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ABSTRACT

Collective cell migrations are a major means by which animals' epithelial tissues move, re-

organize, and remodel their environment. Epithelial cells are tightly adhered to one another

in a continuous tissue sheet, so for a cell in the interior to move it must displace a neighbor-

ing cell. In this con�ned context, cells and their neighbors must coordinate their motility

behaviors to move in concert rather than pushing and pulling one another unproductively.

However, we have limited examples of the cellular and molecular mechanisms underpinning

that coordination and do not know if they are generalizable. The follicular epithelium of

Drosophila melanogastero�ers an opportunity to test the generality of these mechanisms

in vivo and to identify new ones. Follicle cells undergo a highly persistent collective mi-

gration that can be observed live with subcellular resolution as it occurs in an intact tissue

and with its physiological substrate. This migration is made possible by an unconventional

planar signaling system that couples the trailing edge of each cell to the leading edge of the

cell behind. Several proteins in this system�Fat2, Lar, Sema5c, and Plexin A�have been

identi�ed. However, they have primarily been studied as discrete Fat2-Lar and Sema5c-

Plexin A pairs, and the mechanisms by which they become planar-polarized and polarize the

cells' motility machinery are still largely unknown. I investigated how molecular interactions

within and between these protein pairs maintain their polarized distributions, and how they

work together to regulate the cells' motility machinery, with a focus on their lamellipodia.

I have organized my work into three data chapters (Chapters 2-4). In Chapter 2, I

show that trailing edge-enriched Fat2 acts in trans to polarize the protrusive activity of the

following cell, and that it accomplishes this by concentrating the lamellipoda-templating

WAVE complex in puncta just across the interface from Fat2-containing puncta. In Chapter

3, I expand my focus to include Lar and Sema5c. Fat2 was previously shown to localize Lar

in trans to leading edges, and I show that it does the same for Sema5c. From there, Lar and

Sema5c signal in parallel to regulate migration. Fat2 therefore polarizes two arms of a planar

x



signaling system, one including Lar and the other Sema5c and Plexin A, each with distinct

outputs to the cell motility machinery. Previous phenotypic data and my own �ndings

support a model in which Lar acts as an attractive cue by regulating protrusion at leading

edges, and Sema5c and Plexin A signal repulsively to trailing edges. In Chapter 4, I present a

new method for acutely inhibiting Fat2 and inducing disassembly of the Fat2-based puncta,

and show that it can be used to follow puncta reassembly and the onset of collective migration

ex vivo. Altogether, I �nd that Fat2 polarizes and aligns follicle cells' motility machinery

using a multi-output planar signaling system with attractive and repulsive signaling arms.

My work demonstrates how coordination strategies can be deployed combinatorially to give

rise to emergent collective behaviors. It also highlights the overlapping challenges that tissues

must overcome to achieve planar cell polarity and collective cell migration.
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CHAPTER 1

INTRODUCTION

1.1 Preface

The properties of animal tissues emerge from the behaviors of their constituent cells and

interactions among those cells. One such property is the migratory state of the tissue�

whether its cells remain stationary, rearrange locally, or undergo longer-range movement.

Another is the presence or absence of planar cell polarity, in which individual cells are

polarized in the plane of the sheet-like tissue and those polarities are aligned in a common

direction. I use theDrosophila egg chamber's follicular epithelium as a model in which to

study these two tissue states and how they are in�uenced by signaling interactions among

neighboring cells. Follicle cells' planar polarity and collective migration are inextricable

from one another, with planar-polarized signaling orchestrating collective migration and

collective migration stabilizing planar polarity. In this chapter, I introduce the concepts

and �ndings that have informed my dissertation. First, I provide an overview of collective

cell migrations and the signaling mechanisms that coordinate them, building up from a

description of crawling motility in individual animal cells. I then discuss planar cell polarity

and the architecture of protein signaling systems that orchestrate it in di�erent tissues.

Finally, I introduce the Drosophila egg chamber and our current understanding of the planar-

polarization and rotational collective migration of its follicle cells.

1.2 Crawling cell motility

During crawling, or mesenchymal, migration, cells extend F-actin-rich protrusions from their

leading edges, increase F-actin contractility at their trailing edges, and dynamically form

and disassemble focal adhesions or other transmembrane protein assemblies that adhere

them to their substrate (Bodor et al., 2020). The composition and properties of protrusions,
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contractile F-actin networks, and adhesions vary among di�erent types of cells, and a within

a single cell they can reorganize to accommodate diverse substrates, but the basic motile

force generation mechanism remains similar (Bodor et al., 2020). One widely-deployed type

of protrusion is the lamellipodium, which is formed by a polymerizing network of branched

actin that grows towards and pushes against the plasma membrane (Graziano & Weiner,

2014; Krause & Gautreau, 2014; Mullins et al., 2018). The membrane's advancement creates

a new region of cell-substrate contact that can be stabilized by the formation of adhesions

within this region. Behind the advancing lamellipodium, F-actin is organized into contractile

actomyosin networks including the mesh-like F-actin cortex or bundled F-actin stress �bers.

The gradient of greater actin polymerization in the lamellipodium to greater myosin-driven

network contraction elsewhere results in a rearward (�retrograde�) �ow of the entire network

(Welch et al., 1997). Cell-substrate adhesions such as integrin-based focal adhesions bind to

that F-actin network, and their frictional resistance to its �ow channels some of the energy

of F-actin polymerization and contraction in the forward direction, allowing it to push the

cell's leading edge forward (Case & Waterman, 2015). Focal adhesions placed under tension

by F-actin �ow are stabilized and strengthened, whereas those that are not under tension

are rapidly disassembled, so the strength and distribution of adhesions adapts to the tension

load and allows cells' motile force generation to be responsive to their internal state and

environment (Burridge & Guilluy, 2016; Gardel et al., 2008; Wehrle-Haller, 2012a). Finally,

adhesions that reach the trailing edge are detached from the substrate and disassembled,

allowing the trailing edge of the cell to release and move forward (Wehrle-Haller, 2012b).

Lamellipodium assembly by the WAVE complex

The branched actin networks of lamellipodia are templated by the heteropentameric WASP

family verprolin homolog regulatory complex (WAVE complex) (Ste�en et al., 2004; Weiner

et al., 2006), whose biochemical activities and localization tendencies position these networks
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and contribute to their sheet-like shape and physical adaptivity (Miki et al., 1998; Miki et al.,

2000; Pipathsouk et al., 2019). The WAVE complex localizes in linear hetero-oligomers along

the plasma membrane (Pipathsouk et al., 2019), where it feeds actin monomers into growing

actin �laments and activates Arp2/3 to form new branches on those �laments (Bieling et

al., 2018; Machesky et al., 1999; Mullins et al., 2018). Together, these activities result in

a highly branched, sheet-like F-actin network with its growing ends oriented towards and

pushing against the plasma membrane. The WAVE complex is localized by binding to

Rac and Arf GTPases and phosphatidylinositol (3,4,5)-triphosphate (PIP3) at the plasma

membrane (Humphreys et al., 2012; Koronakis et al., 2011; Lebensohn & Kirschner, 2009;

Oikawa et al., 2004; Sossey-Alaoui et al., 2005), and also exhibits cooperative localization

dynamics such that gradients of Rac or PIP3 can result in sharp boundaries between regions

of high and low WAVE complex accumulation (Graziano & Weiner, 2014; Weiner et al.,

2007). The WAVE complex exhibits a preference for accumulation at regions of high positive

membrane curvature as are found at the tips of lamellipodia (Pipathsouk et al., 2019),

and this preference may contribute to its cooperative localization. Binding to Rac at the

membrane relieves inhibition of the Arp2/3-activating and G-actin-binding domains within

the WAVE complex's Scar/WAVE subunit, restricting the activity of the complex to sites

of membrane and Rac binding (Chen et al., 2010). The WAVE complex is inactivated by

dissociation from the plasma membrane, and F-actin network polymerization contributes

to this dissociation, such that the activity of the WAVE complex contributes to its own

inactivation (Graziano & Weiner, 2014; Huang et al., 2013; Millius et al., 2012; Weiner

et al., 2007). The combination of cooperative localization, negative feedback from actin

polymerization, and the dynamical properties of its activators discussed in the subsequent

section leads the WAVE complex to exhibit excitable dynamics, accumulating and templating

lamellipodia in bursts, oscillations, or traveling waves.

3



Directionality and persistence in cell migration

The direction of motile force generation and cell crawling is determined by the distribution

of regions of F-actin network polymerization and contraction, which sets the direction of the

tensile force that the network exerts on cell-substrate adhesions, and by the distribution of

those adhesions, which shapes the resistance to that force that converts rearwards network

�ow into forwards pushing against the plasma membrane (Barnhart et al., 2011; Yolland

et al., 2019). Migration direction and speed can therefore be regulated by modulation of

F-actin polymerization, contractility, or cell-substrate adhesion, which I refer to collectively

as the �motility machinery�. Regulation can come from a cell's environment or from cell-

intrinsic, self-organized polarity networks. In this section, I focus on cell-intrinsic polarity

during cell migration. In subsequent sections, I will return to motility regulation by extrinsic

signals.

Many cells are capable of polarizing their motility machinery through networks of posi-

tive and negative feedback that stabilize di�erent cytoskeletal architectures in di�erent re-

gions of the cell (Devreotes & Horwitz, 2015; Li et al., 2020; Stock & Pauli, 2021). These

polarity circuits commonly include Rac and Rho GTPases, phosphoinositides, F-actin net-

works, and mechanical features such as membrane tension. Mutual antagonism between

the phosophoinositide PI(3,4,5)P3 and its phosphatase PTEN can generate a bistable state

with PI(3,4,5)P3 and PTEN partitioned into separate regions (Matsuoka & Ueda, 2018).

Similarly, mutual antagonism between Rac and Rho GTPases mediated by e�ectors of each

protein can contribute to partitioning of zones of high Rac and Rho activity. Rac and

PI(3,4,5)P3 activate the WAVE complex and promote protrusive, leading edge-like states,

whereas Rho increases myosin activity and promotes a contractile, trailing edge-like state.

In addition to circuits built around mutual antagonism among leading and trailing edge

constituents, polarization can be driven by networks of local excitation and global inhibition

(Xiong et al., 2010). For example, excitation of WAVE complex-dependent protrusion at
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one site along the membrane can raise membrane tension around the entire cell, creating a

higher barrier to the formation of additional protrusions (Diz-Muñoz et al., 2013; Houk et al.,

2012). In some cells and contexts, local excitation/global inhibition or mutually-inhibiting

polarity networks can be excited or polarized by stochastic �uctuations in the cell state, and

so will drive cell polarization with no extrinsic directional inputs. For example, in uniform

ex vivo or cell culture environments, �sh keratocytes and vertebrate neutrophils are still able

to polarize and migrate in a random walk (Servant et al., 2000; Yam et al., 2007). In other

contexts, an extrinsic directional cue such as a chemokine or substrate sti�ness gradient is

necessary to push the cell into a regime where the polarized state is stabilized, but cells' abil-

ity to self-organize sharpens and stabilizes its response to that cue, increasing its sensitivity

and directional persistence (Stock & Pauli, 2021). In vivo, cells are typically integrating

many extrinsic and intrinsic mechanical and biochemical cues that in�uence whether, and

in what direction, they polarize and migrate.

1.3 Collective cell migration

Cells elaborate the bodies of animals using a wide array of collective behaviors�groups of

cells contract to make folds and boundaries, intercalate between one another to elongate

tissues, and remodel extracellular matrices through patterned tensile forces. Cell migrations

are frequently also a collective process. Nearly all animal cell migrations are collective

events not reducible to the behaviors of each cell in isolation. For example, �broblasts

align extracellular matrix �bers as they crawl along them, and subsequent cells follow the

path of �ber alignment, such that groups of �broblasts both align and are aligned by their

extracellular matrixes (Park et al., 2020). In an example of biochemical coordination, cells

generate chemokine concentration gradients by metabolizing nearby chemokine molecules,

and they simultaneously move up the gradients they have generated, such that the group will

tend to move together towards regions of lower cell density (Tweedy et al., 2020). Collective
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cell migrations are usually de�ned more narrowly as migrations of groups of adherent cells

in the same direction and aided by interactions within the group. These too are common

in animals. They underlie a host of developmental processes including the well-studied

examples of �sh gastrulation and lateral line formation, vertebrate neural crest cell migration,

the outgrowth of vertebrate vasculature, and the branching of mammalian mammary gland

tissue (Anon et al., 2012; Arima et al., 2011; Ewald et al., 2008; Friedl & Gilmour, 2009;

Olson & Nechiporuk, 2018; Scarpa & Mayor, 2016; Schumacher, 2019; Shellard & Mayor,

2019b; Tada & Heisenberg, 2012). They are also part of homeostatic processes such as the

turnover of the epithelial cells that line the mammalian intestine and the closure of wounds

after injury (Friedl & Gilmour, 2009; Krndija et al., 2019). As evidence for the ubiquity

of these events, the rotational collective migration ofDrosophila follicle cells that is the

focus of my dissertation research is only one of at least three di�erent collective migrations

undertaken by these cells as they form an egg (Haigo & Bilder, 2011; Horne-Badovinac &

Bilder, 2005).

Scales of polarity in collective cell migration

As in individual cell migration, collective cell migration depends on the polarization of motil-

ity machinery along a front-rear axis, without which no net force is exerted on the cells' en-

vironment. However, the sites and scales at which polarity is present vary among collective

migrations. In some cases, cells at either end of the migrating group have distinct organi-

zations of their motility machinery, adopting specialized roles as �leaders� and �followers�

respectively (Campanale & Montell, 2023) (Fig. 1.1). This �supracellular polarity� con-

tributes to the directionality of group movement (Shellard & Mayor, 2019a). Cranial neural

crest cells inXenopusare an example of this migration mode�the cells at the rear form a

multicellular actin cable that restricts rearward protrusion and maintains group cohesion,

and those at the front exhibit higher protrusivity (Shellard et al., 2018). Often (as in the
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cranial neural crest), leaders and followers are not permanent cell di�erentiation states, but

rather cells move in and out of these roles as their position in the group changes (Shellard &

Mayor, 2019a; Shellard et al., 2018). Supracellular polarity is not always present�in some

collective migrations, cells throughout the group each adopt the same morphology, polarizing

along cell-scale leading-trailing axes (Cetera & Horne-Badovinac, 2015; Shellard & Mayor,

2019a) (Fig. 1.1). In these cases, directional group movement hinges on the alignment of the

cells' leading-trailing axes with those of their neighbors such that there is a net directional

force exerted by the group. This organization is an example of planar cell polarity, a topic I

will return to in a later section. It is exempli�ed by the rotational migrations of topologically

closed epithelia such as the follicle cells, which lack any global front or rear that could give

rise to supracellular polarity. However, degrees of this egalitarian collective organization are

more widespread, and it is possible (and perhaps the norm) for polarity to be present simul-

taneously at cellular and supracellular scales. For example, in theDrosophila border cells,

there are supracellular gradients of Rac activity and protrusivity across the cell cluster, but

Rac activity is also polarized within individual cells, and both of these scales contribute to

polarized protrusion and collective movement (Campanale et al., 2022). Supracellular polar-

ity and the behaviors of cells at the periphery of migrating groups are often easier to observe

experimentally than those of the cells in the group interior, so cases of planar alignment

of the cell motility machinery are likely to be underrepresented in the collective migration

literature.

Epithelial collective migration

Epithelial cells are well known for their ability to adhere to one another and polarize along

an apical-basal axis, and we now know that this does not preclude them from migrating

in a variety of contexts and in various geometries (Theveneau & Mayor, 2013). Clusters

or ducts of epithelial cells can migrate together along extracellular matrices or other cells,
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Figure 1.1: Polarity modes in collective cell migration. Diagrams of clusters of
collectively-migrating cells. In migrations that exhibit supracellular polarity, leading and
following cells adopt distinct morphologies and behaviors. In planar-polarized, egalitarian
collective migrations, each cell polarizes along a leading edge-trailing edge axis, and these
axes are aligned in the direction of migration. These represent two extremes of a continuum
of polarity modes�supracellular polarity and planar cell polarity can also coexist. Adapted
from Shellard and Mayor, 2019a.

as occurs in the migrations of theDrosophila border cells, zebra�sh kidney tubules, and

growing vascular endothelium (Friedl & Gilmour, 2009; Vasilyev et al., 2009). In addition,

epithelia can undergo collective migrations within largely two-dimensional epithelial planes,

moving along a largely two-dimensional basement membranes or other sheet-like substrates

(Theveneau & Mayor, 2013).

Many epithelial cell types are capable of migrating in this manner under the right condi-

tions, but a number of di�erent factors determine whether any particular epithelium will be

migratory and the mode in which that migration will occur. Epithelia can undergo solid-like

collective migrations (a.k.a. solid �ocking) in which the movements of cells across the tissue

are highly correlated with one another at both short and long length scales such that the

entire group moves together with minimal rearrangement among neighboring cells. They

can also undergo liquid-like migration (a.k.a. liquid �ocking), in which cells movements

remain correlated at long distances but less so at short distances due to frequent neighbor
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rearrangements. In the absence of long-range movement correlation, cell layers can again

be in either solid-like or liquid-like states depending on the degree of cell movement and

neighbor rearrangement. These four states can be though of as regions within an epithelial

migration phase space, with the position of an epithelium within that space in�uenced by

a number of di�erent factors (Atia et al., 2021; Trepat & Sahai, 2018). For example, high

cell density makes neighbor rearrangements di�cult and favors solid-like states whether mi-

gratory or non-migratory. A tendancy of neighboring cells to align with one another favors

solid-like migration over the other states. This can result from tissue-extrinsic in�uences like

an axial strain on the epithelium that elongates all the cells in the same direction, or by the

traits of the cells themselves, like the presence signaling systems that couple the polarities

of neighbors. Other factors such as the cells' propulsive force magnitude, their migration

persistence, and the strength of their adhesion to the substrate can also all in�uence the

migratory state of an epithelium (Atia et al., 2021; Trepat & Sahai, 2018).

Another important factor in epithelial migrations is their boundary conditions�whether

the epithelium is free to move or expand into adjacent open space, is con�ned by barriers like

other tissues, or is topologically-closed (picture a sphere) and so lacks either extrinsic barriers

or free space (Vecchio et al., 2023; Vedula et al., 2012). One of the best studied boundary

con�gurations is the epithelial wound (or in vitro wound models) in which the epithelium

has one free edge it can move into. This relieves a constraint on the cells' movement and

introduces a directional cue that guides them, and it also creates an asymmetry between

cells at the free edge and ones deeper within the tissue (Chepizhko et al., 2018). Cells at

the edge of the wound respond by forming lamellipodia along their free edges and exerting

stronger traction forces on their substrate, contributing to the spreading of the epithelium

into the open space (Kim et al., 2013; Mayor & Etienne-Manneville, 2016). Although it was

previously thought that the cells at the wound edge were largely responsible for generating

the motile forces that moved the sheet, with other cells being carried along, measurements of
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traction forces show that cells throughout the epithelium contribute to the force generation

that drives wound closure (Trepat et al., 2009). In keeping with this, cells several rows back

from the wound edge also extend lamellipodia between the basal surfaces of their neighbors

and the underlying substrate (Farooqui & Fenteany, 2005). Because these are often obscured

by the overlying neighboring cells and so are harder to identify than protrusions at free edges,

they have been termed �cryptic� lamellipodia (Farooqui & Fenteany, 2005). Further evidence

for wound closure being a collective process comes from studies of ERK signaling, with which

some epithelia orchestrate propagating waves of cell contraction and polarization that allow

the cells to move together more e�ciently (Hino et al., 2020).

Although free edges can encourage and guide collective epithelial cell migrations, they are

not required for migration to occur. Epithelia bounded on all sides by immovable barriers can

still undergo liquid-like rearrangements with no net collective movement, and topologically-

closed epithelia can undergo liquid-like or solid-like migrations. In cell culture, airway en-

dothelial cells enter a liquid-like state upon introduction of asthma-mimicking compres-

sive stresses (Park et al., 2015). Topologically-closed mammary gland organoids, intestinal

organoids, and kidney epithelial cell cysts all undergo rotational collective migrations when

grown in three-dimensional culture (Hirata et al., 2018; Tanner et al., 2012; Wang et al.,

2013; Yang et al., 2021). These migrations are not simply phenomena of cell culture, but also

occur in developmental and homeostatic contexts�although the geometry of rotating kidney

and intestinal cells is not found in vivo, mammary gland organoids do reproduce the tissue's

in vivo geometry, and it may be the case that their rotation is not an artifact of culture and

contributes to the morphogenesis of these structures (Fernández et al., 2021). In addition,

during zebra�sh eye development, retinal pigmented epithelial cells extend lamellipodia and

migrate towards the rim of the optic cup, and epithelial cells of the intestinal villi migrate

from villus crypt to tip despite the absence of a free edge in either case (Krndija et al., 2019;

Soans et al., 2022).
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1.4 Motility coordination at cell-cell interfaces

An important factor in whether, and how, groups of cells migrate is how their motility

behavior is a�ected by contact with one another (Trepat & Sahai, 2018). A cell's response

to contact with other cells is shaped in part by signaling systems that operate at cell-

cell interfaces (Mishra et al., 2019). Signaling systems can be grouped into attractive and

repulsive categories, with attractive ones promoting movement toward the cell-cell contact

site and repulsive ones either preventing movement or promoting movement in a di�erent

direction. Although these systems are highly salient to collective migration, much of our

knowledge about them comes from other contexts such as the collision of two individually-

migrating cells or the behaviors of axon growth cones as they migrate through di�erent

tissues and choose synaptic partners (Robichaux & Cowan, 2014). I will �rst describe some

of these systems and the cell responses they cause, and their relationship to collective cell

migration.

Repulsive signals

When two migrating cells colide with one another, stop migrating, and repolarize away from

a site of cell-cell contact (and sometimes detach and migrate away), that behavior is termed

�contact inhibition of locomotion� (CIL) or �contact repulsion� (Roycroft & Mayor, 2015,

2016). This avoidant behavior was �rst characterized phenomenologically in cells migrating

in at low densities in culture (Abercrombie & Heaysman, 1954). Since then, it has since

been shown to in�uence the migrations of both individual cells and adherent cell groups in

vivo (Carmona-Fontaine et al., 2008; Hayakawa et al., 2020; Stedden et al., 2019; Stramer

& Mayor, 2017). For example, CIL causes hemocytes to spread apart from one another to

evenly tile the developingDrosophila melanogasterembryo and Cajal�Retzius cells to do so

in the mouse cerebral cortex (Davis et al., 2012; Stramer et al., 2010; Villar-Cerviño et al.,

2013).
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CIL behavior can be induced by a variety of protein signaling systems. For all of these,

the �rst step is the formation of a cell-cell adhesion, often through classical cadherins, which

brings the CIL-inducing transmembrane receptor proteins into proximity with one another

(Roycroft & Mayor, 2016; Stramer & Mayor, 2017). Receptors are then activated by binding

and induce local changes in the cell motility machinery. These systems can be symmetrical

(typically upon homotypic collision) or they can induce changes in just one of the cells

(upon heterotypic collision)(Roycroft & Mayor, 2016; Stramer & Mayor, 2017). Although

the upstream components of CIL signaling are diverse, many converge on regulation of small

GTPases. Activation of Rho increases contractility and collapses protrusions; inhibition of

Rap1 reduces integrin-based cell-ECM adhesion; and inhibition of Rac1 reduces lamellipodial

protrusion, each of which favor trailing edge-like states at the collision site (Roycroft &

Mayor, 2016; Stramer & Mayor, 2017). A far-from-exhaustive list of CIL-inducing receptors

includes semaphorins and plexins, which inhibit Rap1 through the Rap1 GAP activity of the

plexin (among other outputs); the Slit-Robo pathway, which inhibits Rac through the BAR

domain-containing srGAP proteins; and Eph-Ephrin signaling, which activates Rho through

the RhoGEF Vav2 (Batson et al., 2014; Fritz et al., 2015; Hu & Zhu, 2018). Proteins

of the core planar cell polarity can also mediate contact inhibition of locomotion. During

the migration of the mesenchymal neural crest cells, cells exhibit CIL upon collision with

one another, and this is dependent both on N-cadherin-based adhesion and on proteins of

the core planar cell polarity pathway. They concentrate Rho at the contact site, causing

repulsion. Collectively, this behavior causes the cells to spread apart from one another and

to move away from their initial position, where their density is high. In combination with

guidance by other signaling pathways, this results in e�cient directional migration of the

group (Carmona-Fontaine et al., 2008; Mayor & Theveneau, 2013; Shellard & Mayor, 2019b;

Szabó et al., 2019). Interestingly, that signaling includes other repulsive cues including from

semaphorins, which help constrain the migration to a narrow strip (Szabó et al., 2019).
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CIL is most readily observable in the context of collisions of individual cells, but it

also plays a key role in the emergent behaviors of epithelia and other stably-adherent cell

groups (Camley et al., 2014; Smeets et al., 2016; Zimmermann et al., 2016). Depending

on the speci�cs of the CIL mechanism and other properties of the cells, it is possible for

a behavior called �contact following� to emerge (Desai et al., 2013; Hayakawa et al., 2020).

In these cases, one cell polarizes away from a cell-cell contact, but the other continues in

the same direction, and the cells' adhesion to one another is maintained. In simulations

and in cell culture, this can give rise to cell alignment and persistent migration in �trains�

when they are con�ned to narrow strips, or to persistent rotational motion when they are

arranged in rings or discs using micropatterns or spheres in 3D culture (Camley et al., 2014;

Desai et al., 2013; Jain et al., 2020; Kulawiak et al., 2016). It also shapes the response of

epithelia to the presence of a free edge: in cell culture wound healing models, the cells at

the wound edge are typically more protrusive than the surrounded cells. They also polarize

those protrusions in the direction of the free edge and exert greater traction forces on their

substrate, both behaviors that can be caused by the relief of contact inhibition at this edge

(Mayor & Etienne-Manneville, 2016; Zimmermann et al., 2016). In simulations, CIL greatly

increases the e�ciency of wound closure (Smeets et al., 2016).

Attractive signals

Cells can regulate one another's polarity through a variety of attractive cues that cause one

cell to orient its leading edge and move towards another cell. For example, in a cultured

endothelial cell model, cadherin ��ngers� extend from the highly-contractile trailing edge

of one cell and are engulfed by the less-contractile leading edge of the cell behind. This

promotes Rac activation downstream of recruitment of a BAR domain containing protein

that detects the resulting change in membrane curvature (Hayer et al., 2016). In a cultured

epithelial cell model, pulling forces from the trailing edge of one cell evict cortical Merlin from
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the neighboring cell, and this leads to Rac activation and protrusion (Das et al., 2015). Both

of these systems result in the alignment of the followers leading edge towards the trailing

edge of its neighbor, contributing to persistent collective movement.

Mechanical and geometric coupling

The polarity of neighboring cells is not only coordinated through biochemical signaling, but

also through physical interactions. Cells migrating collectively are mechanically coupled to

one another through their adhesions (Gupta & Yap, 2021), and they also compete with

one another for occupation of their shared space and substrate. This competition can act

as a source of polarity relay across cell groups. For example, in cultured kidney epithelial

cells grown on one-cell-wide micropatterns, when two cells collide, the one whose leading

edge is more lamellar often �wins,� extends lamellipodia under the other cell, and continues

migrating in the same direction. Those lamellipodia create a barrier between the other

cell and the substrate that prevents it from continuing forward, favoring polarity reversal.

This gives rise to the formation of trains of cells migrating in the same direction (Jain et al.,

2020). Pulling forces from following cells can also polarize leading cells in the other direction.

In a cultured cell model of wound healing, contraction of cells behind the wound margin

�elect� leader cells, causing them to polarize protrusions and traction forces towards their

free edge (Vishwakarma et al., 2018). Similar types of physical coupling likely act as near-

ubiquitous aspects of collective migration coordination, in�uencing and being in�uenced by

the biochemical signaling described above such that the distinction between these categories

blurs.

1.5 Planar cell polarity

The epithelial cells of many animal tissues are polarized not only along an apical-basal axis,

but also within the epithelial plane and in alignment with one another. This depends on cou-
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pling of the in-plane polarities of neighboring cells, and depends on transmembrane proteins

that bind one another in trans across cell-cell interfaces (Lavalou & Lecuit, 2022). Planar cell

polarity systems allow cells to transduce tissue-scale polarity into the polarization of protein

composition across individual cells, or in some cases to drive cell polarization and neigh-

boring cell alignment through their own self-organization. Where planar cell polarity has

been studied, it is typically orchestrated by one (or both) of two widely-deployed pathways:

the �core� planar cell polarity pathway and the Fat/Dachsous pathway, which I discuss in

more detail in the next sections. These sets of proteins transduce a tissue coordinate system

into polarization of a variety of cell structures and behaviors. In Drosophila epithelia, they

are used to position cuticle elaborations such as hairs, denticles, and bristles, as well as eye

ommatidia, and the ease of screening for defects in these external structures has made them

some of the best studied examples (Adler, 2012; Goodrich & Strutt, 2011; Harrison et al.,

2020). In addition to these cell extensions, planar cell polarity regulates the positioning of

cilia in multiciliated cells, enabling them to generate the �uid �ows that clear debris from

the mammalian airway and propel sperm and eggs through the oviduct. It also controls the

orientation of stereocilia bundles of the inner ear, enabling hearing (Butler & Wallingford,

2017; Wallingford, 2010). Planar cell polarity pathways also orchestrate cell rearrangements.

Most notably, through asymmetric recruitment of myosin to a subset of junctions, they can

bias cell intercalations along one axis and cause a tissue to become longer and narrower.

This is necessary for the elongation of the many tissues including mammalian brain ven-

tricles, oviduct, and trachea (Butler & Wallingford, 2017). Multicellular rearrangements

driven by planar cell polarity pathways also tilt the follicles of the vertebrate epidermis that

form fur and feathers (Cetera et al., 2018; Cetera et al., 2017; Lin & Yue, 2018). Collective

epithelial cell migrations also meet the organizational de�nition of planar cell polarity: cells

polarize along leading edge-trailing edge axes within the plane of the epithelium, and do

so in alignment with their neighboring cells. This organization often has distinct molecular
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origins, and is not typically considered under the same framework. However, the striking

planar-polarization of follicle cells' motility machinery and of the proteins that regulate it

invites this comparison. I will discuss the basic mechanisms that underpin the emergence of

planar polarity in the better-studied core and Fat/Dachsous pathways, and then return to

these ideas during later discussion of collective migration of follicle cells.

The core planar cell polarity pathway

The founding planar cell polarity pathway, and the most widely studied one, is the core

planar cell polarity pathway. It has been most extensively studied in theDrosophila wing

disc epithelium, and this summary draws mainly on that literature, but this pathway is also

deployed widely through animal tissues to polarize a range of di�erent cell structures and be-

haviors. At its core is the atypical cadherin/adhesion G-protein-coupled receptor Flamingo,

which binds homophilically across cell-cell interfaces. The core asymmetry comes from two

additional transmembrane protein, Van Gogh and Frizzled, which bind to the Flamingo pro-

teins on opposite sides of the interface (the proximal and distal sides respectively in the wing

disc), and have been proposed to alter the conformation of Flamingo. Several additional cy-

toplasmic proteins bind to these core complexes, including Prickle on the proximal side and

Disheveled and Diego on the distal side (Adler, 2012; Goodrich & Strutt, 2011). Through

competitive binding interactions, they stabilize transmembrane complexes that are oriented

in the same direction as one another and make ones that are oriented in opposite directions

more prone to endocytic turnover (Harrison et al., 2020; Strutt et al., 2019; Strutt & Strutt,

2008; Strutt et al., 2011; Warrington et al., 2017). This favors the formation of interface

regions with many complexes aligned in the same direction. The core planar polarity pro-

teins localize in clusters in the plane of the adherens junctions, and that clustering appears

to be necessary for polarity sorting to occur e�ciently, possibly because it concentrates the

molecules and causes them to come into more frequent contact with one another (Strutt
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et al., 2016).

In addition to interface-level polarity sorting, there are also cell- and tissue-scale inputs

to the core planar cell polarity pathway. In fact, in the absence of longer-range polar inputs,

mathematical modeling and experimental �ndings agree that local polarity is still possible,

but will tend to decay over several cell lengths (Ma et al., 2003; Zhu & Owen, 2013). The

nature of the long-range polar input(s) has been controversial, although it now appears that

part of the reason for this controversy is that there are multiple factors involved (Lavalou &

Lecuit, 2022). Proteins implicated as long-range cues included a number of morphogens with

graded expression in the wing disc such as Wnts, Notch, Wingless, Hedgehog, and others

(Lavalou & Lecuit, 2022). In each case, their removal or misexpression changes the planar

polarity of the Drosophila wing. The Fat/Dachsous complex discussed in the following

section has also been proposed to act as the long-range polar cue, as components of this

pathway have graded expression, and changes to these gradients change the distributions

of core planar cell polarity pathway members (Lavalou & Lecuit, 2022). However, these

proteins all share the attribute that they regulate wing morphogenesis, and more recently

it has been shown that tissue strain and cell rearrangement can themselves align and re-

align core planar polarity proteins (Aigouy et al., 2010; Aw et al., 2016; Chien et al., 2015;

Eaton & Jülicher, 2011). Several mechanisms have been proposed for this, multiple of

which could contribute in parallel. For one, oriented neighbor exchange can in�uence the

distribution of core planar polarity complexes simply by patterning the time-since-formation

of junctions with di�erent orientations. The cells of the wing epithelium respond to axial

tissue strain by undergoing biased intercalation orthogonal to that axis, meaning that on

average the interfaces that run parallel to the axis of strain will have formed more recently

and had less time for the core planar polarity complex to form, polarizing its distribution

(Aigouy et al., 2010; Aw & Devenport, 2017; Eaton & Jülicher, 2011; Lavalou & Lecuit,

2022). Microtubules have also been proposed to couple tissue mechanics and planar polarity.
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They tend to align along cells' long axes, which are often the axes in which the cells are

experiencing greatest stress, and have been shown to mediate plus end-directed transport

of Frizzled towards the distal side of wing disc cells (Lavalou & Lecuit, 2022; Shimada

et al., 2006). Microtubules could therefore help transduce tissue mechanics into cell-scale

asymmetries in protein distribution. Interestingly, the Fat/Dachsous pathway has also been

shown to contribute to microtubule polarity (Shimada et al., 2006), so it is also possible that

microtubules are a point of intersection of the two pathways. E�ectors of the core planar

cell polarity pathway vary widely and are often tissue-speci�c. They include a number of

actin-regulatory proteins including RhoA, Drok, Fuzzy and MYO1D, and the cilia-associated

protein SPAG6 (Adler, 2012; Butler & Wallingford, 2017; Goodrich & Strutt, 2011).

The Fat/Dachsous planar cell polarity pathway

The heart of the Fat/Dachsous planar cell polarity pathway is again an asymmetric molecu-

lar bridge, in this case formed by heterotypic binding between the massive atypical cadherins

Fat and Dachsous. Another important pathway member is the Golgi-resident kinase Four-

jointed, which phosphorylates portions of the extracellular cadherin domains of both Fat

and Dachsous that mediate their binding to one another. Curiously, Fat phosphorylation

increases its binding a�nity for Dachsous, but phosphorylation of Dachsous decreases its

binding a�nity for Fat. Although these properties alone would not give rise to polarized

protein distributions, they are able to transduce tissue-wide gradients in the expression of

the components into cell-scale polarity. Four-jointed and Dachsous are expressed in opposing

gradients in the wing, and the di�erence in protein concentration/binding a�nity between

each pair of neighboring cells favors the formation of complexes with one orientation over the

other. Flattening these protein gradients (not just removing constituents) abolishes the pla-

nar polarity of the pathway, suggesting that graded expression is solely responsible for local

as well as long-range polarity of this pathway and that there are not strong feedback am-
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pli�cation mechanisms at work. E�ectors of the Fat/Dachsous pathway include the myosin

Dachs, microtubules and the mitotic spindle, and the Hippo signaling pathway (Fulford &

McNeill, 2020).

Comparison of the core and Fat/Dachsous planar cell polarity path-

ways

The core and Fat/Dachsous planar polarity pathways share interesting core features and also

have revealing di�erences. At the core of both lies asymmetric molecular bridges that relay

polarity information between neighboring cells. This seems to be the minimal ingredient of

all planar polarity systems, and is also found in the recently-described Toll-8/Cirl pathway

(Lavalou et al., 2021), and in the follicle cells' Fat2-based pathway. In addition, both rely on

a source of tissue-scale, axial or vectorial information such as graded expression of a pathway

component or axis of tissue strain in order to achieve long-range planar polarity. However,

the relative dependence of the two pathways on tissue-scale polarity di�ers. The core planar

polarity system can use local feedback ampli�cation mechanisms to amplify weak cues, or

to achieve local polarity (e.g. swirls) in the absence of tissue-scale cues. The Fat-Dachsous

pathway, which does not seem to involve any interface-level feedback ampli�cation, is entirely

reliant on tissue polarity and can be thought of as a system for reading out this polarity,

rather than a self-organizing system entrained to it.

1.6 Fat-like cadherins

The planar polarity of the Drosophila follicular epithelium does not depend on the proteins

of either the core or Fat/Dachsous planar cell polarity pathways, but it does require the

presence of the Fat-like cadherin Fat2, a relative of Fat (Viktorinová & Dahmann, 2013;

Viktorinová et al., 2009). In this section, I will discuss the domain organization and function
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of Fat-like cadherins, occasionally drawing comparisons to Fat cadherins.

Fat-like cadherins, like their relatives the Fat cadherins, are giant (500 kDa) atypical

cadherins with extracellular and intracellular domains and a single pass transmembrane do-

main. The largest portion of these proteins is extracellular, including their 34 cadherin

repeats followed by one laminin G motif and several EGF-like motifs close to the trans-

membrane domain. These are the same motifs found in the extracellular domains of Fat

cadherins, but Fat cadherins have two laminin G motifs and a di�erent arrangement of the

laminin G and EGF-like motifs. The intracellular domains of Fat-like cadherins have se-

quences that are more divergent from one another (and especially from Fat cadherins) and

are not predicted to form any known tertiary structure (Fulford & McNeill, 2020; Sadeqzadeh

et al., 2014; Sharma & McNeill, 2013). Fat-like cadherins have primarily been studied in

mammals, which have three of them (Fat1-3) andDrosophila melanogaster, which as one

(Fat2) (Fulford & McNeill, 2020; Sadeqzadeh et al., 2014; Sharma & McNeill, 2013). To

distinguish between mammalian andDrosophila proteins in this section, I will referring to

them as mFat1-3 and dFat2 respectively. Both Fat and Fat-like cadherins predate the origin

of bilaterian animals, as the cnidarianNematostella vectensishas both. Putative Fat or

Fat-like cadherins are also present in animals that diverged from bilaterians even earlier, but

these have highly variable domain structures including dramatic variation in their number

of cadherin repeats (from 9 inTrichoplax adherensto 37 in Monosiga brevicolis) (Brooun

et al., 2020; Hulpiau et al., 2013).

Protein interactions of the Fat-like extracellular domain

Compared to the better-studied Fat cadherins, we know little about the binding partners and

cell-biological functions of Fat-like cadherins. This is particularly true of functions mediated

by their extracellular domains, whose huge size makes biochemical approaches di�cult. The

extracellular domains of cadherin proteins are structured in part by calcium binding in the
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linking regions between their extracellular cadherin repeats, which reduce their �exibility and

cause the chain of cadherin repeats to have a more rod-like structure. In the Fat cadherin

mFat4, calcium binding sites are absent in several of the linking regions, and this creates

kinks in the extracellular domain that allow it to �t within the space of the cell-cell interface

(Tsukasaki et al., 2014). It is likely that the extracellular domains of Fat-like cadherins

have similarly-kinked conformations. The larger category of atypical cadherins generally

bind other atypical cadherins using several cadherin repeats close to their N-termini, as do

Fat and Dachsous using their four N-terminal-most repeats (Medina et al., 2023; Sotomayor

et al., 2014). However, no known cadherin (or non-cadherin) extracellular binding partners

have been identi�ed for Fat-like cadherins. There is one cell aggregation assay-based report

that mFat2 undergoes homophilic trans binding (Nakayama et al., 2002), but this remains

to be con�rmed under more physiological binding conditions. In theDrosophila follicle cells,

dFat2 is tightly polarized to trailing edges only (Viktorinová & Dahmann, 2013), making

homophilic trans binding very unlikely. Although binding partners have yet to be identi-

�ed, protein interactions have been identi�ed that are mediated by the extracellular domain

of Fat-like cadherins. In the Drosophila follicle cells, dFat2 localizes the transmembrane

protein Lar in trans to the adjacent leading edge, and this activity is not a�ected by dele-

tion of dFat2's intracellular domain (Barlan et al., 2017). It is plausible that Fat2 and Lar

bind one another directly, or this could be an indirect recruitment interaction. Through

this trans recruitment, dFat2 promotes protrusion in the Lar-containing cell (Barlan et al.,

2017). Intriguingly, in the context of Q neuroblast migration inCaenorhabditis elegans, the

Lar homolog PTP-3 is required in the neuroblast and the Fat-like cadherin CDH-4 in the

surrounding cells for anterior migration to occur (Sundararajan & Lundquist, 2012; Sun-

dararajan et al., 2014). This suggests that trans interaction between Fat-like cadherins and

receptor tyrosine phosphatases may extend beyond the Drosophila follicle cells.
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Protein interactions of the Fat-like intracellular domain

More progress has been made understanding Fat-like cadherins' regulation of cell morphol-

ogy and behavior through their intracellular domains. These domains contain a number of

functionally-annotated regions, although not all are conserved across all Fat-like cadherins.

One of the most extensively validated is their EVH1 motifs, which mediate binding to the

actin elongation factor Ena/VASP and participate in mFat1 functions in several cell types

(Moeller et al., 2004; Schreiner et al., 2006; Tanoue & Takeichi, 2005). mFat3 also contains

EVH1 motifs, and these mediate a subset of the proteins cell migration and morphology-

regulating functions in the retinal amacrine neurons (Avilés et al., 2022; Cheng et al., 2016;

Krol et al., 2016). dFat2 lacks an EVH1 motif but contains multiple WIRS motifs that can

mediate WAVE complex binding, so it may interact with the actin cytoskeleton through a

di�erent e�ector (Squarr et al., 2016). The intracellular domain of dFat2 is partially required

for the polarization of the protein to trailing edges (Barlan et al., 2017), but whether the

WIRS motifs speci�cally contribute to this or other dFat2 functions remains to be deter-

mined. Along with these, an immunoprecipitation-mass spectrometry study of the mFat3

intracellular domain identi�ed several additional physically-associated proteins. These in-

clude the actin-interacting protein Raptor, the microtubule associated protein CLASP1/2,

the kinesin 1 Kif5B, and the post-synaptic sca�old protein PSD95 (Avilés et al., 2022). The

conservation of these proteins' binding in other Fat-like cadherins has not been tested, al-

though a very similar Kif5B binding motif is present in mFat1 (Cheng et al., 2016). The

intracellular domains of mFat1 and mFat3 both undergo alternative splicing that a�ects the

binding domains present in their intracellular domains (Braun et al., 2007; Cheng et al.,

2016).
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Functions of Fat-like cadherins in development and disease

Fat-like cadherins have been implicated in several diseases and developmental defects, which

o�er clues about their function. Mutations in Fat-like cadherins or changes in their expres-

sion levels contribute to neurological diseases, glomerulotubular nephropathy (a disease of

the kidney �ltration barrier), and numerous cancers (Chen et al., 2022; Gee et al., 2016;

Lahrouchi et al., 2019; Pastushenko et al., 2020). Each of these diseases involve highly

polarized and/or motile cell types, and generally support roles for these proteins in the mor-

phology and motility of cells. mFat1 in particular is frequently mutated in many cancers,

and has been shown to act as a tumor suppressor by regulating Wnt and Hippo pathway

activity and mitochondrial activity (Cao et al., 2016; Morris et al., 2013; Nishikawa et al.,

2011). In the context of tissue development, dFat2 regulates the planar cell polarity of the

follicular epithelial cells (Viktorinová et al., 2009) (discussed further in a later section), but

in mammals no planar cell polarity defects have been reported upon removal of individual

Fat-like cadherins. However, removal of one copy of mFat1 in mice homozygous for mFat4

loss-of-function mutations display more severe planar cell polarity-related phenotypes in the

cochlea, renal tubule, neural tube, and caudal vertebrae (Badouel et al., 2015; Saburi et al.,

2012). These include reduced tissue elongation, a process that is driven by cell intercalation

biased along one axis (termed �convergent extension�). mFat1 may regulate tissue planar

polarity and/or downstream aspects of convergent extension in a manner partially redundant

with mFat4.

A role for mFat1 in regulation of the actin cytoskeleton is supported by studies of cultured

mammalian kidney epithelial cells. mFat1 regulates actin organization cell-autonomously

through its binding interaction with Ena/VASP. Depletion of mFat1 reduces stress �ber

formation and cell-cell adhesion, and also reduces the cells' ability to planar-polarize and

migrate to close a gap in the epithelium in a scratch wound (Moeller et al., 2004; Tanoue

& Takeichi, 2004). When Fat1 is depleted, the orientation of the cells' Golgi-nucleus axis is
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randomized with respect to the wound edge, and the cells form fewer lamellipodial protru-

sions along the wound edge (Moeller et al., 2004). mFat1 localizes to lamellipodia tips at free

edges as well as to cell-cell interfaces close to the basal surface (Moeller et al., 2004; Tanoue

& Takeichi, 2004). The population of mFat1 that localizes to lamellipodia tips appears to

be a distinct Fat1 isoform from the interface-localized population, and to be responsible

for lamellipodium dynamics, planar polarity, and scratch wound healing roles (Braun et al.,

2007). mFat1 exhibits a similar localization to free leading edges and cell-cell adhesions, and

a similar pro-migratory role, in vascular smooth muscle cells (Hou et al., 2006). This suggests

that the protrusion and migration-regulating function of mFat1 may be widespread among

mFat1-expressing tissues. Although many of these functions appear to be cell autonomous

and mediated by motifs within the intracellular domain, contributions of the extracellular

domain and non-cell-autonomous roles have remained largely untested. The other mam-

malian Fat-like cadherins have also been shown to promote cell protrusion and migration.

High mFat2 expression in clusters of basal-like breast cancer cells increases their protrusivity

and invasive behavior (Dang et al., 2016), and mFat3 regulates the migration of amacrine

cells in the developing retina discussed below(Deans et al., 2011).

Roles for Fat-like cadherins in neuronal morphology and migration have been identi�ed in

both C. elegansand in mammals (Deans et al., 2011; Krol et al., 2016; Okajima et al., 2020;

Schmitz et al., 2008; Sundararajan et al., 2014; Yip & Heiman, 2018). The roles of CDH-

4 in the C. elegansnervous system, discussed above, suggest that it acts in trans to allow

neuroblasts to polarize along a stable leading edge-trailing edge axis and migrate directionally

(Sundararajan et al., 2014). In mammals, mFat3 expression is largely restricted to the

nervous system. Its functions have been studied most extensively in the amacrine cells of

the developing retina, where it regulates the amacrine cells' migration into the correct retinal

layer as well as the architecture of the synapses they form there (Avilés et al., 2022; Cheng

et al., 2016; Deans et al., 2011). These functions depend on distinct regions of the mFat3
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intracellular domain, with WAVE complex and kinesin 1-binding motifs contributing most

strongly to cell migration, and WAVE complex and Ena/VASP-binding motifs to synapse

regulation (Avilés et al., 2022). mFat3 localizes to the amacrine cells' neurites, from which

synapses form, and it prevents excess synapse formation in a manner that is autonomous

to the amacrine cells (Avilés et al., 2022; Deans et al., 2011). However, is not yet known

whether intercellular interactions among amacrine cells contribute to mFat3 function.

Altogether, it appears that Fat-like cadherins regulate cell morphology and motility,

and accomplish this through regulation of the actin (and perhaps microtubule) cytoskeleton

within restricted regions of polarized cell types. Where their localization has been evaluated,

Fat-like cadherins are present only in portions of the cell (e.g. lamellipodia, trailing edges, or

the neurites) (Avilés et al., 2022; Moeller et al., 2004; Tanoue & Takeichi, 2004; Viktorinová

& Dahmann, 2013). This ability to polarize appears to be the most consistent feature of Fat-

like cadherins, enabling them to regulate the actin cytoskeleton and perhaps other proteins

and structures through a set of less-conserved, modular intracellular protein-binding motifs.

It is likely that the extracellular domains of these proteins, and cell-cell interactions mediated

by them, are central to their localization and perhaps other aspects of their function.

1.7 Rotational collective migration of the Drosophila follicular ep-

ithelial cells

For my dissertation research, I have investigated the rotational collective migration of the

Drosophila melanogasterfollicle cells, and the unconventional planar polarity system that

orchestrates it. These cells are part of the multicellular structure called the egg chamber

(or follicle) which gives rise to an egg. The egg chamber has been an important model

of many aspects of cell and developmental biology, such as stem cell niche maintenance

(Kirilly & Xie, 2007; Xie & Spradling, 1998; Zhang & Kalderon, 2001), germline development

(Forbes & Lehmann, 1998; Spradling et al., 1997; Styhler et al., 1998), epithelial apical-basal
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polarity and barrier function (Benton & Johnston, 2003; Isasti-Sanchez et al., 2021; Lu &

Bilder, 2005; Tanentzapf et al., 2000), unconventional genome duplication strategies (Deng

et al., 2001; Hammond & Laird, 1985; Maines et al., 2004; Royzman & Orr-Weaver, 1998),

basement membrane secretion (Devergne et al., 2017; Devergne et al., 2014; Isabella & Horne-

Badovinac, 2015, 2016; Lerner et al., 2013; Zajac & Horne-Badovinac, 2021), and of course

collective cell migration (Bai et al., 2000; Cetera & Horne-Badovinac, 2015; Haigo & Bilder,

2011; Montell et al., 1992; Parsons et al., 2023; Prasad & Montell, 2007). I will �rst describe

the structure of the egg chamber and outline some major events in its development. Then

I will outline our understanding of the follicle cells' planar polarity and collective migration

on which my has research built.

Structure and development of the egg chamber

The insect egg chamber is a multicellular unit within the ovary that plays a functionally anal-

ogous role to the ovarian follicles of vertebrates, supporting the development of an oocyte/egg

(Horne-Badovinac & Bilder, 2005; McLaughlin & Bratu, 2015). The interior of each egg

chamber contains one oocyte and 15 germline �nurse cells� that remain connected to the

oocyte by cytoplasmic bridges following four rounds of cell division with incomplete cytoki-

nesis. The oocyte is largely transcriptionally silent throughout egg chamber development,

and the nurse cells support its growth in part by supplying much of the cytoplasmic contents

of the eventual egg. Surrounding the germline cells is the follicular epithelium, a monolayer

tissue that supports oocyte development, patterns egg morphogenesis, and �nally secretes

the material of the eggshell before being shed as the egg is laid. Surrounding the entire egg

chamber is a basement membrane extracellular matrix. The follicle cells' apical surfaces face

inward and adhere to the germline cells, and their basal surfaces face outward and adhere

to the encapsulating basement membrane.

Egg chambers develop in assembly line-like chains, termed ovarioles (McLaughlin &

26



Figure 1.2: Structure of the egg chamber during follicle cell migration. Follicle cells
are in yellow, germline cells gray, and the basement membrane cyan.A , Diagram of a stage
6 egg chamber sectioned along the anterior-posterior axis. Posterior is to the right. The
posterior-most germline cell is the oocyte, others are nurse cells.B , Close-up view of three
follicle cells. Their apical surfaces adhere to the germline cells and their basal surfaces adhere
to the basement membrane.C, Diagram of the anterior half of an egg chamber sectioned
through the medial plane. Arrows indicate the rotation of the egg chamber caused by follicle
cell migration, which can occur in either the clockwise or counterclockwise direction.

Bratu, 2015). Their development has been divided into 14 stages based on morphologi-

cal criteria that I will refer to here (Spradling, 1993). Egg chambers �rst form in structures

called germaria (singular: germarium), which contain the germline and follicle stem cells

niches that supply the initial complement of cells (McLaughlin & Bratu, 2015). Follicle cell

precursors encapsulate newly-formed cysts of germline cells, polarize along apical-basal axes,

and then the whole unit buds from the posterior end of the germarium. A subset of follicle

cells di�erentiate into stalk cells, and these maintain the egg chamber's attachment to the

germarium (and subsequently to the next egg chamber that buds from it). As new egg

chambers form, older ones move progressively posterior-wards toward the oviduct, through

which the egg is ultimately laid. Follicle cells are initially cuboidal and all share similar gene

expression pro�les, with the exception of several (eventually two) cells at the anterior and

posterior-most poles (the polar cells) (Horne-Badovinac & Bilder, 2005). The polar cells

27



secrete the JAK/STAT pathway ligand Unpaired, and pathway activation in nearby follicle

cells causes them to further di�erentiate into anterior and posterior terminal domain cells

(González-Reyes & Johnston, 1998; Horne-Badovinac & Bilder, 2005; McGregor et al., 2002;

McLaughlin & Bratu, 2015). Follicle cells continue to proliferate until stage 7, contributing

to egg chamber growth and ultimately reaching approximately 650 cells (Horne-Badovinac

& Bilder, 2005). After cell division ceases, the cells continue to endoreplicate, and further

oocyte growth is accommodated by follicle cell growth and shape changes (Horne-Badovinac

& Bilder, 2005). Between stages 8 and 10, subsets of follicle cells di�erentiate and change

shape, with the anterior-most ones in contact with nurse cells becoming squamous and the

rest columnar (Horne-Badovinac & Bilder, 2005). At the end of this shape transition, the

squamous cells will all be in contact with nurse cells and the columnar cells with the oocyte.

The nurse cells transfer their contents to the oocyte, �rst through directed transport and

then by contracting and squeezing out most of their cytoplasm in a process called �nurse

cell dumping� (McLaughlin & Bratu, 2015). The nurse cells are then phagocytosed by the

squamous cells, leaving the egg chamber interior mostly occupied by the oocyte (Lebo &

McCall, 2021). As the oocyte grows, the columnar cells reorganize to replace the squamous

cell side of the epithelium, becoming squamous themselves in the process (Horne-Badovinac

& Bilder, 2005). Subsets of them undergo additional shape changes and movements to pat-

tern additional structures within the eggshell. These include the dorsal appendages, which

are long projections that mediate gas exchange; the micropyle, the pore through which the

sperm travels to fertilize the egg; and the operculum, hatch-like eggshell region through

which the larvae eventually hatches (Horne-Badovinac & Bilder, 2005). As oocyte growth is

completing, follicle cells secrete the material of the eggshell apically into the space between

themselves and the oocyte. They are then shed during the passage of the egg chamber

through the oviduct and the egg is fertilized by sperm released from the spermatheca and

laid (Bloch Qazi et al., 2003; Deady et al., 2015).
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Egg chamber elongation

As the egg chamber grows, it undergoes a number of morphogenetic changes including a

dramatic elongation from spherical to ellipsoidal with a length more than twice its width

(Gates, 2012). This seemingly-simple morphological change is actually orchestrated by mul-

tiple cell/tissue-biological processes at di�erent stages of egg chamber development. First,

there is an early phase of elongation that is orchestrated by JAK/STAT signaling from the

polar cells (Alégot et al., 2018). Subsequent egg elongation depends on follicle cell migration

along the basement membrane (Haigo & Bilder, 2011). This migration causes the entire

egg chamber to rotate within the stationary basement membrane. As the cells migrate,

they secrete new basement membrane material, and their migration movement patterns the

deposition of this material (and perhaps also remodels existing material) (Chlasta et al.,

2017; Crest et al., 2017; Isabella & Horne-Badovinac, 2016). This gives the basement mem-

brane a polarized, �brillar structure aligned with the axis of migration, and it also imparts

a symmetric sti�ness gradient in the basement membrane that is highest around the medial

circumference and lowest at the anterior and posterior poles. As the egg chamber grows,

the basement membrane resists that expansion anisotropically as a result of its mechanical

patterning. It funnels growth primarily along the anterior-posterior axis, causing the egg

chamber to elongate (Ramos-Lewis & Page-McCaw, 2019). Genetic manipulations that pre-

vent follicle cell migration result in eggs with normal volumes but near-spherical shapes. The

polarized basement membrane structure continues to serve as long-term record of polarity

after migration has stopped, causing the follicle cells' contractile actomyosin stress �bers to

re-align circumferentially along the medial axis and drive further tissue elongation (Campos

et al., 2020).
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Follicle cell migration

Follicle cells migrate by crawling along the basement membrane using motility machinery at

their basal surfaces. Each cell forms protrusions at its leading edge and an array of aligned

stress �bers coupled to focal adhesions along its length (Sherrard et al., 2021). The leading

edge-trailing edge axes of all the cells are aligned with one another, giving rise to a chiral

circumferential planar-polarity across the epithelium (Cetera et al., 2014; Gutzeit et al., 1991;

Haigo & Bilder, 2011). The integrin-based focal adhesions form behind the leading edge

and remain stationary with respect to the basement membrane as the cell moves forward,

mediating force transmission between the cell and its substrate. Focal adhesions that persist

until the trailing edge of the cell has reached them are detached from the substrate, allowing

the cell to advance (Sherrard et al., 2021). Focal adhesions are coupled to stress �bers that

are aligned in the direction of cell movement. Unlike most stress �bers documented in cell

culture, follicle cells' stress �bers add new segments bounded by new focal adhesions as the

cell advances, such that there are focal adhesions along the lengths of stress �bers as well as

at their two ends (Sherrard et al., 2021). This treadmilling behavior allows individual stress

�bers to persist for longer than it takes for the cell to advance its own length, and has been

proposed to contribute to the high directional persistence of the cells' migration (Sherrard

et al., 2021). Appropriate levels of adhesion and contractility, and dynamic turnover of

adhesions, are all necessary for e�cient migration (Dent et al., 2019; Lewellyn et al., 2013).

Follicle cells' leading edge protrusions are composed of �lopodia embedded within a wider

lamellipodium (Cetera et al., 2014). The WAVE complex, which builds the branched actin

network of the lamellipodium, localizes along the leading edge of the cell (Cetera et al.,

2014). Enabled (Ena), the actin elongation factor that builds the �lopodia, localizes in

puncta at the �lopodia tips (Cetera et al., 2014). Removal of WAVE complex subunits

prevents the formation of both �lopodia and lamellipodia (Cetera et al., 2014), suggesting

that the �lopodial actin network is built from the underlying lamellipodial actin network.
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This also prevents migration (Cetera et al., 2014). Loss of Ena removes �lopodia but does

not a�ect follicle cells' migration speed (Cetera et al., 2014), showing that the lamellipodia

are responsible for pushing the leading edge forward.

Follicle cells begin to migrate just as the egg chamber buds from the germarium, causing

the egg chamber to rotate in place around the axis bounded by the anterior and posterior

polar cells (Cetera et al., 2014; Chen et al., 2016). This migration continues for approxi-

mately two days of egg chamber development, gaining speed gradually through stages 6-7

and then slowing to a halt during stage 8, concurrent with the cells' transition into stretch

and columnar cells (Cetera et al., 2014). Although the axis around which migration occurs

is �xed, migration can proceed with either chirality along that axis, imparting the basement

membrane with the same polarized structure (Haigo & Bilder, 2011). Half of all egg chambers

rotate clockwise, and the other half counterclockwise, irrespective of the rotation direction of

other egg chambers in the ovariole (Haigo & Bilder, 2011). This indicates that the direction

of migration is set by a stochastic symmetry-breaking process that occurs during egg cham-

ber formation. No spontaneous reversal events have been observed either ex vivo or using

in vivo tracking approaches, suggesting that once migration has begun, its directionality is

stable for its duration, a fairly remarkable feat of migration persistence. Persistent collective

migration depends on the planar-polarization of the cell motility machinery described above.

Interestingly, cell migration is also required to maintain that planar polarity, as all known

genetic conditions that prevent one also prevent the other (Cetera et al., 2014). This has

led to the model that symmetry breaking is mediated by positive feedback between planar

polarity and tissue motion (Haigo & Bilder, 2011). However, the microtubule network of the

follicle cell precursors exhibits a chirality prior to the onset of migration that is predictive

of the migration direction, and microtubule disruptions prevent symmetry breaking, so it

has also been proposed that microtubules are part of a feedback loop that causes symmetry

breaking (Chen et al., 2016; Viktorinová & Dahmann, 2013).

31



Planar signaling during follicle cell migration

The planar alignment of cells' motility machinery and their migration depend on a set of

transmembrane proteins that localize to leading-trailing interfaces, and I have focused my

research on the question of how these proteins are organized at this site, and how they

polarize the cell motility machinery. The best studied of these is Fat2, a 500 kDa atypical

cadherin with an extracellular domain composed of 34 N-terminal cadherin domains, and one

laminin G and �ve EGF-like domains close to the transmembrane domain (Horne-Badovinac,

2017; Sharma & McNeill, 2013; Tanoue & Takeichi, 2005) (Fig. 1.3). It also has a single-

pass transmembrane domain and a short intracellular domain with no clear domain structure

homology. Fat2 localizes in puncta along the trailing edge of each follicle cell, where it acts

cell-autonomously to promote retraction of the trailing edge, and non-cell-autonomously to

promote the formation of protrusions at the leading edge of the cell behind (Barlan et al.,

2017; Viktorinová & Dahmann, 2013). In the absence of Fat2, leading edge protrusions are

reduced and epithelia are non-migratory (Barlan et al., 2017; Squarr et al., 2016; Viktorinová

& Dahmann, 2013). A truncated Fat2 that lacks the intracellular domain is able to rescue

protrusion formation, and epithelia are migratory (but slow) in this context (Barlan et al.,

2017), showing that much of Fat2's function is mediated by its extracellular domain. The

intracellular domain contains a WIRS motif that has been shown to interact with the WAVE

complex (Chen, Brinkmann, et al., 2014; Squarr et al., 2016), but the functional signi�cance

of this physical interaction is not clear. No other proteins that physically interact with Fat2

have been identi�ed.

Fat2 regulates migration in part through the receptor tyrosine phosphatase Lar (Barlan et

al., 2017). Lar contains extracellular immunoglobulin and �bronectin type III domains, and

two intracellular protein tyrosine phosphatase domains (Krueger et al., 1996) (Fig. 1.3). One

of these exhibits phosphatase activity and the other is thought to be enzymatically inactive

(Krueger et al., 2003), but whether Lar's phosphatase activity plays a role in follicle cell
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Figure 1.3: Domain organization of Fat2, Lar, Sema5c, and PlexA. Predicted do-
mains are shown with the same shape and color Proteins are not drawn to scale. EGF-like:
epidermal growth factor-like. FnIII: �bronectin type III. Ig: immunoglobulin. PTP: protein
tyrosine phosphatase.

migration has not been determined. Fat2 acts in trans to localize Lar to the leading edge, in

the same non-cell-autonomous pattern in which it promotes leading edge protrusions (Barlan

et al., 2017). This is independent of Fat2's intracellular domain and is not a reciprocal

localizing interaction, as Lar plays little or no role in the localization of Fat2 (Barlan et al.,

2017). This results in the colocalization of Fat2 and Lar in polar, interface-spanning puncta

(Barlan et al., 2017). From the leading edge, Lar promotes protrusive F-actin enrichment

in cis and trailing edge retraction in trans, in the reciprocal pattern to Fat2 (Barlan et al.,

2017). Although loss of Fat2 and Lar cause qualitatively similar phenotypes in reciprocal

patterns, the e�ects of Lar loss are milder and follicle cells lacking Lar still migrate, albeit
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slowly (Barlan et al., 2017). Because of this, it has been proposed that Fat2 signals in parallel

through Lar and an as-yet-unidenti�ed second e�ector (Barlan et al., 2017).

In addition to Fat2 and Lar, follicle cell migration is also regulated by the ligand-receptor

pair Semaphorin 5c (Sema5c) and Plexin A (PlexA) (Stedden et al., 2019). Sema5c is a trans-

membrane semaphorin that localizes to the leading edge of each cell, and PlexA is enriched

at trailing edges (Stedden et al., 2019) (Fig. 1.3). In vitro binding and functional stud-

ies support PlexA's role as a Sema5c receptor (Stedden et al., 2019). Although antibody

staining of PlexA suggests that it only weakly colocalizes with puncta of Sema5c, loss of

PlexA reduces the enrichment of Sema5c at leading edges, further supporting their relation-

ship as ligand and receptor (Stedden et al., 2019). Removal of either protein from follicle

cells delays the onset of migration until stage 5 and also slows it (Stedden et al., 2019).

Semaphorin-plexin signaling has been most extensively studied in the context of neuronal

guidance, where semaphorins in the environment of plexin-expressing neuron cause the neu-

ron's growth cone to collapse and its extending axon to turn away (Hung & Terman, 2011).

Activated PlexA has been shown to exhibit GAP activity toward the small GTPase Rap1,

and to relieve autoinhibition of the F-actin disassembly protein MICAL (Schmidt et al., 2008;

Terman et al., 2002; Wang et al., 2018; Zhao et al., 2018). In the follicle cells, overexpressed

Sema5c causes a reduction in the F-actin protrusions of adjacent cells whose leading edges

contact the cell containing excess Sema5c, and this phenotype is dependent on the presence

of PlexA (Stedden et al., 2019). This has led to the model that Sema5c signals in trans

through PlexA to restrict protrusive activity at trailing edges (Stedden et al., 2019). This

could be accomplished through direct regulation of protrusion-related proteins, but it could

also be an indirect consequence of regulation of Rap1, MICAL, or proteins involved in other

aspects of cell motility.

There are indications that the Fat2-Lar and Sema5c-PlexA signaling systems do not

work entirely independently of one another. Lar and Sema5c colocalize with one another in
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puncta and the absence of Lar reduces Sema5c levels at leading edges (Stedden et al., 2019),

suggesting that Lar contributes to the localization of Sema5c. Somewhat contradictorily,

removal of one copy of Lar partially suppresses the round egg phenotype of Sema5c mutant

egg chambers (Stedden et al., 2019), suggesting an antagonistic relationship between the two

proteins. These proteins could directly antagonize one another at the level of the puncta

in which they colocalize, or they could have functional outputs that must be appropriately

balanced with one another for egg chamber elongation.
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CHAPTER 2

FAT2 POLARIZES THE WAVE COMPLEX IN TRANS TO

ALIGN CELL PROTRUSIONS FOR COLLECTIVE MIGRATION

2.1 Preface

This chapter includes work published with the following citation:

Williams, A. M., Donoughe, S., Munro, E., & Horne-Badovinac, S. (2022). Fat2 polarizes

the WAVE complex in trans to align cell protrusions for collective migration. eLife, 11,

e78343. https://doi.org/10.7554/eLife.78343

This was a collaboration with Seth Donoughe, who developed methods for automated

segmentation of cells and their membrane protrusions and for measuring protrusion traits.

2.2 Abstract

For a group of cells to migrate together, each cell must couple the polarity of its migratory

machinery with that of the other cells in the cohort. Although collective cell migrations are

common in animal development, little is known about how protrusions are coherently polar-

ized among groups of migrating epithelial cells. We address this problem in the collective

migration of the follicular epithelial cells in Drosophila melanogaster. In this epithelium,

the cadherin Fat2 localizes to the trailing edge of each cell and promotes the formation of

F-actin-rich protrusions at the leading edge of the cell behind. We show that Fat2 performs

this function by acting in trans to concentrate the activity of the WASP family verprolin ho-

molog regulatory complex (WAVE complex) at one long-lived region along each cell's leading

edge. Without Fat2, the WAVE complex distribution expands around the cell perimeter and

�uctuates over time, and protrusive activity is reduced and unpolarized. We further show

that Fat2's in�uence is very local, with sub-micron-scale puncta of Fat2 enriching the WAVE
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complex in corresponding puncta just across the leading-trailing cell-cell interface. These

�ndings demonstrate that a trans interaction between Fat2 and the WAVE complex creates

stable regions of protrusive activity in each cell and aligns the cells' protrusions across the

epithelium for directionally persistent collective migration.

2.3 Introduction

Collective cell migration is essential for a variety of morphogenetic processes in animals

(Friedl & Gilmour, 2009; Norden & Lecaudey, 2019; Perez-Vale & Peifer, 2020; Scarpa &

Mayor, 2016). As with individual cell migrations, adherent collective migrations are driven

by the concerted action of cell protrusions, contractile actomyosin networks, and adhesions

to a substrate (Bodor et al., 2020; Buttenschön & Edelstein-Keshet, 2020; Scarpa & Mayor,

2016). To move forward, individual cells polarize these structures along a migratory axis,

and to move persistently in one direction, they need to maintain that polarity stably over

time (Stock & Pauli, 2021). Collective cell migrations introduce a new challenge: to move

together, the group of migrating cells must be polarized in the same direction (Stock & Pauli,

2021). Otherwise, they would exert forces in di�erent directions and move less e�ciently,

separate, or fail to migrate altogether.

The epithelial follicle cells of theDrosophila melanogasterovary are a powerful experi-

mental system in which to investigate how local interactions among migrating cells establish

and maintain group polarity. Follicle cells are arranged in a continuous, topologically closed

monolayer epithelium that forms the outer cell layer of the ellipsoidal egg chamber�the

organ-like structure that gives rise to the egg (Duhart et al., 2017) (Fig. 2.1A-C). The apical

surfaces of follicle cells adhere to a central germ cell cluster, and their basal surfaces face

outward and adhere to a surrounding basement membrane extracellular matrix. The follicle

cells migrate along this stationary basement membrane, resulting in rotation of the entire

cell cluster (Haigo & Bilder, 2011). As the cells migrate, they secrete additional basement
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membrane proteins (Haigo & Bilder, 2011). The coordination of migration with secretion

causes the cells to produce a basement membrane structure that channels tissue growth

along one axis (Crest et al., 2017; Gutzeit et al., 1991; Haigo & Bilder, 2011; Isabella &

Horne-Badovinac, 2016). Follicle cell migration lasts for roughly two days, and the migra-

tion direction�and resulting direction of egg chamber rotation�is stable throughout (Chen

et al., 2017; Stedden et al., 2019). The edgeless geometry of the epithelium means cells

are not partitioned into �leader� and �follower� roles, and there is no open space, chemical

gradient, or other external guidance cue to dictate the migration direction. Instead, this feat

of stable cell polarization and directed migration is accomplished through local interactions

between the migrating cells themselves (Barlan et al., 2017; Stedden et al., 2019).

Follicle cell migration is driven, in part, by lamellipodial protrusions that extend from the

leading edge of each cell (Cetera et al., 2014; Gutzeit et al., 1991). Lamellipodia are built by

the WASP family verprolin homolog regulatory complex (WAVE complex) (Miki et al., 1998;

Miki et al., 2000), which is a protein assembly composed of �ve subunits: SCAR/WAVE,

Abi, Sra1/Cy�p, Hem/Nap1, and HSPC300 (Chen et al., 2010). The WAVE complex adds

branches to actin �laments by activating the Actin-related proteins-2/3 complex (Arp2/3)

and elongates existing �laments, building the branched actin network that pushes the leading

edge forward (Bieling et al., 2018; Machesky et al., 1999; Mullins et al., 2018). Embedded

within the lamellipodia are Enabled (Ena)-dependent �lopodia, which are visually promi-

nent with F-actin labeling but dispensable for migration (Cetera et al., 2014) (Fig 2.1D,E).

Removal of �lopodia reveals the underlying lamellipodial actin network, whereas removal

of WAVE complex subunits eliminates all protrusive structures (Cetera et al., 2014) (Fig

2.1F). We use the term �protrusions� to encompass both of these F-actin networks and the

membrane deformations they cause.

The follicle cells align their protrusions across the tissue, a form of planar polarity (Cetera

et al., 2014; Gutzeit et al., 1991). The atypical cadherin Fat2 is required both for this
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Figure 2.1: Introduction to egg chamber rotation and follicle cell protrusions.
A , Diagram of a stage 6 egg chamber in cross-section. Anterior is left, posterior right.
B , Three-dimensional diagram of an egg chamber with the anterior half shown. Arrows
indicate the migration of follicle cells along the basement membrane and the resulting ro-
tation of the egg chamber around its anterior-posterior axis.C, Diagram of three follicle
cells. Their apical surfaces adhere to the germ cells and their basal surfaces adhere to the
basement membrane. The dashed line represents the basal imaging plane used throughout
this study except where indicated.D , Images of the leading edges of two cells expressing
Ena-GFP and WAVE complex label Abi-mCherry, and with F-actin stained with phalloidin.
E, Diagrams showing the organization of F-actin and its regulators at the leading edge. The
WAVE complex builds a lamellipodial actin network, within which Ena builds �lopodia.
F, Images of F-actin (phalloidin) and cell interfaces (anti-Discs Large) in control,ena-RNAi,
and abi-RNAi backgrounds. Expression ofena-RNAi strongly depletes �lopodia, revealing
the less-prominent lamellipodial actin network, whereasabi-RNAi expression removes both
�lopodia and lamellipodia.
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planar polarity and for collective migration to occur (Horne-Badovinac, 2017; Viktorinová &

Dahmann, 2013; Viktorinová et al., 2009). Fat2 is planar polarized to the trailing edge of each

cell (Viktorinová & Dahmann, 2013), where it promotes the formation of protrusions at the

leading edge of the cell immediately behind (Barlan et al., 2017). Interestingly, in addition

to migration depending on polarized Fat2 activity, Fat2's planar polarity also depends on

epithelial migration (Barlan et al., 2017). It is not known how Fat2 regulates lamellipodia or

cell polarity, or how these processes in�uence one another. We hypothesized that Fat2 acts

as a coupler between tissue planar polarity and cell protrusion by polarizing WAVE complex

activity to the leading edge of each cell. To test this, we used genetic mosaic analysis and

quantitative imaging of �xed and live tissues to dissect Fat2's contributions to protrusivity

and protrusion polarity at cell and tissue scales.

We show that Fat2 signals intrans, entraining WAVE complex activity to one long-

lived region along each cell's leading edge. Without Fat2, the WAVE complex accumulates

transiently at di�erent regions around the cell perimeter, and cell protrusivity is reduced and

unpolarized. The interaction between Fat2 and the WAVE complex is non-cell-autonomous

but very local, with sub-micron-scale puncta of Fat2 along the trailing edge concentrating the

WAVE complex just across the cell-cell interface, at the tips of �lopodia embedded within the

lamellipodium. These �ndings demonstrate how an intercellular interaction between Fat2

and the WAVE complex promotes cell protrusivity, stabilizes regions of protrusive activity

along the cell perimeter, and aligns protrusions across the epithelium by coupling leading

and trailing edges. Fat2-WAVE complex interaction thereby stabilizes the planar polarity of

protrusions for directionally persistent collective migration.
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2.4 Results

Fat2 increases and polarizes protrusions at the basal surface of the

follicular epithelium

Recent work has shown that Fat2 regulates migration of the follicular epithelium by po-

larizing F-actin-rich protrusions; speci�cally, Fat2 at the trailing edge of each cell causes

protrusions to form at the leading edge of the cell behind it, and without Fat2, protru-

sions are reduced or lost (Barlan et al., 2017; Squarr et al., 2016). Beyond this qualitative

description, it is not known how Fat2 modulates cell protrusion.

We sought to obtain a deeper, time-resolved view of the role of Fat2 in regulating protru-

sivity and protrusion distribution. To do so, we developed methods to segment cell membrane

extensions and measure their lengths and orientations, and applied these methods to time-

lapse movies of the basal surface of control andfat2N103-2 epithelia (a null allele, hereafter

referred to asfat2) (Figs. 2.2, 2.3). A detailed description of the segmentation approach

is included in the Methods. To analyze these data, we �rst measured the average lengths

of membrane extensions from all cell-cell interfaces (Fig. 2.3A,B). The distribution of mea-

sured lengths was unimodal, with no natural division between protrusive and non-protrusive

interfaces. Therefore, to establish an empirically-grounded cuto� between these categories,

we recorded timelapse movies of control epithelia treated with the Arp2/3 inhibitor CK-666,

which are non-migratory and almost entirely non-protrusive (Cetera et al., 2014). We used

measurements from CK-666-treated epithelia to set a cuto� for the minimum length of a

protrusion: any edges with membrane extensions longer than the 98th percentile of those in

CK-666-treated epithelia were consideredprotrusive for subsequent analysis (Fig. 2.3B).

Using this quanti�cation approach, we �rst asked how tissue protrusivity was a�ected

by the loss of Fat2. We found that the protrusivity of fat2 epithelia was lower than that

of control epithelia on average, but highly variable, with overlap between the protrusivity
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Figure 2.2: Method used to segment and measure membrane protrusions. Top row
shows an example of a pair of neighboring cells in which one cell is protruding across their
shared interface. Bottom row shows a case in which both cells are protruding across the in-
terface. A , Cell interfaces and protrusions were labeled with a membrane dye and timelapses
of the basal surface were collected.B , Cells were automatically segmented with a watershed-
based method, and segmentation errors were hand-corrected.C, The bright interface region
between each pair of neighboring cells was identi�ed using a watershed-based method. This
region includes the interface and any membrane protrusions that extend across it.D , An
enlargement of the boxed regions of (C).E, The interface region was divided into two parts
by the shortest path from vertex to vertex within the region, which approximates the true
cell-cell interface position. The two resulting regions were then assigned to the cell from
which they each extended. The area of these regions and the length of the interface between
them were used to de�ne average membrane extension length (as described in Methods).
F, The tip and base of each region were identi�ed, and then used to measure lengths and
orientations (see Methods).

distributions of both untreated and CK-666-treated epithelia (Fig. 2.3B,C; 2.4A,B). As a

complementary method, we also measured protrusivity via F-actin labeling in �xed and live

tissues, usingabi-RNAi-expressing epithelia as a nearly non-protrusive benchmark. The

results largely paralleled those seen with membrane labeling (Fig. 2.5A-D); however, the

disparity in protrusivity between fat2 and control epithelia appeared larger when measured

using F-actin labeling than when measured with membrane labeling (Figs. 2.3C; 2.5C).

Images of follicle cell protrusions visualized by F-actin staining are dominated by �uorescence
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Figure 2.3: Fat2 increases and polarizes follicle cell protrusivity. Continued on next
page.
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Figure 2.3: Fat2 increases and polarizes follicle cell protrusivity (continued).
A , Timelapse frames of control,fat2, and CK-666-treated epithelia labeled with a membrane
dye. Middle row shows segmented edges. Protrusive edges, de�ned as edges with average
membrane extension lengths longer than the 98th percentile of those of CK-666-treated ep-
ithelia, are shown in red. Non-protrusive edges are white. Bottom row shows arrows indicat-
ing the orientation of each protrusion overlaid on labeled cell membrane. Arrows originate at
protrusion bases and have lengths proportional to protrusion lengths.B , Histogram showing
the distribution of average membrane extension lengths. The 98th percentile length thresh-
old for CK-666-treated epithelia is indicated. C, Plot showing the ratio of protrusive to
total edges. The protrusivity of fat2 epithelia is variable, with a distribution overlapping
with control and CK-666-treated epithelia. Counts of protrusive and total edges are listed in
Table 1. Welch's ANOVA (W(2,9.3)=15.89, p=0.0012) with Dunnet's T3 multiple compar-
isons test; n.s. p=0.07, *p=0.04, **p=0.004. Bars indicate mean� SD. D , Polar histograms
of the distribution of protrusion orientations in control and fat2 epithelia. Anterior is left,
posterior is right, and in control epithelia images were �ipped as needed so that migration
is always oriented downward. Bar areas scale with the fraction of protrusions. Protrusion
numbers are listed are in Table 1. Control protrusions point predominantly in the direction
of migration, whereasfat2 protrusions are less polarized.

from �lopodia (Fig. 2.1F). The appearance of lower protrusivity offat2 epithelia as measured

with an F-actin label may therefore indicate that �lopodia are disproportionately reduced by

loss of Fat2. Altogether, these data show thatfat2 epithelia are less protrusive than control

epithelia, but do retain some protrusive activity.

These results raised an important question�if somefat2 epithelia have levels of mem-

brane protrusivity comparable to that of control epithelia, then why do allfat2 epithelia

fail to migrate (Barlan et al., 2017; Chen et al., 2017; Viktorinová & Dahmann, 2013)?

We hypothesized that the mispolarization of protrusions across the tissue contributes to

fat2 migration failure. In control epithelia, the majority of protrusions were polarized in

the direction of migration, orthogonally to the egg chamber's anterior-posterior axis (Fig.

2.3A,D; 2.4C). In contrast, in fat2 epithelia, protrusions were fairly uniformly distributed in

all directions or biased in two opposite directions (Fig. 2.3A,D; 2.4C). Where an axial bias

was present, the axis was inconsistent between egg chambers. We also con�rmed this �nding

using F-actin labeling of protrusions. To compare the planar polarity of F-actin protrusions
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Figure 2.4: Membrane extension length and protrusion orientation in individual
egg chambers. Continued on next page.

between control andfat2 epithelia, we measured F-actin enrichment at cell-cell interfaces as

a function of the angle of the interface relative to the egg chamber's anterior-posterior axis.

We again saw that protrusions were planar-polarized in control epithelia and unpolarized in

fat2 epithelia (Fig. 2.5A,E,F). These data show that Fat2 is required to polarize protrusions

in a common direction across the epithelium.

Because Fat2 regulates both follicle cell migration and planar polarity, and migration

and planar polarity are interdependent (Barlan et al., 2017; Cetera et al., 2014; Viktorinová
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