

parameters of protrusion that determine the ability of cells to undergo contact guidance.
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Figure 3.14: Quantification of leading edge protrusion area and direction in Arp 2/3 inhibited
cells. A) Phase contrast images of cells treated with CK-666 on linear ECM patterns. Legend
on top indicated line spacing. Scale bar=20µm. Contour plots show cell outlines for a 30
minute time interval during migration. B) Area of individual cell protrusions as a function
of ECM line spacing for Arp 2/3 inhibited cells (solid line). Dashed line shows orientation
for cells treated with the control molecule. Mean and s.e.m. are plotted for n≥8 cells. C)
Orientation of individual cell protrusions as a function of ECM line spacing for Arp 2/3
inhibited cells (solid line). Dashed line shows orientation for cells treated with the control
molecule. Mean and s.e.m are plotted for n≥8 cells.

Comparison across experimental conditions shows that perturbations that have defects in

contact guidance fail to localize protrusions (Compare figures 3.15 B with 3.15 C) or have

protrusions with increased area (Compare figures 3.15D with 3.15 C). While Arp 2/3 inhibi-

tion improves contact guidance by decreasing protrusion area (Compare figures 3.15D with

3.15 C). Collectively these results show that contact guidance relies on spatial control of

leading edge protrusion. The defects we observe in migration guidance can be explained by

changes in two distinct parameters of protrusion: orientation and size. Specifically, contact

guidance is controlled independently by each one of these parameters since disruption of

either one is sufficient to produce loss of contact guidance. Thus, we envision that contact

guidance is a function of protrusion area and orientation, where these two parameters are

independent of each other and can be regulated through different cellular pathways (3.16).

Additionally, from our analysis of cell shape orientation we can conclude that cells are able to

orient their major axis parallel to the ECM independently of their state of lamellipodia spa-
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Figure 3.15: Comparison of contact guidance and protrusion phenotypes across experimental
conditions. A) Fold change in elongation of cells transfected RacQ61L, an sh-RNA to β-pix,
treated with 100M CK-666, or 20M Y-27632, relative to their respective controls: wt, sh-NT,
CK-689 or DMSO. B) Fold change in orientation of cells transfected RacQ61L, an sh-RNA
to β-pix, treated with 100M CK-666, or 20M Y-27632, relative to their respective controls:
wt, sh-NT, CK-689 or DMSO. C) Fold change in guidance of cells transfected RacQ61L, an
sh-RNA to -pix, treated with 100M CK-666, or 20M Y-27632, relative to their respective
controls: wt, sh-NT, CK-689 or DMSO.

tial activity (Figures 3.15 B, E). Therefore, cell shape polarity is independent from migration

direction in the context of contact guidance. Future work remains to be done to investigate

other cellular pathways that may control localization and size of protrusive activity. Focal

adhesion signaling is a possible candidate since perturbations to adhesion maturation result

in reduced contact guidance.
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CHAPTER 4

CELL MIGRATION AS A MECHANISM TO DIRECT

TISSUE-SCALE PATTERNING IN DROSOPHILA EGG

CHAMBERS

4.1 Preface

The experiments described in this chapter were designed and performed by the author

(G.R.R.-S.J) and Maureen Cetera (M.C.). Data analysis was also performed by G.R.R.-S.J

and M.C. Sally Horne-Badovinac supervised the project with critical input from Margaret

Gardel. Patrick Oakes made important intellectual contributions and designed the quanti-

tative method used to measure actin bundle alignment. Lindsay Lewellyn made important

intellectual contributions. Michael J. Fairchild and Guy Tanentzapf provided key reagents

for the experiments.

4.2 Introduction

As described with detail in the introduction, Drosophila egg chambers constitute a mini-

mal system to study the mechanisms underlying changes in tissue polarity and organ shape.

Egg chambers with disrupted cell-ECM and cell-cell interactions fail to undergo migration

[7, 40, 17, 41, 32, 108]. In these mutant backgrounds along with migration, establishment of

tissue level polarity is also disrupted. The discovery that egg chamber elongation coincides

with migration of the FCs has led to two major challenges in understanding this system.

The first is to determine the mechanisms underlying individual FC motility. The second is

to determine the relationship between migration, tissue scale polarity and egg chamber elon-

gation. There is compelling evidence that migration builds the polarized ECM membrane

associated with the “molecular corset” [41]. However, the relationship between rotation and

the basal actin bundles, remains unknown.
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Tissue-level basal actin organization has been reported to fluctuate during the early stages

of egg chamber development. The actin bundles first show a circumferential arrangement

within the follicle cell precursors in the germarium [32]. However, this early tissue-level

organization was reported to be lost on egg chamber formation, such that the basal actin

bundles were still aligned within individual cells, but their global orientation was perturbed.

The tissue-level alignment of the basal actin bundles was then thought to re-emerge at stage

five, concurrent with the time that rotation and ECM polarization were reported to begin

(Figures 4.1, 4.2) [32, 41]. Recent work has shown that when rotation ends at stage nine,

the actin bundles undergo oscillating, Myosin II-mediated contractions to produce a circum-

ferentially constrictive force around the egg chamber to further elongate the tissue [42].

A B

Stage 4 Stage 7

Figure 4.1: Actin organization in stage 4 and stage 7 egg chambers. A) Actin staining of a
wild-type stage 4 egg chamber. B) Actin staining of a wild-type stage 7 egg chamber. The
actin cytoskeleton exhibits a tissue-scale alignment perpendicular to the A-P axis. Figure
adapted from [32].

In this chapter, the cellular mechanisms that drive FC migration are explored. Once the

cellular basis for rotation is determined, the relationship between FC migration and the

establishment of the basal actin tissue-scale patterning is investigated using genetic and

pharmacological perturbations. To measure tissue scale polarity, at the cellular and tissue
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A B

Figure 4.2: A) Collagen IV-GFP of a wild-type fixed stage 4 egg chamber. B) Collagen IV-
GFP of a wild-type fixed stage 8 egg chamber. The ECM exhibits a tissue-scale alignment
perpendicular to the A-P axis. Figure adapted from [41].

scales, a new quantitative method is developed. By blocking migration at distinct time

points and measuring tissue-scale polarity, the dependance of global actin polarity on migra-

tion is determined. This work sheds light on the cellular mechanisms that drive egg chamber

rotation and demonstrates how cell migration can be harnessed to build a tissue-level actin

organization.

4.3 Materials and Methods

4.3.1 Drosophila genetics

For most experiments, crosses were raised at 25◦C and experimental females were aged 1-3

days at the same temperature. Exceptions included His2AvRFP, which was kept and aged

at room temperature, and UAS − Abi − RNAi/+ along with its corresponding control,

which was aged at 29◦C. SCARδ37 mosaic egg chambers were produced using FRT40A

with GR1 − Gal4 driving FLP recombinase expression. For flipout clones, UAS lines were

crossed to flies containing the FLP recombinase under a heat shock promoter as well as

the act5c>> Gal4, UAS-GFP (or UAS-RFP) flipout cassette. The heat shock was induced

by incubating third instar larvae and pupae at 37◦C for 1h with a 1-h recovery period at
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25◦C followed by another hour at 37◦C for 3 over 2 days. Females that eclosed during

the heat shock process or the following day were placed on yeast with males overnight and

dissected the next day. Most stocks were obtained from the Bloomington Stock Center

with the following exceptions. vkg-GFP (CC00791), indy-GFP (CC00377) and Nrg-GFP

(G00305) are from the Carnegie Protein Trap Library [11]. tj-Gal4 (104055) and UAS-Abi-

RNAi are from the Drosophila Genetic Resource Center in Kyoto. UAS-ena-RNAi is from

the Vienna Drosophila Resource Center. UAS-UtrophinABD::GFP is from T. Lecuit [86] ,

Sqh-Sqh::mCherry is from E. Wieschaus [63] and UAS-Pax::GFP is from D. Montell [42].

GR1-Gal4, UAS-FLP was a generous gift from T. Schpbach. UAS-MoeABD::mCherry was

a generous gift from B. McCartney.

4.3.2 Time-lapse image acquisition and microscopy

One- to three- day old females were aged on yeast with males for 13 days before dissection.

Ovaries were dissected as described previously described in [2] [82] . As young egg chambers

are more prone to damage during the dissection process and damaged egg chambers do not

rotate, all egg chambers were inspected for damage before and after imaging. When possible,

6µM FM464 (Invitrogen) membrane dye was added to the live imaging media to highlight

damaged tissue. ImageJ and Adobe Photoshop were used for image processing.

For imaging performed on an upright scanning confocal microscope, ovarioles were trans-

ferred in live imaging media to an agar pad (live imaging media with 0.4% NuSieve GTG

low-melt agarose) that was formed on a gas permeable membrane slide (Greiner Bio-One,

discontinued product). Live imaging media was removed from the pad and a coverslip was

placed on top of the sample, stabilized with vacuum grease at each corner. The coverslip was

then gently compressed onto the sample and halocarbon oil 27 (Sigma) was added around

the coverslip to keep the media from evaporating. Egg chambers were imaged with 40/1.3

numerical aperture (NA) EC Plan-NeoFluor oil-immersion objective on a laser-scanning con-
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focal microscope (Zeiss LSM510) controlled by the LSM acquisition software.

For near-total internal reflection fluorescence imaging, ovarioles were transferred in live imag-

ing media to a coverslip that was fused with melted parafilm to an aluminum slide with a

12-mm circular cut out. Twenty-micrometre polystyrene beads (Bangs Laboratories Inc.)

were added to the media and a 16-mm2 coverslip was placed on top of 45 ovarioles and 510

beads to compress the egg chambers against the bottom coverslip [2]. Egg chambers were

imaged with a 100/1.49 NA CFI Apo oil-immersion total internal reflection fluorescence

objective (Nikon) using an Andor iXon3 897 EM-CCD camera on an inverted microscope

(Ti-E; Nikon) controlled by Metamorph software (Molecular Devices).

For imaging performed on an inverted spinning disk microscope, ovarioles were transferred

into 37◦C live imaging media with 0.8% NuSieve GTG low-melt agarose on the aluminum

slide. Ovarioles either sank in the media or were gently moved to the bottom with an eye-

lash tool before the media solidified at room temperature. The gas permeable membrane

was placed on top of the slide to prevent evaporation. Egg chambers were imaged on an

inverted microscope (Ti-E; Nikon) with a spinning disk confocal unit (CSUX; Yokogawa

Electric Corporation) and an HQ2 camera (Roper Scientific) or a Rolera em-c2 camera (Q

imaging) using a 60/1.2 NA Plan Apo water immersion objective (Nikon) or a 20/0.75 NA

Plan Fluor multi-immersion objective (Nikon) controlled by Metamorph software.

4.3.3 Immunohistochemistry

Ovaries were dissected in S2 media warmed to room temperature and fixed in PBS+0.1%

Triton+4% EM-grade formaldehyde (Polysciences). For actin staining only, ovaries were

washed 3 times in PBS+0.1% Triton (PBT), then egg chambers were removed from the mus-

cle sheath by gentle pipetting. Staining was performed with rhodamine phalloidin (1:200,

Sigma), AlexaFluor-488 Phalloidin (1:200, Invitrogen) or AlexaFluor-647 Phalloidin (1:75,
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Invitrogen) for 15 min in PBT at room temperature while rocking. Egg chambers were then

washed 3 times in PBT and mounted in SlowFade Antifade (Invitrogen). Egg chambers

stained with primary antibodies were incubated overnight at 4◦C with rocking in PBT+0.1%

BSA+Phalloidin. Egg chambers were incubated in AlexaFluor-488- or 555-conjugated sec-

ondary antibodies (1:200, Invitrogen) in PBT+0.1% BSA+Phalloidin for 3h at room tem-

perature with rocking. The following primary antibodies were used: anti-Ena (1:200 concen-

trate, DSHB), anti-SCAR (1:300)43 and anti-SCAR (1:200 concentrate, DSHB). For SCAR

staining, primary and secondary incubations along with all washes following the primary

incubation, PBT3 (PBS+0.3% Triton) was used instead of PBT. Fixed egg chambers were

imaged with a laser-scanning confocal or a spinning disk confocal (described above). Image

J and Adobe Photoshop were used for image processing.

4.3.4 Drug treatment

To show that egg chamber rotation can be acutely disrupted with a pharmacological treat-

ment, ovaries were dissected as stated above in live imaging media with 2.5% dimethyl

sulphoxide (DMSO). Ovarioles were transferred in the live imaging media to the aluminum

slide and imaged on an inverted spinning disk microscope. After 20min, the imaged ovari-

oles were quickly washed 3 times in live imaging media with 2.5% DMSO and 250µM of the

Arp2/3 inhibitor (CK-666, Millipore) or control molecule (CK-689, Millipore), and imaged

in the third wash for an additional hour.

To visualize the actin cytoskeleton in drug-treated egg chambers live, UtrophinABD::GFP-

expressing ovarioles were dissected in live imaging media with the inhibitor and imaged on

the laser-scanning confocal microscope as described above. For fixed images, three females

were dissected per experiment in live imaging media with 2.5% DMSO and 250µM of the

inhibitor or control molecule. Approximately 20 ovarioles were incubated for 1h then fixed

and stained with phalloidin as described above.
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4.3.5 Quantification of egg chamber rotation rate

Rotation speed was measured from time-lapse images of egg chambers expressing His2AvRFP

or a membrane-targeted green fluorescent protein (GFP). A line was drawn over a row of

follicle cells in the direction of migration to generate kymographs. Migration rates were

obtained from the slope of the lines in the kymograph. All analyses were performed using

Metamorph software (Molecular Devices).

4.3.6 Quantification of cell-level actin bundle alignment

Actin bundle orientation was calculated using fixed samples where F-actin was labelled with

phalloidin. A local director representing actin alignment was determined as follows. First,

each image was broken down into a series of 2.6µm by 2.6µm overlapping windows. A

symmetric Gaussian filter was applied to each window to minimize edge effects and the 2D

FFT of the filtered window was calculated. Windows with oriented actin bundles resulted

in asymmetrically skewed transforms, where the direction of skew is directly related to the

orientation of the actin bundle. Windows with no predominant orientation yielded a uniform

transform. The principle direction of the skewed transform was determined by calculating

the angle of the axis for the least second moment of the transform. The average orientation

of the actin in real space (that is, image window) is orthogonal to the principle direction

of the skewed transform in frequency space (the 2D FFT). To determine the direction of

alignment at the cellular scale, we averaged the directors within each cell. Only directors

within 1 s.d. of the mean were included in this average, as outliers were often the product

of edge effects in the analysis. All calculations were performed using custo written routines

in MATLAB.
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4.3.7 Quantification of tissue-level actin bundle alignment

To assess the tissue-level alignment of the basal actin bundles, we calculated an order pa-

rameter, S, for each egg chamber by considering the directors of all the cells visible in an

image, as determined above. We defined an order parameter, S = 2(〈cos2θij〉−1/2) . Where

θij is the angle between the directors of cells i and j. The average was performed over all

unique cell pair combinations in an image. S ranges from zero (randomly oriented directors)

to one (parallel directors). As cells visible in a fixed image corresponded only to a fraction

of the entire epithelium, we tested whether measuring local order (a limited number of cells)

was representative of global polarity patterns (the entire egg chamber). We first binned each

egg chamber into regions that included an increasing number of adjacent/neighbouring cells.

The size of the bin varied from two (adjacent cells only) up to n-connected cells, where n was

the maximum distance (in cells) between two visible cells in an image. The order parameter

S was calculated for each bin and averaged over regions of the same connectivity in egg

chambers of the same developmental stage. We observed no dependence of the average order

parameter on the size of the region analysed. Thus, our local measurements can be taken as

representative of global actin bundle organization in the egg chamber.

4.3.8 Quantification of Collagen IV organization

Collagen IV orientation was calculated from fixed egg chambers expressing Vkg-GFP. Each

image was broken down into windows (50x50 pixels per 20.06µm2) that overlapped by

2.23µm. A director was obtained for each window following the same procedure described for

the actin bundles. The order parameter, S, of the director field obtained was then calculated

to quantify the orientation of fibril-like structures in the basement membrane.
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4.4 Results

4.4.1 Lamellipodia protrusions drive FC migration

Migrating cells typically have two types of actin-based protrusions at their leading edges

that drive forward motility, filopodia and lamellipodia [35, 88]. To determine whether both

of these structures are present at the basal follicle cell surfaces, egg chambers were stained

for their characteristic markers. Enabled/VASP (Ena) is an actin-binding protein required

for filopodia formation [65]. This protein localizes in a punctate pattern at the edge of the

protrusions, consistent with localization to filopodial tips (Figure 4.3 A). The SCAR/Wave

complex is an activator of the actin nucleator Arp2/3, which is required to produce the dy-

namic branched actin network of the lamellipodium [35, 88]. SCAR localizes broadly across

the leading edge of each follicle cell, consistent with localization to lamellipodial structures

(Figure 4.3 B). Thus, the protrusive edge of each follicle cell contains both lamellipodia and

filopodia.

Ena SCAREna Actin ActinSCAR

A B

Figure 4.3: Immunofluoresce images showing localization of ENA and SCAR at the leading
edge of FCs. A) Endogenous Ena localizes to the tips of filopodia. Stage 7 egg chamber. B)
Endogenous SCAR localizes more broadly within the leading edge protrusions, revealing the
lamellipodia. Stage 8 egg chamber. Scale bars=10µm.

To determine whether lamellipodia and filopodia were required for leading edge formation

and migration, Ena and the SCAR complex component Abelson interacting protein (Abi)

were depleted. Depletion of Ena changed protrusion morphology by eliminating the finger-

like, filopodial actin structures (Figure 4.4 A). Depletion of the SCAR complex component

55



Abelson interacting protein (Abi) eliminates all actin-based protrusions in a cell-autonomous

manner (Figure 4.4 B). Live imaging was used to determine the requirement of lamellipodia

Abi RNAi Actin SCAR ActinActinena RNAi Actin

A B

Figure 4.4: Immunofluoresce images showing the effects of depletion of ENA and SCAR
at the leading edge of FCs. A) Clonal expression of ena RNAi (green) reduces filopodia
compared to adjacent wild-type cells. B) Clonal expression of Abi RNAi (blue) eliminates
SCAR enrichment (green) and protrusions at the leading edge. Stage 8 egg chambers. Scale
bars=10µm.

(Abi) and filopodia (Ena) to FC migration. Ena and SCAR activities in FCs were manipu-

lated using the traffic jam-Gal4 (tj-Gal4) driver, this driver is expressed in both the follicle

cell precursors and follicle cells at all developmental stages [58]. Depletion of Ena throughout

the epithelium by RNA interference (RNAi) did not disrupt FC migration or egg chamber

elongation (Figure 4.5 A,B). In contrast, expressing Abi RNAi in all follicle cells throughout

oogenesis blocked FC migration and decreased egg chamber elongation (Figure 4.5 A, B).

These findings show that Abi is required for egg chamber rotation, presumably due to its

role in stimulating lamellipodial activity at each FC’s leading edge.

4.4.2 Follicle cell migration and tissue-scale actin polarity begin at stage 1

Follicle cell migration was reported to begin at stage five [41]. However, a polarized distribu-

tion of SCAR at the basal epithelial surface was observed on a stage 2 egg chamber (Figure

4.6 A). Given that FC migration depends on SCAR activity, this suggested that rotation

could begin earlier than previously thought. Through long-term live imaging of entire ovar-

ioles, it was determined that egg chamber rotation began at stage one and continued slowly

through stage five before increasing in speed at stage six (Figure 4.6 B, C). These data show
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Figure 4.5: Quantification of the effects of ena and abi depletion on FC migration and egg
chamber elongation. A) Follicle cell migration rate for control, ena RNAi and abi RNAi
stage 7-8 egg chambers. B) Egg chamber aspect ratio for control, ena RNAi and abi RNAi
egg chambers. The aspect ratio is the length of the egg chamber divided by its width. For
stages 4-10 n≥6, stages 11-13 n≥3, stage 14 n≥25.

that rotation occurs in two phases: an early slower phase and a later faster phase. Previous

work showed that global alignment of actin in the egg chamber arose at stage 5 and coin-

cided with the onset of FC migration [32, 7, 41, 108]. However, if tissue-scale actin polarity

truly emerges at stage 5, the finding that FC migration begins at stage 1 would imply that

planar polarity in the egg chamber is temporally decoupled and thus independent of FC

migration. To investigate this possibility it was necessary to develop a method to compare

quantitatively tissue scale polarity across developmental stages and samples.

4.4.3 Quantitative image analysis can be used to measure tissue-scale

polarity in Drosophila egg chambers

To investigate whether tissue-scale actin polarity occurred after the onset of FC migration,

we developed a quantitative method to assess tissue polarity from fixed egg chamber images

where F-actin was labelled with phalloidin (Figure 4.7 A). In the FC epithelium, alignment

of actin filaments can occur within individual cells and globally across all cells in the ep-
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Figure 4.6: Follicle cell migration begins at stage 1. A) Immunofluorescence of a actin and
scar showing the basal epithelial surface of a stage two egg chamber. B) Representative
images from a time series of His2Av RFP-expressing egg chambers that show rotation oc-
curring at stages 1, 3 and 4. The coloured dots mark the same set of nuclei through each
30-min interval. C) Quantification of FC migration rate. Each data point represents and
individual egg chamber with mean±s.d. Scale bars=10µm.

ithelium. Therefore to describe planar polarity in the epithelium two measurements were

needed: alignment of actin filaments within individual FCs and global tissue alignment.

To describe actin filament alignment at the cellular scale, the epithelium was segmented into

individual cells using cell membranes and cortical actin as markers (Figure 4.7 B). Each cell

was then broken down into a series of 2.6 µm by 2.6 µm windows (Figure 4.7 C).

The local alignment of actin filaments within each window was determined as follows. First,

a symmetric Gaussian filter was applied to each window to minimize edge effects and the 2D

FFT of the filtered window was calculated. Windows with oriented actin bundles (Figure
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Cell segmentationActin Subcellular windowsA B C

Figure 4.7: Egg chamber segmentation used to quantify actin alignment within individual
FCs. A) Representative image of a stage five egg chamber where the actin is labelled with
phalloidin. B) Pattern obtained by segmenting the epithelium into individual cells. C)To an-
alyze actin bundle alignment, individual cells are broken into subcellular windows of 6.74µm2

(windows are not shown to scale).

2D FFT Window directorActinA B C

Figure 4.8: Measurement of actin alignment within subcellular windows. A) Representative
image of the basal actin bundles in a subcellular window as defined in figure 4.7. Scale
bar=2µm B) 2D FFT of the actin image shown in (A). The red line indicates the principal
direction of the FFT, orthogonal to the orientation of the actin bundles (green line). C)
Director indicating the local alignment of the actin image.

4.8 A) resulted in asymmetrically skewed transforms (Figure 4.8 B), where the direction of

skew is directly related to the orientation of the actin bundle. The principle direction of the

skewed transform was determined by calculating the angle of the axis for the least second

moment of the transform. The average orientation of the actin in real space is orthogonal

to the principle direction of the skewed transform in frequency space. Alignment for each

window was then described by a director orthogonal to the principle direction of the skewed

2D FFT (Figure 4.8 C). Iteratively performing this calculation yields a director field that
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represents a local measure of actin bundle orientation at a subcellular length scale (Figure 4.9

A). To determine the direction of alignment at the cellular scale, we averaged the directors

within each cell. Only directors within one s.d. of the mean were included in this average

(Figure 4.9, green lines), as outliers were often the product of edge effects in the analysis

(Figure 4.9, magenta lines). As a measure of actin orientation within individual FCs, the

angle between the directors inside a cell was calculated. Smaller angles indicated that actin

bundles were parallel to one another within the cell. Figure 4.9 shows the results of perform-

ing this calculation in control egg chambers at different stages of development. The mean

angle between the directors inside a single FC is less than 10 degrees at all developmental

stages, indicating parallel alignment of bundles.
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Figure 4.9: Measurement of actin alignment within individual FCs. A) Magnification of the
epithelial region within the green rectangle in figure 4.7. Directors (green and magenta lines)
indicate the local alignment of actin bundles within each cell. Directors deviating from the
mean by more than one s.d. (magenta lines) were discarded. B)Actin bundle alignment
within individual follicle cells throughout development in control egg chambers. Box plot
shows the mean and the standard deviation of the angles between directors in an individual
follicle cell.

To calculate tissue-scale polarity it was necessary to compare actin alignment across several

cells in the tissue, to this end a mean orientation of the actin bundles was assigned to every

cell, by averaging the local directors contained within it (Figure 4.10 A, yellow lines). Fi-
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nally, to determine the tissue-level polarity of the actin bundles, we defined a nematic order

parameter (S) (Figure 4.10 B), which compares the relative orientation of cellular-level direc-

tors of all the cells within a given image (Figure 4.10 B, yellow lines). The order parameter

can vary from zero (random distribution of directors) to one (parallel directors). Since fixed

samples of FC epithelia varied in the number of cells they contained at different stages of

development, it was next tested whether the order parameter calculated to measure global

actin polarity was indeed representative of polarity in the entire egg chamber. Figure 4.11

shows that the value of the order parameter is independent of the number of cells included

in the image analyzed confirming that it is a representative measure of tissue-scale polarity.

S=2(< cos2θ > -1/2)
θ

Order Parameter (S)Cellular directorsA B

Figure 4.10: Measurement of global actin alignment within an egg chamber. A) Director
field showing the mean orientation (yellow lines) of the green directors within each cell shown
in figure 4.9 A. B) Order parameter (S) describing global tissue alignment is calculated by
comparing the relative angle between all directors in an epithelium.

4.4.4 Tissue scale actin alignment is present from stage 1 and depends on

FC migration

Using the method developed in the previous section, the timing of the establishment of global

actin polarity was first investigated. To this end, egg chambers of stages 1 to 8 were fixed

and stained for actin.
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Figure 4.11: Order parameter as a function of the size of the region analyzed in stage 1-8
egg chambers. A) Average order parameter measured for control (A) and Abi RNAi (B) egg
chambers as a function of the size of the epithelial region analyzed. The size of each region
is varied from adjacent neighbors to n-connected regions.
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Figure 4.12: Tissue scale actin alignment is present at all developmental stages and requires
cell migration. Representative images of basal actin bundle alignment in control (A) and
Abi RNAi (B) epithelia at different stages. Yellow lines represent the mean orientation of
the basal actin bundles in each cell. The value of the order parameter (S) is shown on the
top right corner.
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Upon visual inspection, actin appeared to be globally aligned at all developmental stages.

In egg chambers of different stages, cellular directors showing actin alignment of individual

FCs appeared to be perpendicular to the A-P axis (Figure 4.12 A). Measurement of the

order parameter confirmed that actin alignment was present from stage 1 through stage 8

(Figure 4.13 B, blue line). On average, S > 0.75 for stages 1 though 5, then increased to

a mean value > 0.9 for stages 5 through 8. This increase in orientation at stage 5 cor-

related with the increase observed in FC migration speed, suggesting that FC migration

could play an active role in the maintenance of global tissue polarity. To explore this pos-

sibility, FC migration was perturbed and the impact on global actin alignment was analyzed.
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Figure 4.13: Abi RNAi blocks FC migration and disrupts global actin polarity. A) FC
migration speed in control and Abi RNAi egg chambers through development. B) Average
order parameters for control (blue line) and Abi RNAi (red line) epithelia at stages one
through eight. For stages 16 n≥8, stage 7 n≥5 and stage 8 n≥4 . Data points represent
mean±s.e.m.

FC motility relies on lamellipodia protrusion, particularly, Abi RNAi is required for FC mi-

gration at stages 7 and 8 (Figure 4.5). Therefore Abi RNAi was used to stop FC migration

and determine the effects of this perturbation on global tissue actin polarity. First, it was
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confirmed that Abi RNAi blocked FC migration at early developmental stages (Figure 4.13

A). Then, Abi RNAi egg chambers were fixed and global actin alignment was measured

(Figures 4.12 B). In this case, the order parameter for stage 1 egg chambers was comparable

to controls, however it decreased continuously throughout development, reaching a minimum

value of 0.1 at stage 8 (Figure 4.13 B). This result indicated that migration is required to

maintain global actin alignment beginning at stage 2. However since migration is blocked

from stage 1 in Abi RNAi egg chambers, it was not possible to determine from these data if

migration was actively required at later developmental stages to maintain the global actin

pattern or if the defect observed was carried on from previous stages. To distinguish between

these possibilities, migration was blocked selectively at later developmental stages using a

genetic driver. The mirror-Gal4 driver (mirr-Gal4) [68] expresses weakly in the follicle cells

at stages six and seven, and expresses highly at stage eight.
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Figure 4.14: Effects of selective block of FC migration at stage 8. A) Migration speed of
stage 6 and 8 egg chambers where mirror-Gal4 was used to express Abi RNAi. B) Basal
actin pattern of stage six and eight egg chambers expressing control or Abi RNA using
mirror-Gal4. One copy of SCAR was also removed in this genetic background.

When Abi RNAi is expressed using mirr-Gal4, FCs migrate and show proper basal actin
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bundle alignment at stage six (Figure 4.14 B). However, by stage eight, leading edge protru-

sions disappear (Figure 4.14 B) and 70% of the egg chambers stop rotating (Figure 4.14 A).

Significantly, the tissue-level alignment of the basal actin bundles is unaffected even though

rotation has stopped prematurely. These data provide evidence that rotation becomes dis-

pensable for maintaining the global actin pattern in stage-eight egg chambers.

To determine precisely when rotation contributes to tissue-level actin alignment, FC mi-

gration was acutely blocked using the Arp2/3 inhibitor CK-666 [73]. Egg chambers treated

with the inhibitor stop rotating within an hour, whereas egg chambers treated with the

control molecule CK-689 continue to rotate normally (Figure 4.15). Thus, ovarioles were

treated with 100µM of the arp 2/3 inhibitor and immediately fixed for analysis.

80’-     

-     

 0’-     

*

  Control                         Arp2/3 inhibitor   

A B

Figure 4.15: Arp2/3 inhibition blocks FC migration. A) Migrating epithelia treated with
Arp2/3 inhibitor CK-666 or the control molecule CK-689. Egg chambers are expressing Indy
GFP to mark FC membranes. B)Kymographs of rotating egg chambers treated with either
with the Arp2/3 inhibitor CK-666 or the control molecule CK-689 (asterisk). The inhibitor
stops FC migration within 1h. n=5 for each condition.

Blocking rotation with the inhibitor causes the tissue-level actin alignment to drop below

control levels for stages two through five. However, during stages six through eight the tissue-

level actin pattern persists in the absence of migration (Figure 4.16). These data show that

the early rotation phase is essential to maintain the tissue-level actin bundle alignment, but

at later stages the pattern is preserved by an alternate mechanism.
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Figure 4.16: FC migration is required for global actin alignment from stages 2-5. A) Rep-
resentative images of the basal actin bundle alignment after one hour of CK-666 treatment
during each of the given stages with the corresponding order parameter value (S). B) Quan-
tification of global actin alignment for egg chambers treated with the arp 2/3 inhibitor or
control molecule.

Previous work has shown that ECM polarization in the FC epithelium begins at stage 6.

This suggested that ECM polarization could provide an alternate mechanism to preserve

global actin alignment in the absence of FC migration. To investigate this possibility, the

dynamics of ECM polarization establishment were analyzed by measuring ECM alignment

at different developmental stages, adapting the method used to measure global actin align-

ment (Figure 4.17 A). In agreement with previously published data, it was found that ECM

polarization increases through time, reaching its maximum value at stages seven and eight

(Figure 4.17 A, B). Importantly, there is a strong correlation between the period of maximal

ECM polarization and the period when Fc migration becomes dispensable for maintaining

the global actin bundle pattern (Figure 4.17 B). These data suggest that an interaction be-

tween the basal actin bundles and polarized ECM may maintain the tissue-level alignment

of these structures at later developmental stages.
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Figure 4.17: A) Representative images of Collagen IV alignment in stage 1-7 egg chambers.
Quantification of collagen IV and actin global alignment though development. Actin align-
ment is shown for egg chambers treated with the arp 2/3 inhibitor or control molecule. Scale
bar=10µm.

4.5 Discussion

In this chapter it was shown that FC migration begins shortly after egg chambers emerge

from the germarium and that this motion is driven by SCAR-dependent lamellipodia at

each follicle cells leading edge. Thus, the well-studied mechanisms that underlie individual

cell motility also promote the collective migration of the follicle cells that causes the egg

chamber to rotate. There is growing evidence that coherent rotational motion may be an

intrinsic property of epithelial tissues that adopt circular or spherical geometries. This work

highlights how epithelial rotation can be harnessed to organize a tissue for morphogenesis.

It has been previously established that egg chamber rotation creates a system of polarized

fibril-like structures in the follicular ECM required for egg chamber elongation [41]. This
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data now show that rotation also promotes the tissue-level alignment of the basal actin bun-

dles.

Based on these findings a three-step model for global alignment of basal actin filaments

is proposed (Figure 4.18). First, the basal actin bundles become globally aligned within the

follicle cell precursors in the germarium. Second, this tissue-level actin pattern is inherited

by a stage one egg chamber and is then maintained by the newly discovered early FC mi-

gration phase. Third, FC migration creates the fibrillar pattern in the ECM, which then

reinforces and stabilizes global actin bundle alignment through local cellmatrix interactions

starting at stage six. In this way, epithelial rotation could provide a single mechanism to

actively maintain, and then fix global actin alignment.

Going forward, the subcellular mechanisms that allow FC migration to maintain global

tissue alignment remain to be uncovered. Furthermore, the functional significance of global

actin alignment for egg chamber morphogenesis remains to be established. One possibility

is that early FC migration transmits polarity information across the plane of the growing

epithelium. From stages one to six, the number of follicle cells increases approximately ten-

fold. As these cells migrate as a sheet, newly formed daughter cells could quickly establish

a frontrear axis through positional cues from their neighbors. An individual FC may then

preferentially orient the polymerizing ends of its basal actin filaments towards the leading

edge and the depolymerizing ends towards the trailing edge; however, the dynamics of the

individual actin bundles remain to be investigated. Future work will also be required to

determine how the actin bundles become organized into parallel arrays within each cell, as

this phenomenon is not FC migration dependent.

Notably, it is not the lamellipodial actin networks themselves that orient the contractile

actin bundles. When an egg chamber contains a small clone of Abi RNAi follicle cells, rota-
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tion continues and the mutant cells are carried along. Under these conditions, the depleted

cells lack leading edge protrusions but their basal actin bundles still show proper tissue-level

alignment. In classic planar cell polarity systems, the presence of a small mutant clone can

produce a phenotype in which planar polarity is perturbed in and around the clone, but is

normal elsewhere in the tissue. In contrast, the tissue-level orientation of the basal actin

bundles is an all-or-nothing process [39]. This phenomenon was first noted for fat2 mosaic

egg chambers [108]. When fat2 mutant cells make up <60% of the epithelium, tissue-level

actin bundle alignment is normal; when mutant cells exceed 60%, actin bundle orientation

is globally perturbed. This all-or-nothing relationship also holds true for epithelia that are

mosaic for Abi function (this work) or Misshapen function [57]. The model that emerges is

that the deciding factor between global actin bundle alignment and global perturbation is

whether there are enough wild-type cells in the epithelium to allow bulk tissue movement to

proceed.
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Figure 4.18: Tissue-level alignment of the basal actin bundles is established in the germar-
ium. Slow rotation occurs between stages one and five. This phase of rotation is required
to maintain tissue-level actin bundle alignment. Fast rotation occurs between stages six and
eight but is dispensable for the maintenance of the global actin pattern. This phase corre-
lates with the polarization of the basement membrane, which may function to stabilize the
actin pattern. Tissue-level polarization of the actin bundles and the basement membrane is
maintained after migration stops at stage nine and the oscillating actin bundle contractions
begin.
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CHAPTER 5

CONCLUSION

In this thesis work cell migration was studied at two different scales. First, the sub cellular

mechanisms for contact guidance were investigated using UV micropatterning and estab-

lishing metrics to characterize cellular phenotypes. The contribution to contact guidance

of the cellular feedbacks involved in the regulation of cell migration, including Rac spatial

regulation, Myosin II activity and focal adhesion signaling, was established.

The ability of cells to change shape and direct their migration in response to ECM ge-

ometric cues has been characterized for decades and remains an area of active research

[26, 69, 70, 23, 20, 96, 116]. Previous studies have characterized extensively the ability of a

variety of cells to respond to changes in ECM geometry at scales ranging from nanometers

[97, 60, 49] to hundreds of micrometers [104, 105]. Despite numerous studies that point that

the ability of cells to sense their underlying matrix is ubiquitous across cell types and occurs

at different scales, there have been very little studies that address the mechanisms of contact

guidance. Efforts have focused on understanding the mechanisms of contact guidance in the

extreme where cells are confined to a single line of ECM. In this case, cells move 1.5 times

faster than in a classic 2D environment due to changes in lamellipodial dynamics and in-

creased mechanical coupling between adhesions and the protrusive machinery [25, 24]. While

the effects of different degrees of confinement on cell migration can be studied by varying the

width of the ECM line, migration direction is trivially parallel to the ECM. Therefore, to

understand the mechanisms by which cells adjust their direction of migration in response to

changes in ECM geometry, we patterned microenvironments where the ECM line width was

constant. By patterning ECM architectures with parallel lines of a fixed width that impose

no limitations on adhesion formation, we show that in the absence of confinement cells are

capable of directing migration parallel to the ECM.
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Studies done on cell derived matrices and ECM protein hydrogels have shown that cells

orient their motility and shape in response to anisotropies in the ECM in the absence of

confinement [84, 54]. These experimental systems resemble more closely the in vivo mi-

croenvironment, however they have the disadvantage that it is challenging to control the

degree in anisotropy of the ECM with subcellular resolution. In these cases, only binary

comparisons can be made (aligned ECM vs not aligned ECM), making it impossible to dis-

cern whether cells are sensitive to a range of anisotropies in the ECM or if guidance is just a

binary phenomenon. By varying the spacing between lines we are able to control the degree

of anisotropy in the ECM. Thus, our study addresses a gap in the literature showing that

variations in anisotropy of the ECM at the micrometer scale can influence migration in a

continuous way. At the same time, we show that by changing the fibril-like spacing alone

cells can tune their guidance behavior, in contrast with previous studies where surface to-

pography and fibril-like spacing are changed simultaneously [20, 96, 84, 29, 102, 110, 109, 64].

Our work provides the foundation towards a mechanistic understanding of contact guidance

at the micrometer scale. Previous work in structured ECM showed that Rac was activated

at sites of adhesion formation, consequently stimulating protrusion formation at those sites

[116]. While myosin II activity was shown to be important for the cell shape changes that oc-

cur in response to structured ECM [30, 90]. However, by manipulating the main feedbacks

that regulate cell migration we show that defects in contact guidance stem from defects

in the spatial control of protrusive activity. Our quantitative analysis enabled the charac-

terization of contact guidance, allowing comparison of cellular phenotypes across different

perturbations. Comparison across experimental conditions shows that perturbations where

cells lose their ability to migrate parallel to the ECM fail to localize protrusions or have

protrusions with increased area. By contrast, Arp 2/3 inhibition improves contact guidance

by a decreasing in protrusion area and improved localization of protrusions along the lines.

Collectively these results show that contact guidance relies on spatial control of leading edge
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protrusion. The defects we observe in migration guidance can be explained by changes in

two distinct parameters of protrusion: orientation and size. Specifically, contact guidance

is controlled by each one of these parameters since disruption of either one is sufficient to

produce loss of contact guidance. These two parameters are tuned subcellularly by a posi-

tive feedback between adhesion formation and protrusion initiation and a negative feedback

between myosin II dependent elongated shapes and formation of protrusions perpendicular

to the ECM. For spacings ≤ 5µm these two feedbacks are required to enforce elongated cell

shapes and migration to the ECM. As spacing is increased, the physical size of protrusions

limits the ability of protrusions to be stabilized perpendicular to the ECM, further enhancing

contact guidance. The spacing at which this transition occurs is most likely cell type de-

pendent since variations in lamellipodia size that are cell type dependent will influence this.

Thus, we envision that contact guidance is a function of protrusion area and orientation,

where these two parameters can be regulated through different cellular pathways. Future

work remains to be done to investigate other cellular pathways that regulate the efficiency of

contact guidance that may arise from focal adhesion signaling and protrusion dynamics. In

addition, the connection between contact guidance at the micrometer scale and the nanome-

ter scale remains to be explored. While there is little mechanistic understanding of contact

guidance at the nanometer scale, there is evidence that focal adhesion and protrusion orien-

tation correlate with the ability of cells to align parallel to the underlying matrix [96, 97, 49].

At this scale, other molecular feedbacks might become important for ECM sensing such as

local curvature of cell shape and adhesion signaling driven by focal adhesion kinase [44, 98].

In the second part of this thesis, the role of egg chamber rotation for tissue-scale patterning

was investigated, along with the cellular mechanisms that drive collective migration. There

was evidence that rotation of the egg chamber was driven at the cellular level by the classical

mechanisms of cell migration [57], however this remained to be confirmed. Our work revealed

that components required to build lamellipodia and fillopodia localized at individual follicle
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cell leading edges, including scar, abi and ena. Depletion of these components showed that

follicle cells rely on lamellipodia but not fillopodia protrusions to move forward. Interest-

ingly, lamellipodia are required for motility non-cell autonomously since clones where abi is

depleted can move with the rest of the epithelium if most of the cells in the epithelium are

wild type. This result is consistent with the phenotype observed in other migration defective

egg chamber mutants where entirely mutant epithelia do not migrate collectively, but mutant

clones can be carried along with their wild type neighbors [107, 41, 57, 91]. Together these

observations suggest that collective cell migration in the FC epithelium is a robust “all or

nothing” process, where long range interactions dominate over local defects.

Since the discovery of egg chamber rotation, the relationship between rotation and the es-

tablishment of the tissue-scale actin and ECM patterns became of interest. While the ECM

was reported to acquire its oriented structure at stages 5-6 [41], the timing of the emergence

of the actin pattern was poorly explored. Furthermore, the functional relationship between

FC migration and the emerge of the tissue-scale actin pattern was not clear. Therefore to

determine the relationship between collective migration and the tissue scale alignment of

actin filaments, the dynamics of establishment of the pattern were analyzed in detail. Using

a newly developed metric to measure tissue scale actin alignment, we determined that the

global actin pattern is present from the onset of egg chamber formation at stage one, and

persists through development. Since FC migration was reported to begin at stage 5 [41],

this result would imply that tissue-scale actin alignment occurred earlier than collective cell

migration, decoupling this events temporally. However, closer investigation of the dynamics

of migration revealed that egg chamber rotation initiated at stage 1, not 5 as it was pre-

viously reported. Therefore collective migration and tissue scale actin patterning coincided

temporally, but initiated earlier in development, at stage 1. Establishment of the mecha-

nisms for FC migration provided us with the tools necessary to explore this relationship. By

blocking migration using RNAi in the entire epithelium, it was shown that FC motility is
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required for the maintenance of tissue-scale actin alignment, since under this condition egg

chambers lost the global actin pattern increasingly as development progressed. Similar to

the actin pattern, the ECM failed to organize in a fibril-like structure perpendicular to the

A-P axis at a tissue scale in egg chambers expressing Abi RNAi. Since it was not possible to

decouple the influences of motility and the ECM pattern in Abi RNAi egg chambers, drug

treatment was used as a mean to acutely disrupt migration, without preventing ECM align-

ment. Treatment with the arp 2/3 inhibitor blocked migration but not ECM alignment in

egg chambers of all developmental stages, establishing it as a tool to decouple the influence

of migration and ECM alignment in the establishment tissue-scale actin alignment. Egg

chambers where migration was blocked using the arp 2/3 inhibitor at stages 1 through 5 lost

tissue scale actin alignment, in contrast with stage 6-8 egg chambers where actin alignment

was preserved even in the absence of migration. Altogether these results suggest that collec-

tive migration of the FC epithelium maintains the tissue scale actin alignment inherited from

the germarium at stages 1 through 5, however, at later stages where the ECM is aligned,

migration is dispensable for the maintenance of the global actin pattern. Whether it is the

fibrillar matrix or some other polarized feature of the epithelium that preserves the actin

bundle alignment remains to be uncovered.

Our work established the requirement for migration to preserve the tissue scale actin pattern,

however the mechanisms by which this occurs remained unclear. Recent evidence has called

into question our results providing an example of a mutation where tissue-scale actin align-

ment is preserved in the absence of migration. It was shown that expression of a truncated

form of the atypical cadherin Fat2 missing the intracellular domain (Fat2∆ IC), could rescue

the loss of tissue-scale actin organization in a fat2 mutant epithelium. Intriguingly, Fat2∆

IC egg chambers are unable to migrate [5]. A different study showed that fat-2 interacts

with the wave regulatory complex (WRC), providing a link between planar cell polarity and

actin polimerization [91]. Similarly, the WRC interacts functionally with the ECM receptor
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Lar, possibly relaying information to the ECM to direct motion as a result of directed actin

polymerization [91]. Disruption of the interactions between Lar, fat2 and WRC results in

loss of tissue scale actin alignment and defects in egg chamber elongation, however, these

interactions are required non-cell autonomously since mosaic epithelia exhibit actin polar-

ization. These results strongly suggest that fat2 is critical for the establishment of tissue

scale actin alignment. If migration is indeed correlated with tissue scale actin alignment, as

our results show, the fact that Fat2∆ IC egg chambers are unable to migrate is extremely

puzzling. Unpublished data from the Horne-Badovinac lab is able to reconcile this apparent

contradiction [6]. Contrary to the model that proposes that both Fat2 and Lar interact with

WRC stimulating the formation of leading edge protrusions cell autonomously, these new

data show that Fat2 plays a noncell-autonomous role stabilizing Lar, thus stimulating protru-

sion, in the leading edge of the cell directly behind. In order for fat2 to stimulate protrusion

in neighboring cells, its intracellular domain is largely dispensable. Additionally, these new

data show another mechanism by which fat2 might help coordinate FC migration. Fat2 null

cells have elongated basal surface, a phenotype that reflects defects in tail retraction [57].

This opens up the possibility that lack of migration seen is Fat2∆ IC egg chambers stems

from a defect in tail retraction. In this case, since fat2’s intracellular domain is dispensable

for the stimulation of leading edge protrusion these cells are primed for migration, however

are unable to move due to defects in tail retraction; suggesting that the intracellular domain

of fat2 is important for this function. In light of this evidence the conclusion that collective

cell migration is required for tissue-scale actin polarization needs to be reformulated. A more

precise description would be to say that tissue-scale actin polarization can be maintained

as long as the epithelium is strained in the direction perpendicular to the A-P axis. In the

case of Fat2∆ IC egg chambers, FCs might be strained due to their polarized protrusions

and inability to retract their tails. In the case of migrating epithelia, motility itself imposes

a strain in the tissue, orienting the actin filaments. This expanded conclusion highlights the

importance of physical forces in the coordination of FC migration.
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Altogether, the work presented in this thesis shows the importance of meaningful quan-

titative measurements in cell biology research. By identifying the control parameters of a

cellular or tissue behavior it is possible to describe and compare the phenotypes observed,

yielding insights into a process. Without identification of the parameters relevant in each

case and development of metrics to describe them quantitatively, insights into the processes

of contact guidance and establishment of tissue-scale actin polarity would not have been

possible.
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APPENDIX A

EXPERIMENTAL PROTOCOLS

A.1 Coverslip Activation

To coat with a polyacrylamide gel, coverslips need to be activated. The first part of the

activation process requires ‘squeaky cleaning’ of the coverslips.

A.1.1 Squeaky cleaning

Eliminate as many bubbles as possible in every step.

1. Place new coverslips into a beaker of tap water, sonicate for 30 minutes.

2. Exchange solution to dilute versa-clean in DI water, sonicate for 30 minutes.

3. Exchange solution to DI water, sonicate for 30 minutes.

4. Exchange solution for 30% ethanol, sonicate 30 minutes.

5. Exchange solution for 70% ethanol, sonicate 30 minutes.

6. Exchange solution for 100% ethanol, sonicate 30 minutes.

7. Exchange solution with fresh 100% ethanol, sonicate 30 minutes.

8. Pour out 100% ethanol and place coverslips in a jar with 100% ethanol for storage.

A.1.2 Activating coverslip surface

1. Place squeaky clean coverslips in stainless steel rack. Flame coverslips individually to

get rid of the ethanol.
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2. Soak in 2% 3-aminopropyltrimethyoxysilane diluted in isopropanol for 10 minutes.

Use a glass pasteur pipette to dispense aminosilane. Pipette bulb ≈ 1.5ml, square dish

≈ 350ml, so about 6 squirts in a dish.

3. Dispose of the waste in a chemical waste container. Rinse converslips in DI water 3-4

times.

4. Wash in DI water for 10 minutes. Rinse in DI water 3-4 times.

5. Dry coverslips at low temperature in incubator.

6. Immerse in 1% gluteraldehyde solution in H2O for 30 minutes. Dispose of waste in

chemical waste container.

7. Wash in DI water for 10 minutes, exchange solution and repeat 2 times.

8. Dry in incubator.

9. Cover in aluminum foil to keep dust away. Store at room temperature.

A.2 UV micropatterning

This technique uses a quartz-chrome photomask to create ECM patterns with micrometer

resolution. The mask layout can be designed in AutoCAD (or similar software) and it can

be sent to http://www.micro-tronics.com/ for manufacturing. Figure A.1 shows a typical

layout for a 5X5 inch photomask. Using this layout each white rectangular region fits a

22x40 mm coverslip. Each of these rectangular regions will contain the patterns designed in

AutoCAD. It is recommended to include several repeats of each desired shape per coverslip.

A reasonable rule for distributing shapes within a coverslip is to space each shape by its size.

Additionally it is useful to include two replicates for each coverslip design, since coverslips

can be lost during the patterning protocol.

79



Figure A.1: Recommended layout for a 5x5mm Quartz-Chrome Photomask. Each white
rectangular region should include several pattern repeats and fits a 22x40mm coverslip.

Once the mask design is complete, the following protocol can be used to obtain ECM patterns

on PAA gels:

1. Clean the Quartz-Chrome mask

Rinse with isopropanol ≈ 600µl and wipe off with a kimwipe.

Under the hood: Use an insulin syringe to take ≈ 400µl of hexane and clean the

surface again, wipe off excess with kimwipe.

Finally rinse with ≈ 600µl of DI water and wipe off with a kimwipe.

2. Make gels

Prepare polyacrylamide (PAA) gel of desired stiffness following the standard recipe

on the Gardel lab PAA gel worksheet.

Add 11−20µl of PAA mixture on top of the mask region that contains the desired

patterns. This PAA volume is appropriate for 22mm round, 25mm round and 22x40mm

rectangular coverslips.

Drop an activated coverslip on each PAA drop.

Let gel polymerize for 30 min protected from light.
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3. Bake mask: Put mask upside down (glass side up) in UV oven (UVO-Cleaner 342,

Jelight, Irvine, CA) and illuminate with a combination of 185- and 254-nm ultraviolet

light for 2 minutes and let sit for 3 min (to get rid of the ozone).

4. While baking the mask weight 10mg of EDC and 17mg of NHS. Dissolve each one

separately in 1ml of ddH2O and vortex to dissolve. Combine both solutions to get

2ml.

5. Pipette 200µl of solution onto parafilm for every coverslip that is being patterned. Set

aside.

6. Fill with DI water (≈ half full) a rectangular PIREX dish and set aside.

7. Submerge the mask in water and scrape off coverslips with a razor blade and tweezers.

Use caution when removing the coverslips since any scratches on the mask can take off

the quartz layer distorting the patterned features.

8. Wick away the extra moisture of the coverslips by touching a kimwipe with the edge

of the coverslip.

9. Invert coverslips onto EDC-NHS drops (Gel side should be touching the liquid). Incu-

bate 10-15 minutes. It is recommended to wait 10 minutes and check for the formation

on bubbles, if bubbles don’t appear under the coverslip wait an extra 5 minutes.

10. A few minutes before coverslip incubation is done, prepare ECM protein

For Collagen (Rat tail collagen I, Gibco, Cat: A1048301): Bring up to 0.5 mg/ml

in 10mM PIPES (pH 7).

For Fibronectin(Human plasma fibronectin, Millipore, Cat: FC010): Bring up to

0.08 mg/ml in 10mM HEPES (pH 8.5).

11. Pipette 50µl of protein solution per coverslip onto parafilm.
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12. Invert coverslips onto ECM protein drops, incubate for 30 minutes at room tempera-

ture.

13. Rinse 3 times 5 minutes each with sterile PBS under the hood.

14. Cells can be added to patterns immediately or patterns can be stored in the incubator

immersed in media for use the next day.

Troubleshooting:

• Coverslips can’t be removed from mask after PAA polymerization.

Use freshly activated coverslips, to make pattens, coverslips should not be more

than 3 weeks old.

Clean with hexane 2-3 times before polymerizing gel. Make sure that the mask is

hydrophobic.

• Cells adhere to PAA gel outside of the regions patterned.

Make sure to rinse thoroughly coverslips with sterile PBS before cells are added.

Coverslips with cells can be rinsed with cell culture media using a 1ml pipette.

This creates a faster flow than using a 5ml pipette and sometimes helps remove poorly

attached cells outside of patterned regions.

• Cells do not attach at all to polyacrylamide gels.

After several weeks of use, the mask can get dirty reducing the efficiency of pat-

terning. In this case it is recommended to clean photomask in the UV oven by baking

it for 15 minutes on each side. This will remove all dirt and also the hydrophobic

coating, therefore it is recommended to wash with hexane 3-5 times in the next use.
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A.3 Fix and Stain of cells

Reagents needed: Paraformaldehyde, 16% solution (Electron microscopy sciences). BSA,

Fraction V heat shock isolation, 98% pure (EMD chemicals).

Solutions needed:

• Cytoskeletal buffer (500ml 10X stock, pH to 6.8): 0.1M MES, 0.03M MgCl2, 1.38 M

KCl, 0.02M EGTA.

• Fix solution: 4% Paraformaldehyde, 1.5% BSA, 0.5% Triton X in CB.

• Antibody solution: 1.5% BSA, 0.5% Triton X in CB.

Protocol:

1. Wash cells with 1ml warm cytoskeletal buffer (CB).

2. Aspirate CB and simultaneously wash in 1ml of warm fix solution.

3. Wash 3 times 5 minutes each with PBS.

4. Prepare primary antibodies by dissolving them in antibody solution (AB) to the right

concentration. Use 100µl of solution for each coverslip.

5. Pipette 100 µl drops of primary antibody solution onto parafilm and invert coverslips.

Incubate overnight at 4C.

6. Rinse coverslips 3 times 5 minutes each with PBS.

7. Prepare secondary antibodies by dissolving them in antibody solution (AB) to the

right concentration.Use 100µl of solution for each coverslip.

8. Pipette 100 µl drops of secondary antibody solution onto parafilm and invert coverslips.

Incubate at room temperature for an hour.

9. Rinse 3 times 5 minutes each.
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10. Mount on glass slides using 10µl of prolong gold or antifade solution.

11. Seal with nail polish.

A.4 Antibody stain of Drosophila egg chambers

5-10 females should be fed yeast 1-3 days prior to dissection in the presence of males.

Solutions needed:

• Fix solution: 300 µl of S2 medium, 100 µl of 16% EM grade fomaldehyde.

• PBT: 1X PBS, 0.1% Triton X.

1. Dissect ovaries in S2 medium, carefully tease ovaries apart with forceps. To preserve

actin structures, this step can be done in live imaging media.

2. Transfer ovaries to fix solution and incubate for 15 minutes while rocking.

3. Wash 3 times 5 minutes each with 600 µl of PBT while rocking.

4. Remove final wash and add 300 µl of PBT.

5. Disrupt ovaries by gently pipetting and let them settle for 10 minutes.

6. Wash 2 times 10 minutes each in 600 µl of PBT without rocking.

7. Incubate in primary antibody diluted in 100-200µl of PBT overnight at 4C.

8. Wash 4 times 10 minutes each without rocking.

9. Incubate in secondary antobody 1:200 in 200 µl of PBT for 3 hours at room tempera-

ture.

10. Wash 4 times 10 minutes each with PBT without rocking.

11. Remove final wash and add two drops of antifade solution.

12. Mount egg chambers on glass slide and seal the coverslip with nail polish.

84



A.5 Drosophila egg chamber live imaging protocol

Reagents needed for this protocol:

• FM464: Optional dye to detect egg chamber damage.

• Penstrep: Penicilin G-sodium 10,000 U/ml, streptomycin sulfte 10,000 µg/ml in 0.85%

saline.

• Acidified water: 1 µl of HCl in 1ml of H2O.

• S2 cocktail: S2, 15% FBS and 0.6X penstrep.

• Insulin solution: 1mg of insulin in 100µl of acidified H2O.

• Low melt agarose (LMA): 2.5% dissolved in water.

• Live imaging media (L): 1.47 ml of S2 cocktail, 30 µl of insulin solution, 15 µl of FM464

(optional).

• Live imaging media + agarose (L+): 500 µl of S2 cocktail, 20 µl of insulin solution,

150 µl of LMA, 15 µl of FM464.

1. Prepare L and L+ media warming them up to 37C.

2. Clean and dry a 22x30 glass coverslip with glass washing solution and lens paper (a

squeaky cleaned coverslip can also be used).

3. Glue coverslip to metal live imaging slide using parafilm.

4. Dissect 2 females in 500 µl of L solution.

5. Put a large drop ≈ 250 µl of L+ solution on the prepared live imaging slide. Take slide

to dissection microscope.

6. Gather good ovarioles with a glass pipette and pipette onto live imaging slide.
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7. Reposition ovarioles for optimum imaging with an eyelash tool.

8. Pipette off excess liquid and seal with a breathable slide.

9. Halocarbon oil can be added to the sides of the slide to prevent evaporation.
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