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FORCES GENERATED BY CELL INTERCALATION TOW EPIDERMAL
SHEETS IN MAMMALIAN TISSUE MORPHOGENESIS
Evan Heller, Ph.D.

The Rockefeller University 2014

Underlying the dramatic tissue movements of development—the bending, folding, squeez-
ing, pushing, pulling, mass movements, and individual movements—are processes of cell
migration. Throughout our lives, cell migration plays a role in the maintenance and regen-
eration of our tissues, and even in the development and progression of disease. To carry
out the complex tasks of development and tissue morphogenesis, cells must coordinate their
behaviors and migrate collectively. Insights into these collective behaviors have come from
elegant studies of gastrulation movements in model organisms such as flies, frogs, and fish,
uncovering conserved cellular and molecular mechanisms. However, the extent to which
these mechanisms are refined, reiterated, and combined in the complex tissue environments
of late development and adulthood is not well understood, highlighting the need for new
models. Here, I develop a model of collective cell movements in late mammalian develop-
ment by studying embryonic eyelid closure in mice, a process in which an epithelium locally
reshapes, expands, and moves over another epithelium. Using a combination of lineage
tracing and genetic ablation facilitated by ultrasound-guided lentiviral injection, I establish
that the migratory cells of the eyelid front are derived from the epidermis rather than the
periderm, and that the periderm is not required in the process as previously hypothesized.
Quantitative analyses of cell proliferation, including inhibition of cell divisions iz vwo, reveal
that closure is primarily driven by cell motility rather than by proliferation. Optimizing
conditions for the culture and live imaging of skin explants ex viwo, I reveal that cells of the
eyelid front elongate perpendicularly to the axis of closure, extend mediolateral protrusions,
and intercalate along this axis. Laser ablation and quantitative analyses of tissue deforma-
tion reveal that it is this intercalation, and not assembly and constriction of a supracellular

actin cable, that drives eyelid closure. This mechanism is a novel mode of epithelial fusion



in which forces generated by cell intercalation are leveraged to tow the surrounding tissue.
Functional analyses i vivo show that this mechanism requires a5 /31 integrin/fibronectin and
myosin II-dependent cell motility, is potentially organized by non-canonical Wnts/PCP, and
is supported by a concomitant reduction in cadherins through localized Wnt/ 3-catenin sig-
naling. These studies establish eyelid closure as a model in which well-described mecha-
nisms of collective cell movement are integrated into a complex morphogenetic process, set
the stage for future study of the interplay between canonical and non-canonical Wnts/PCP
in regulating cell motility and intercalation, and present an opportunity to uncover novel

regulators of collective migration.



To childlike wonder, tempered immaturity, unfettered enthusiasm, and a lack of
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Chapter 1

Introduction

Cell migration is a fundamental process to organisms as simple as the amoeba and as com-
plex as mammals. Since the first observations of amoeboid motility in cells with the advent
of optical microscopy, the intricacies of cell movement have captivated cell and develop-
mental biologists, biochemists, and physicists alike. While the primary role of migration for
unicellular organisms is to find food, multicellular organisms have systems in place to in-
struct individual cells, each with the capacity to migrate autonomously, to work collectively
within sheets or clusters in carrying out the complex morphogenetic tasks of development
and in maintaining the integrity of adult tissues. The past fifty years have seen tremendous
advances in our understanding not only of the mechanics and biochemistry underlying cell
locomotion, but of the great diversity of processes in development, tissue morphogenesis,
and disease driven by temporally and spatially-regulated cell motility. Not surprisingly,
while the basic machinery and core molecular players of cell migration are conserved be-
tween all organisms, the specifics of how they are regulated and compartmentalized within
different cell types, and how their activities are coordinated across entire tissues to achieve
different ends remain an area of intense, interdisciplinary research.

The study of cell movement is directly relevant to human health. In development, defects
in migration are associated with congenital abnormalities of the brain and heart (Xu et al.,
1998), and in adults they are implicated in many of the most prevalent diseases of our time,

including vascular disease (Adams and Alitalo, 2007) and cancer metastasis (Friedl et al.,



CHAPTER 1. INTRODUCTION

2012). By developing new tools and techniques for the real-time visualization of signaling
and forces acting within and between cultured cells and their substrates, we continue to
advance our understanding of the basic mechanics of cell movement. Likewise, new imaging
modalities and computational tools allow the visualization and quantitative analysis of cell
movements within developing embryos (Keller et al., 2010), adult tissues of living animals
(Rompolas et al., 2012), and even within growing tumors (Sahai, 2007). Pushing the limits
of these techniques and applying them to the study of increasingly complex systems not only
gives us detailed insight into basic mechanisms of cell movement and tissue morphogenesis,
but also as to how these mechanisms are elaborated upon in different contexts in embryonic

and adult development, and how they are misappropriated in the progression of disease.

1.1 Basic principles of cell migration

The mechanisms of cell migration have been elucidated in beautiful detail at the level of
individual cells on planar substrates (Abercrombie et al., 1970a,b,c; Gail and Boone, 1970;
reviewed in Ridley et al., 2003). At its simplest, migration involves the polarization of a
cell in the direction of a migratory stimulus, the extension of actin-based protrusions that
adhere to the extracellular matrix (ECM) or to an adjacent cell, the translocation of the cell
body, and the disassembly of adhesive contacts at the rear (Illustration 1.1). This process
is mediated by integrin-family transmembrane receptors that link the cell via its actin cy-
toskeleton to the ECM through a vast network of adapter proteins and effectors in structures
called focal adhesions (FAs) [Geiger and Yamada, 2011; Heath and Dunn, 1978; Hynes and
Destree, 1978]. Integrins function as heterodimers whose v and [ subunits dimerize and
aggregate in response to binding ECM proteins such as fibronectin, collagen, and laminin
(Ilustration 1.2). While both subunits contribute to ligand specificity, the cytoplasmic tails
of [-integrins are primarily responsible for establishing the link between the cytoskeleton
and ECM through recruitment of FA proteins, including focal adhesion kinase (FAK), a-

actinin, talin, and vinculin (Geiger et al., 1980; Horwitz et al., 1986; Jockusch et al., 1995).
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1.1. BASIC PRINCIPLES OF CELL MIGRATION

Activation of Src-family kinases by FAK also sets the stage for downstream signaling by Ras
and MAP kinases, Rap1, and c-Jun N-terminal kinase (JNK), which have complex roles in
signaling and transcription (Danen and Sonnenberg, 2003; Ili¢ et al., 1997). Integrins thus
provide a mechanochemical link between a cell and its environment in a wide range of con-
texts, enabling it to both exert traction on its surroundings and respond to external forces

(Schwartz and Simone, 2008; Wang et al., 1993).

Acting both up- and downstream of integrins are members of the Rho-family GTPases
that regulate the assembly and turnover of FAs by modulating actin polymerization and
myosin II-dependent contractility (Hall and Nobes, 2000). Initial polarization of a cell in
response to a migratory cue is in large part mediated through the Rho GTPase Cdc42
(Nobes and Hall, 1995). Along with Par proteins and aPKC, which also play an essen-
tial role in establishing apicobasal polarity in stationary epithelial cells, Cdc42 positions
the microtubule organizing center (MTOC) and Golgi in front of the nucleus, polarizing
membrane traffic (Etienne-Manneville, 2008). Cdc42 also recruits the cell’s actin polymer-
ization machinery to the leading edge both directly, through WASP/N-WASP-mediated
activation of the Arp2/3 complex, and through recruitment of the GTPase Rac, which pro-
motes actin polymerization through the WAVE/Scar family of Arp2/3 activators (Ridley
et al., 2003). Together, Cdc42 and Rac mediate the polarized extension of actin-based pro-
trusions, lamellipodia and filopodia, in the direction of cell migration, which in turn are

stabilized by integrin-mediated adhesion to the ECM (Pollard and Borisy, 2003).

To complete a cycle of locomotion, a cell must couple formation of new adhesive con-
tacts at the front to translocation of the body and disassembly of contacts at the rear. This is
primarily mediated by RhoA, which, due to mutual antagonism with Rac, accumulates at
the sides and rear of the cell. RhoA modules the activity of myosin II through its main effec-
tors, Rho kinase (ROCK) and myosin light chain kinase (MLCK), promoting the formation
and contraction of actomyosin bundles that generate the tension required for productive

migration and disassembly of cell-ECM contacts at the rear (Chrzanowska-Wodnicka and
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IMustration 1.1: The cell migration cycle. In response to a stimulus, a cell polarizes its mi-
crotubules, MTOC, and Golgi. This involves the Rho GTPase Cdc42 and components of the Par
polarity complex, and results in polarized vesicle trafficking. Among the targets of Cdc42 and Rac
are WASP/WAVE proteins, which activate Arp2/3 at the front of the cell to stimulate actin poly-
merization, pushing against the membrane. This generates cell protrusions that are stabilized by the
formation of integrin-based adhesions to the ECM. Myosin II-dependent contractility downstream
of Rho mediates the forward propulsion of the cell and the disassembly of adhesive contacts at the
rear. [llustration adapted from Ridley et al. (2003).
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Illustration 1.2: Integrin-based adhesion. Adhesion to the ECM is mediated through inte-
grins, a ubiquitous family of heterodimeric transmembrane receptors. Following the clustering and
activation of integrins upon binding to ECM proteins such as fibronectin, collagen, and laminin, the
cytoplasmic tails mediate the assembly of macromolecular adhesion complexes known as focal adhe-
sions. Tensin and FAK are likely the first to be recruited, followed by a-actinin, talin, vinculin, and
Src-family kinases. Integrin cytoplasmic tails are linked directly to the actin cytoskeleton through
talin, a-actinin, and tensin, and indirectly through vincullin and paxillin. These initial events set the
stage for the recruitment of more than 50 factors as well as the activation of downstream signaling
molecules such as Ras and MAP kinases, Rapl, and Jun-kinase (JNK). Illustration reproduced from
Vicente-Manzanares et al. (2009).
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Burridge, 1996).

While the full details of cell migration are immensely complex even in the case of a single
cell, this basic machinery—mediators of polarity, actin polymerization, and contractility—
is the foundation of all examples of cell movement, from that of single-celled organisms
to the complex, highly orchestrated movements of animal development. The study of cell
movement in the complex environments of developing embryos and adult tissues is thus a
study of how this machinery operates when cells are interconnected to varying degrees in

tissues, and of the upstream pathways that organize and compartmentalize its activity.

1.2 Regulated adhesion: the basis of collective cell movement

Rather than individual cells, many examples of cell movement in development, adult tissues,
and diseases such as cancer involve movements of cell sheets or clusters, in which cells remain
connected to their neighbors. In this way, a tissue can harness the power of cell motility to
shape entire organs and remain coherent while it is remodeled. The one great exception, of
course, is development of the nervous system, which relies on the guidance of individual cells
to their final destinations (Bate, 1976; Letourneau, 1975; O’Donnell et al., 2009). Individual
cell migration is thus regulated by increasingly complex spatiotemporal cues and constraints

in the different tissues of an organism, many of which are not preserved i vitro.

1.2.1 Cell-cell adhesion

Cells of both simple and stratified epithelia form three main types of cell-cell junctions: ad-
herens junctions (AJs), desmosomes, and tight junctions (1]Js). Adherens junctions are the
first to form at initial sites of cell-cell contact and facilitate the formation of the other two. As
dynamically regulated structures, adherens junctions are also arguably the most important:
their rapid remodeling is essential to many processes in embryonic development, includ-
ing the sorting of cells into distinct tissue layers, the formation of tissue boundaries, shape

changes associated with cell rearrangement, and the conversion of stationary epithelial cells

6



1.2. REGULATED ADHESION: THE BASIS OF COLLECTIVE CELL MOVEMENT

to a migratory fate (Gumbiner, 2005; Hammerschmidt and Wedlich, 2008). Desmosomes
endow the cell with mechanical stability by anchoring the membrane to the intermediate
filament network, and are particularly important in organs subjected to mechanical stress,
such as the skin and heart (Garrod and Chidgey, 2008). Tight junctions, on the other hand,
serve to form tight seals between epithelial cells to control paracellular permeability as well
as to create a barrier to protein diffusion across apical and basolateral membrane domains
(Shin et al., 2006). In addition to partitioning the cell membrane, T]Js also play an active
role in establishing apicobasal polarity by recruiting members of the Crumbs and Par api-
cal polarity complexes. All three classes of junctions, in addition to their structural roles,
are important signaling centers, interact in some way with the actin cytoskeleton, and ex-
hibit a considerable degree of crosstalk between one another, in addition to mediating in-
tegrin/ ECM adhesion by recruiting shared scaffolding proteins and G'TPases that regulate

actin dynamics and contractility (Yamada and Nelson, 2007).

1.2.2 Cadherin-based adhesion and the adherens junction.

Whereas integrins are the basis of cell adhesion to the ECM, cadherins form the major ba-
sis of cell-cell adhesion. Cadherins are a large superfamily of transmembrane proteins that
mediate calcium-dependent adhesion between cells in virtually all solid tissues (Hyafil et al.,
1981; Takeichi, 1977; Yoshida and Takeichi, 1982; reviewed in Gumbiner, 2005). They are
expressed 1n tissue-specific, partially overlapping patterns, and their dynamic, physiological
regulation at the cell surface and roles in signaling are essential to development and tissue
morphogenesis (Jamora and Fuchs, 2002; Maitre et al., 2012; Zhong et al., 1999). Classical
cadherins, including E- (epithelial), N- (neural), R- (retinal), and VE- (vascular-endothelial)
cadherin are homophilic, single-pass transmembrane proteins associated with various forms
of adherens junctions and are characteristically linked to the actin cytoskeleton. A subfamily
of cadherins, the desmocollins and desmogleins, also mediate the formation of desmosomes,

while tight junctions mediate calcium-independent adhesion through separate classes of ad-
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hesion molecules, namely claudins, occludins, and junctional adhesion molecules (JAMs)
(Shin et al., 2006). Finally, cadherin-like proteins that contain variable numbers of cad-
herin repeats in their extracellular domains and do not fall neatly into a subfamily, including
Fat, Dachsous, and Flamingo, play important roles in patterning, establishment of planar
polarity, and tumor suppression (Zallen, 2007).

Similarly to focal adhesions, adherens junctions are intimately associated with the actin
cytoskeleton through a set of adapter proteins, some of which are shared with focal ad-
hesions, and are regulated both at the level of cadherin ligation and membrane turnover
(Illustration 1.3A). Classical cadherins, such as E-cadherin, form parallel ¢is dimers in the
membrane that interact with dimers in adjacent cells to form a homophilic bond (Over-
duin et al., 1995). Like integrins, their cytoplasmic domains aggregate, which promotes the
binding of accessory proteins, including S-catenin and p120, that ultimately link them to the
cytoskeleton via a-catenin (Harris and Tepass, 2010). a-catenin in turn has been found to
bind directly to actin filaments as well as indirectly through vinculin, VASP, a-actinin, and
Z2.0-1 (Drees et al., 2005; Kobielak and Fuchs, 2004). That these proteins are also found in
focal adhesions implies that both cell-cell and cell-ECM adhesion complexes use analogous

mechanisms to respond to and exert tension on their surroundings (le Duc et al., 2010).

1.2.3 Actomyosin dynamics at the adherens junction

The formation of cell-cell adhesions in many ways parallels that of cell-ECM adhesion. It
utilizes many of the same regulators of the cell’s actin polymerization and contractile ma-
chinery to generate membrane protrusions, but stabilizes them in cadherin-based adhesions
to an adjacent cell rather than the ECM. Both Arp2/3, which promotes actin branching and
lamellipodia formation, and formin-1, which promotes linear actin polymerization and ex-
tension of filopodia, are associated with the cadherin complex (Kobielak et al., 2004; Verma
et al., 2004). E-cadherin, with p120-catenin, has been shown to activate Arp2/3 via phos-

phatidylinositol 3-kinase (PISK) and Rac (Kovacs et al., 2002), while formin-1, which can
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A Basic structure of the adherens junction

iyl

Ca2+ Ca2+

Ca2+ Ca2+

Ca2+ Ca2+

Ca2+ Ca2+
Plasma membrane EC domain

mmm
OO 10000000

Vezatin

‘O E-cadherin—p-catenin @ aE-catenin, formin, VASP - Actin monomers ~ — Actin filament ‘

IMustration 1.3: The structure and formation of adherens junctions. (A) Cell-cell adhe-
sion is mediated through members of the cadherin superfamily. Classical cadherins are calcium-
dependent, single-pass transmembrane proteins that form homophilic bonds between cells. Similarly
to focal adhesions, their cytoplasmic domains associate with the actin cytoskeleton through a large
complex of accessory proteins. Chief among them are a- and -catenin. Direct binding of S-catenin
to the cytoplasmic tail recruits a-catenin, which can directly bind actin, while p120 stabilizes cad-
herins at the membrane by inhibiting their endocytosis. S-catenin also has a well-known role in Wnt
signaling. (B) The formation of AJs in epithelial cells involves the extension of actin-based protru-
sions into adjacent cell membranes. Recruitment of PI3K and Rac to cadherins activates Arp2/3 and
generates lamellipodial protrusions, while formin-1, through a-catenin, generates filopodia. Actin
polymerization and remodeling through VASP, vinculin, and zyxin result in the coalescence and
maturation of nascent adhesions, highlighting the connection between integrin- and cadherin-based
adhesions. Illustrations reproduced from Kobielak and Fuchs (2004).
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nucleate actin in response to Rac, Rho, and Cdc42, interacts with a-catenin (Kobielak et al.,
2004). There is also evidence that $-catenin can interact with PI3K (Woodfield et al., 2001).
Both lamellipodial and filopodial protrusions are likely to mediate junction formation in dif-
ferent contexts.

In epithelial cells, initiation of adherens junction formation involves extension of actin-
based protrusions into the membrane of an adjacent cell, forming cadherin-rich puncta
(Illustration 1.3B; Vaezi et al., 2002; Vasioukhin et al., 2000). Double rows of these puncta
form intermediate adhesion structures called adhesion zippers, which associate with radial
actin fibers in cultured cells and recruit VASP, zyxin, Mena, and vinculin. Local actin
polymerization and contractility result in the coalescence of these structures into a linear
adhesion and their eventual remodeling into a cortical actin belt associated with mature ad-
herens junctions. In different contexts, the same family of scaffolding proteins, Rho-family
GTPases, and mediators of actin polymerization and myosin II-based contractility thus drive

both basic cell locomotion and the formation of adhesive contacts between cells.

1.2.4 Beyond the adherens junction

While the coupling of cell-cell junctions to the actin cytoskeleton is a general feature of ep-
ithelial cells, it is likely not essential for the formation of a basic adhesive bond between cells.
Two naturally-occurring cadherins, T-cadherin (found in the heart) and LI (liver-intestine)-
cadherin lack the typical cadherin cytoplasmic domain, but still mediate effective adhesion
(Kreft et al., 1997; Vestal and Ranscht, 1992). Likewise, mouse E-cadherin mutants that
lack the entire cytoplasmic domain are still able to promote effective cell aggregation, as do
C-cadherin mutants in Xenopus lacking the binding site for S-catenin (Ozawa and Kemler,
1998). Likely the most important role for coupling adherens junctions to the cytoskeleton
is to generate forces to drive cell shape change, cell movement, and the polarization and
organization of cells within an epithelium. It is also important to note that cadherins func-

tion effectively as cell adhesion molecules even outside of well-defined adherens junctions,
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particularly in non-epithelial cells, such as those of neural tissues and the embryonic meso-
derm. In these tissues, cadherins are likely dispersed throughout the cell and not fully linked
to the cytoskeleton (Levi et al., 1991).

To achieve the great diversity of collective cell movements in development and tissue
morphogenesis, the strength, location, and timing of cell-cell adhesion are carefully regu-
lated. This 1s achieved through patterned expression of cadherins with different binding
affinities, regulation of the conformation and clustering of cadherin dimers in the mem-
brane by the catenins, and cadherin trafficking. Cadherin internalization rates are known
to be modified in response to external stimuli such as growth factor signaling (Bricher and
Gumbiner, 1994; Krieg et al., 2008), and cadherin turnover is essential for the long-term
maintenance of cell-cell junctions (de Beco et al., 2009). Control of cadherin endocytosis is
in turn linked to regulators of actin reorganization at the junction, which can either stimulate
or inhibit the clathrin-mediated uptake of cadherins. p120-catenin, for example, stabilizes
adherens junctions by inhibiting cadherin endocytosis (Davis et al., 2003), while in endothe-
lial cells, activation of Rac and Pak by VEGF promotes endocytosis through recruitment of
B-arrestin (Gavard and Gutkind, 2006). By fine-tuning levels of cadherin expression, sta-
bility at the membrane, and rates of turnover within and between tissues, a great diversity
of behaviors that drive the sweeping shape changes, epithelial fusions, and mass cell move-

ments of tissue morphogenesis can be achieved.

1.3 Cell migration and adhesion in morphogenesis

Perhaps the most striking feature of embryonic development is the variety of collective cell
movements that take place. In different contexts, cells move as individuals, small clusters,
sheets, and tubes, each of which utilize force-producing actin polymerization, contractil-
ity, and adhesion to different extents. Our knowledge of the diversity of cell movements
that drive morphogenesis is illuminated by studies of gastrulation in model organisms such

as the fly, frog, fish, and mouse. This is the process by which the single-layered blastula
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gives rise to the three germ layers, the endoderm, mesoderm, and ectoderm, from which
all the adult tissues of an animal are derived (Solnica-Krezel and Sepich, 2012). While the
cell movements that occur differ from tissue to tissue and between organisms in analogous
phases of development, they share governing principles and are driven by common cellular
and molecular mechanisms. Although variations of these general mechanisms have been
found to play a role in organogenesis, tissue regeneration, and cancer metastasis (Friedl and
Gilmour, 2009), we are only beginning to understand the modes of collective cell movement

used throughout an organism’s life.

1.3.1 Epithelial to mesenchymal transition (EMT)

The process of cell movement 1s inextricably linked to fate specification. All of our tissues
and organs are derived from a single-layered epithelium in gastrulation. Like most epithe-
lia, cells are tightly interconnected by adherens and tight junctions, and are polarized along
their apical-basal axis. A major early event in gastrulation is a process known as emboly,
in which a subset of these cells, the mesodermal and endodermal progenitors, are inter-
nalized through an opening in the embryo called the blastopore in Xenopus and primitive
streak in amniotes. Following internalization, cells typically migrate as individuals away
from the blastopore to different regions of the embryo, where they generate the internal or-
gans including mesodermally-derived muscle, bone, circulatory system, connective tissue,
and notochord (which forms part of the nervous system), and endodermally-derived stom-
ach, liver, intestines, and lungs (Solnica-Krezel, 2005). The process by which stationary
epithelial cells break free of their surroundings and become migratory, known as an epithe-
lial to mesenchymal transition (EMT), is essential in development, and was previously the
predominant framework for understanding cell movements in embryonic development.
EMT 1s characterized by the loss of cell-cell adhesion, often through transcriptional
downregulation of E-cadherin, with a corresponding increase in cell-ECM adhesion, loss

of apicobasal polarity, cytoskeletal reorganization to promote delamination and migration,
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and degradation of the basement membrane, the specialized ECM at the basal surface of
most epithelia (Cano et al., 2000; Greenburg and Hay, 1982; Hay, 1995; Nakaya et al.,
2008). An EMT is initiated by localized signaling in development. In mouse and chick
development, mesodermal and endodermal progenitors are internalized through the prim-
itive streak as individual cells in a process known as ingression (in contrast to Drosophila and
Xenopus embryos, in which adherent cells are internalized by invagination and involution,
respectively). These cells respond to canonical Wnt signaling, downstream of which mem-
bers of the TGF-/ superfamily, Nodal and Vg1, induce EMT and ingression (Varlet et al.,
1997). Signaling through FGF receptors plays an important role in maintaining the EM'T
(Mathieu et al., 2004). Together, these signaling molecules activate transcription factors that
produce the main features of an EM'T, the most important of which are the transcriptional
repressors Snail, Twist, and Slug, that mediate the downregulation of E-cadherin and other

junctional proteins, and the expression of mesenchymal markers.

Migration of cells as individuals following an EMT plays an important role throughout
development. In Drosophila, although the mesoderm is initially internalized by a process of
inward folding to create the ventral furrow, cells subsequently break away and migrate along
the inside surface of the future ectoderm (Leptin, 1999). In chordates, following neural tube
closure, neural crest cells on the roof plate delaminate and migrate peripherally to form
diverse cell lineages including melanocytes, cartilage, smooth muscle, peripheral neurons,
and glia (Duband et al., 1995; Weston, 1963). It is important to note that, in addition
to promoting the dispersal of cells and their development into diverse tissues, groups of
cells that migrate as individuals can also contribute to the overall shaping of tissues. In
Xenopus, following internalization, the movement of individual axial mesoderm cells away
from the blastopore and toward the head contributes to axis extension. Likewise, in zebrafish
embryos, a ventral-to-dorsal gradient of BMP signaling contributes to axis elongation by
establishing a reverse gradient of cell adhesion, which directs the dorsal convergence of

mesodermal cells by lamellipodia-driven migration (von der Hardt et al., 2007). Directed
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migration can thus contribute, with other mechanisms of bona fide collective cell movements,
to large-scale shape changes in tissue morphogenesis.

Outside of embryonic development, EMTs are also important in wound healing and
tissue repair, and are known to contribute to pathogenesis. In adult skin, wound healing
involves an EMT to promote motility of epidermal cells at the wound border, as well as to
generate myofibroblasts that remodel the interstitial ECM and promote wound contraction
(Martin, 1997; Yan et al., 2010). Diseases such as renal fibrosis are associated with EMTs
and with the conversion of epithelial cells into myofibroblasts (Iwano et al., 2002), and it is
believed that EMT can play a role in dissemination of tumor cells in metastatic cancer (La-
belle et al., 2011; Yang et al., 2004). However, while EMTs and the migration of individual
cells are essential to numerous processes in development, they simply do not account for
the full range of morphogenetic cell movements observed. Many, if not most, of the large-
scale movements that shape the developing embryo involve cells that retain some degree
of cell-cell adhesion. Accumulating evidence from live imaging studies of tumor cells in 3D
culture and within intact tumors also indicates that cells can invade and spread as connected
strands or clusters (Friedl et al., 2012). Rather than a sharp transition, the process of EMT is
perhaps best considered as occurring along a spectrum, encompassing both individual and

collective cell behaviors.

1.3.2 Cell sorting and cadherin-dependent migration

On the opposite end of the spectrum is cell movement and rearrangement driven predomi-
nantly by cadherin-dependent cell-cell adhesion. The idea that differences in the adhesive
and mechanical properties of cells can direct their sorting and assembly into distinct tissues
dates from the classic experiments of Townes and Holtfreter, in which mixtures of cells from
embryos were found to self-organize (Townes and Holtfreter, 1955). However, only recently
have we begun to understand the molecular basis of a cell’s mechanical properties and to

incorporate mechanical models into studies of tissue morphogenesis i vivo.

14



1.53. CELL MIGRATION AND ADHESION IN MORPHOGENESIS

Theories of cell sorting

Cell sorting involves the segregation of a mixture of cells with different fates and mechanical
properties into distinct domains, and the maintenance of this segregated state. While tissues
rarely begin as truly random mixtures of different cell types i vivo, cell sorting has important
functions in forming and maintaining tissue boundaries in embryonic, adult, and diseased
tissues. A number of theories have been proposed to explain cell sorting, each of which
accounts for different aspects of the process at play in different developmental contexts.
The simplest model is that the cells of an aggregate behave as the molecules of a mixture
of immiscible liquids, where the molecules with stronger intermolecular attraction (higher
surface tension) coalesce and separate from the bulk to minimize their surface free energy
(Foty et al., 1996; Steinberg, 1962). The equivalent of intermolecular forces for a mixture of
cells would be their relative adhesiveness, a function of the number and identity of cadherin
molecules at the membrane. While the surface tension of a tissue is indeed correlated with
the expression of cadherins, and in some circumstances such a model is sufficient to account
for the sorting that occurs (Foty and Steinberg, 2003), cell contractility also influences its
surface tension and, in combination with other active processes, is likely to be important for
cell sorting in the majority of cases.

Other models of cell sorting account for both adhesion and actomyosin contractility at
the cortex. In the differential surface contraction hypothesis (Harris, 1976), contractility at
the free surface of a cell serves to increase surface tension, while adhesion at cell-cell junctions
reduces cell adhesion and thus decreases surface tension. Either higher contractility at the
free surface or lower contractility at cell-cell junctions (but not both) would result in the
liquid-like segregation of cells on the basis of surface tension. Lending direct support to this
model is a study in zebrafish embryos, in which atomic force microscopy (AFM) was used
to measure the adhesiveness and cortical tension in cells of the ectoderm, mesoderm, and
endoderm (Krieg et al., 2008). When isolated from the embryo and mixed in culture, cells of

the ectoderm sort to the inside of the aggregate, with the mesoderm and endoderm cells on
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the outside. Rather than the relative adhesiveness of the cell types, actomyosin contractility
dictated the outcome of sorting, highlighting the role of contractility at specific cell interfaces
in driving cell sorting.

Perhaps the most realistic model, at least in theory, is the differential interfacial tension
model (Brodland, 2002). This treats tissues not as liquids, but as a set of cell-cell interfaces,
each subject to adhesive forces that act to expand the interface, and cortical tension that
tends to shrink it. Such a model is attractive because terms can be introduced to account
for various other properties of a cell, including elasticity and viscosity. This framework has
been utilized to accurately describe packing geometries in the development of the Drosophila
wing imaginal disk and to predict cell rearrangements that occur during tissue growth in
different regimes of cell contractility, adhesion, and elasticity (Farhadifar et al., 2007). Like-
wise, simulation of cell shapes in the Drosophila eye using a model that accounts for cell-cell
adhesion and cortical contractility was able to recapitulate the arrangement of pigment and
cone cells in both wildtype and mutant conditions (Hayashi and Carthew, 2004; Hilgenfeldt

et al., 2008).

Cell sorting in development

Regardless of the mechanics underlying it, aspects of cell sorting play a major role in de-
velopment. In the early stages of mouse blastocyst formation, pluripotent epiblast cells and
prospective endoderm cells are initially specified at random positions and sorted into distinct
domains (Plusa et al., 2008). This is thought to have an important role in fate specification
later in development, as it establishes the positions of cell populations within the long-range
signaling gradients that evolve. As cells adopt different fates, differences in surface tension
are thought to play a role in keeping them separate. Following the internalization of meso-
derm and endoderm in gastrulation, this is at least part of what keeps the germ layers from
intermixing, a role that appears to also apply to different regions of the meosderm (Ninomiya

et al., 2004) and to neural crest and epidermal cells (Davis et al., 1997).
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The process of epiboly, the thinning and spreading of the epiblast that occurs concur-
rently with gastrulation, involves the movement of cells from deep to superficial layers in
a process of radial intercalation (Keller, 1980). In zebrafish, this is known to require E-
cadherin and regulators of E-cadherin endocytosis such as the EGF pathway, implicating a
role for cell sorting in either driving or maintaining the positions of cells following radial in-
tercalation (Kane et al., 2005). Finally, cell sorting can play an active role in the generation
of polarized embryonic structures. Studies of chick development have revealed that the limb
bud forms by a process of cell segregation from the somatopleural mesoderm, where FGF
signaling triggers both changes in cell surface tension as well as proliferation (Damon et al.,
2008). The Drosophila wing disk, a polarized structure that is compartmentalized along the
anterior-posterior as well as dorsal-ventral axes, likewise requires cell sorting downstream
of Decapentaplegic (Dpp, a homolog of BMP) and Notch signaling to form and maintain
tissue boundaries. Both proper expression of E-cadherin and other adhesion molecules as
well as regulation of cell cortex tension are known to play a role (Landsberg et al., 2009). A
similar process of boundary formation is believed to be at play in vertebrate development
in the formation of the somites, paired blocks of mesoderm on either side of the notochord
that give rise to the skeleton, skeletal muscles, and parts of the dermis (Baker et al., 2008).
However, in this case, differences in surface tension alone are unlikely to fully account for
the compartmentalization observed, and processes of cell attraction and repulsion mediated

by Eph-Ephrin signaling also contribute (Durbin et al., 1998).

While other processes are likely to contribute to cell sorting i viwo, such as chemotaxis,
differences in cell migration rates, and cell attraction and repulsion (such as through Eph-
Ephrin signaling), cell sorting on the basis of adhesion and surface tension alone represents

an important class of collective cell movements in tissue morphogenesis.
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1.3.3 A case of cadherin-dependent cell migration: border cell migration

Although apparently rare, an intriguing and well-studied example in which a group of cells
delaminate from a stationary epithelium and migrate using only cadherin-based adhesion
is the process of border cell migration in Drosophila oogenesis (Illustration 1.4; reviewed in
Montell, 2003). The Drosophila egg chamber consists of 650 post-mitotic follicle cells that
surround sixteen germline cells, of which one differentiates into the oocyte and the others
into nurse cells that provide nutrients and cytoplasm to the ooycte. In the process of egg
chamber formation, the follicle cells rearrange themselves such that most adopt a columnar
morphology around the oocyte, while those that surround nurse cells spread out into a thin
squamous layer. As this occurs, a group of 6-10 cells, including two specialized cells at
the anterior end of the chamber, the polar cells, detach from the follicular epidermis and
invade the germline tissue. The border cell cluster is guided to the oocyte where it forms the
micropyle, the pore through which sperm enters during fertilization, and produces factors
such as torso-like that contribute to the anterior-posterior patterning of the embryo (Savant-
Bhonsale and Montell, 1993). It is thus an essential process for the fertility of female flies

and the proper patterning of embryos.

What makes border cell migration such an important model is that it is a true case of tis-
sue invasion that occurs naturally in development, with potential parallels to the acquisition
of invasive properties by tumor cells. As a model, it offers insight into signaling pathways
that direct the acquisition of motile properties by epithelial cells as well as into cellular and
molecular mechanisms of the collective migration of a free group of cells (Wang et al., 2006).
Unlike examples of EMT;, in which cells increase integrin-based adhesion to the ECM, there
is no ECM or “empty” space into which border cells migrate—they utilize nurse cells as a
substrate. Among the genes found in screens for defects in the process, E-cadherin was
found to be required in both border cells and nurse cells for effective migration, indicat-
ing that cadherin-mediated adhesion is likely the sole means by which border cells gain the

necessary traction for migration. This is unusual, as high cadherin expression is typically
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Egg chamber development in the Drosophila ovary

Germarium Stage4  Stage 6 Stage 8 Stage 9 Stage 10

Follicle cell
Border cell g

Overview of border cell migration

Local, paracrine
signal defines
migratory population

Global, hormonal
signal controls timing

INlustration 1.4: Cadherin-dependent migration: border cell migration. The Drosophila
egg chamber consists of ~650 follicle cells surrounding sixteen germline cells, of which one becomes
the oocyte and the others nurse cells that feed the oocyte. As the egg chamber develops to stage
9, the follicle cells on the anterior side assume a squamous morphology and spread over the nurse
cells. A group of these, including two specialized polar cells and 6-10 border cells, detach from the
follicular epidermis and invade the group of nurse cells. They migrate as a free group of cells across
the chamber to the oocyte, where they fuse to form the micropyle (sperm duct). Controlling their
movements are Slbo, a homolog of mammalian C/EBP proteins, which controls their delamination
from the follicular epidermis, Jak-Stat signaling to stimulate their active migration, and Pvfl (ho-
mologous to VEGF and PDGF) and Vein (an EGF ligand), two chemoattractants produced by the
oocyte. Border cell migration is an important model of epithelium-on-epithelium migration and the
signaling pathways involved in the acquisition of invasive properties. Illustrations reproduced from
Montell (2003).
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correlated with a less motile phenotype, although it is becoming increasingly appreciated
that, in some contexts, cadherins can actually promote cell migration (Martinez-Rico et al.,

2010; Shih and Yamada, 2012).

Among the other genes found to regulate the process are the Drosophila homolog of the
mammalian CCAAT enhancer binding protein (G/EBP), Slbo, a transcription factor con-
trolling the acquisition of motile properties and the detachment of border cells from the
follicular epidermis (Montell et al., 1992), and the Jak-Stat pathway, which activates tran-
scription downstream of growth factor signaling and is well-known to promote cell migra-
tion both in tissue culture and a variety of developmental contexts (Hou et al., 2002). Down-
stream targets of S/bo include E-cadherin, FAK, and the pointed-end directed motor, myosin
VI, thought to stabilize the E-cadherin/-catenin complex (Geisbrecht and Montell, 2002).
The C/EBP pathway is thus likely to control the mechanics of border cell migration at least
in part by the dynamic regulation of cadherins. Jak-Stat signaling, on the other hand, is
required to recruit border cells around the polar cells and stimulate their active migration
(Silver and Montell, 2001). Polar cells produce the cytokine Unpaired, which activates Jak-
Stat in neighboring border cells, necessary both for effective migration and the recruitment
of the correct number of border cells to the cluster. In contrast to long-range chemotactic
signals, this may function to promote group over individual cell migration. Finally, con-
trolling the directed migration across the egg chamber are chemoattractants originating in
the oocyte: Pvfl, which has some homology to both VEGF and PDGE, and Vein, an EGF

ligand (Duchek et al., 2001), both of which are sensed by cognate receptors in border cells.

In contrast to the collective rearrangement of cells by sorting on the basis of surface ten-
sion, border cell migration illustrates an example in which mediators of cell-cell adhesion
are used to drive active cell migration. This serves to highlight the incredible plasticity of
cells within epithelia and the diversity of morphogenetic behaviors that can be achieved by
the simple activation of individual cell motility or by modulating levels of cell adhesion and

contractility. Not only are the behaviors of cells diverse in different developmental contexts,
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so too are the basic means by which they exert traction on their surroundings to promote cell
movement. While extremely useful as models to understand basic principles of integrin and
cadherin-dependent cell movement and segregation into tissue domains 2 viwo, the processes
of EMT is in many ways on the opposite end of a spectrum to cell sorting and border cell
migration. On the one side is EMT, the adoption of motile properties that characterize the
crawling motility of cells exhibited in culture; on the other are processes that predominantly
involve cell-cell adhesion. In reality, tissue morphogenesis in development and homeosta-
sis involves a subtle interplay between cell-cell and cell-matrix adhesion whose intricacies
we are only beginning to unravel, involving motile behaviors downstream of developmen-
tal signaling pathways and thermodynamic forces generated by differential adhesion and

contractility.

1.4 Combining cell motility and adhesion: conserved morpho-
genetic movements in development

The basic force-producing machinery of actin polymerization and myosin II-dependent
contractility can be used in combinatorial fashion to achieve varying degrees of epithelial
stability or cell movement. In spite of the apparent diversity of cell movements, variations
of a surprisingly small number of evolutionarily conserved cellular and molecular mecha-
nisms have been found to drive many of the most substantial tissue movements that take
place in development. Underlying them all is a simple, unifying framework in which the
force-producing activity of actomyosin contractility is compartmentalized within cells and
coordinated across tissues, and harnessed to produce global changes in tissue morphology
through mechanical coupling of cells at cell-cell junctions. The intricate spatial regulation
of actomyosin dynamics and the stability of cadherin-based junctions, in many cases by
highly conserved pathways, can thus be considered the organizing principle of morphogen-
esis, underlying collective cell movements common to the development of all multicellular

organisms and accounting for the subtle differences between them.
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1.4.1 Cell shape changes in morphogenesis

The crawling motility of individual cells either in tissue culture or following an EMT i vivo
can be considered a specialized case of a larger set of cell shape changes of which cells are
capable. A common process in which epithelial tissues harness the power of shape changes
in a subset of cells to produce folds and invaginations is apical constriction (Illustration 1.5).
This has been studied extensively in Drosophila mesoderm invagination (Sweeton etal., 1991),
vertebrate neuralation (Kolsch et al., 2007), and in Xenopus bottle cells in the formation of
the blastopore (Lee and Harland, 2007). It likely also plays a role in the formation of a wide
variety of epidermal appendages. In the case of invaginating mesodermal cells in Drosophila,
apical constriction occurs by a process of rapid, pulsed constrictions that are stabilized be-
tween pulses to drive a continuous decrease in apical area (Martin et al., 2008). The force
for constriction comes from the repeated formation and coalescence of myosin II foci on
the apical actin network, found to immediately precede an apical constriction. These pulses
are eventually stabilized by maintenance of high levels of myosin II at the apical surface,
generating a pulling force on adjacent cell-cell junctions. This results in their redistribution

from a subapical to apical region of the cortex and the inward bending of the tissue.

Apical constriction is controlled by many of the expected regulators of myosin II activ-
ity. Rho-kinase, activated by RhoGEF2 and Rho, is required for the process in both flies
and mice (Nikolaidou and Barrett, 2004), while in amphibians, it requires the Rho G'TPase
Rapl rather than Rho itself (Haigo et al., 2003). Like the process of cell migration, apical
constriction is a polarized process, in this case requiring the compartmentalized activation
of actomyosin contractility at the apical surface. This occurs through the apical anchoring
of RhoGEF?2 and its activation by the G 12413~ Concertina (Cta) pathway (Kolsch et al.,
2007). In cultured cells, RhoGEF2 is known to bind the microtubule (MT) plus-tip-binding
protein, EB1, and to be released by G412413-Cta. The fact that astral microtubules con-

centrate at the cell apex and MT plus-ends are oriented apically suggest this as the means

by which RhoGEF? is targeted there. This is likely a conserved mechanism, as RhoGEF2
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and G412413-Cta are required for gastrulation and cortical remodeling, and a mammalian
homolog of RhoGEF2, PDZ-RhoGEF (ARHGEF11), was recently found to play a role in
apical constriction during neural tube closure in mice (Nishimura et al., 2012). Proper orga-
nization of the apical actin network, in which RhoGEF plays a role, 1s also essential, along
with the Abelson kinase (Abl), which inhibits the Ena/VASP family of actin regulators, and
Shroom, an actin-associated protein that binds and recruits ROCK to the apical membrane
(Haigo et al., 2003).

Interestingly, apical constriction in Drosophila mesoderm invagination requires the two
major effectors of EMT, Twist and Snail. Whereas Snail is required for myosin coalescence
at the apical cortex, Twist 1s necessary to stabilize pulsed contractions produced by Snail
activity to sustain the process (Martin et al., 2008). This is likely through a role in actin
remodeling, as fwist mutants fail to form a dense apical actin meshwork. This involvement
of a pathway classically considered to promote individual cell motility highlights a major
theme of morphogenesis: the use of a core set of molecular force generators in a spatially-
controlled manner to promote a diversity of collective behaviors. The compartmentalization
of myosin II activity by the spatial restriction of ROCK through RhoGEFs is widespread
in development, and many of the pathways regulating their localization are conserved. Im-
portantly, that apical constriction involves pulsatile actomyosin contraction rather than a
continuous process of constriction underscores the role of dynamic, polarized actomyosin

flows in driving morphogenesis.

1.4.2 Epithelial sheet movement

One of the best-studied types of collective cell movement, both in simplified cell culture
models and in elaborate processes i vivo, is epithelial sheet movement. As a model, it is a
perfect example of the combined use of cell migration, cell-cell adhesion, and the assembly of
specialized actomyosin structures to achieve a complex morphogenetic task: cell movement

in a scenario where epithelial integrity is required. Cultured epithelial and endothelial cells
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IMustration 1.5: Apical constriction: an individual cell behavior driving tissue shape
change. Apical constriction illustrates how the shape changes of a few cells within a stable epithe-
lium can drive substantial tissue movement. Apical anchoring and activation of RhoGEF2 by the
Ga12013-Cta pathway, along with the ROCK and actin-binding protein Shroom, compartmentalize
ROCK and myosin II activity along the apical membrane. The process of constriction itself involves
rapid, pulsatile actomyosin contractions that are stabilized by maintenance of high levels of apical
myosin II. Nlustrations reproduced from Lecuit and Lenne (2007).
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perform sheet migration in response to a stimulus, such as creating a gap in a monolayer (a
scratch-wound assay), or in response to growth factors such as FGF (Vitorino and Meyer,

2008).

Basic principles

Cell culture studies have uncovered a number of basic principles of the process likely to
play a role in vivo, including the specification of more migratory “leader” cells (Omelchenko
et al., 2003), active motility in cells throughout the sheet, coordination of cell movement,
and the non-essential role of proliferation (Poujade et al., 2007). Despite the connectivity
of cells and greater protrusive activity of leader cells, it is truly a group phenomenon—
every cell can contribute (Farooqui and Fenteany, 2005). As is the case for cells migrating
in isolation, cells both at the front and within a migrating sheet polarize their microtubules
and microtubule organizing center (MTOC) [Yvon et al., 2002]. They also require all the
familiar regulators of cell migration, including Rho G'TPases, Arp2/3 components, and
regulators of contractility, such as ROCK (Vitorino and Meyer, 2008). A global increase
in motility by uniform application of a growth factor, for example, increases the overall
rate of sheet movement. The process is thus achieved by harnessing the power of individual
cell motility by directing and coordinating cell movements over large distances. Rather than
drive the whole process, leader cells are predominantly required to direct the motility of cells
within the sheet in response to a stimulus. Loss of FGFR in endothelial cells, for example,
inhibits directional cell movements without affecting random cell motility. Cadherins and
components of adherens junctions, such as a-catenin, on the other hand, are necessary to
maintain the “follower” behavior of cells within the bulk of the sheet by coordinating their
movements (Vitorino and Meyer, 2008). In this way, the whole of the process is greater than
the sum of its parts.

The specification of specialized leader cells, the active contribution of follower cells, and

the emergence of group phenomena from the coupling of cells are found in numerous ex-
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amples of epithelial sheet movement in development and tissue maintenance. For example,
migration of the zebrafish lateral line, a group of several hundred proliferating cells that de-
posits groups of sensory cells as it travels the length of the embryo, involves the specification
of leader cells that direct the migration of intrinsically motile followers (Haas and Gilmour,
2006). Similarly, while in some organisms the first mesodermal cells internalize by an EM'T]
the bulk of the mesoderm and endoderm do so as a multilayered sheet (Keller et al., 2000).
A study of the collective movement of zebrafish mesoderm cells found that, while isolated
cells were capable of directed movement, adequate cell-cell adhesion was required when
cells were part of a group (Arboleda-Estudillo et al., 2010). This suggests a universal role for
adhesion in mediating group behavior. In skin wound healing, keratinocytes at the wound
border alter their integrin expression and migrate as a sheet across a provisional ECM (Mar-
tin, 1997). While many other process contribute to effective healing, including epidermal
proliferation and contraction of specialized fibroblasts at the wound site, the initial process of
re-epithelialization is a classic example of sheet migration, underscoring it as a fundamental,

conserved morphogenetic mechanism.

Epithelial fusion and spreading

Epithelial sheet movement in development often involves the integration of forces from mul-
tiple tissues and the assembly of a supracellular actomyosin ring around the gap. This is
perhaps due to the size of gap that must be closed and the magnitude of the forces required.
A classic example is Drosophila dorsal closure, the sealing of a naturally-occurring epithe-
lial gap that forms as a result of germband retraction in gastrulation (Jacinto et al., 2002b).
Movement and fusion of the epidermal sheets on either side is driven by the combined ac-
tivity of a contractile actomyosin “purse string” assembled by cells bordering the gap, apical
constriction of amnioserosa (AS) cells, the extra-embryonic tissue exposed by the gap, and

extension of filopodia between apposing sheets (Figure 1.1A).

Although the exact signals that initiate the process are not well understood, activation of
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the JNK pathway and Dpp signaling, which have wide-ranging roles in cell migration, are
known to regulate formation of the actomyosin cable (Arias and Jacinto, 2007). This cable
acts both as a source of circumferential tension to pull the epidermal sheets forward and as a
ratchet to stabilize transient pulling forces generated by apical constriction in the AS (Hutson
et al., 2003; Solon et al., 2009). Pulsed apical constriction in the AS begins before the onset
of dorsal closure, and its amplitude decreases as dorsal closure proceeds. The pulsing of
AS cells 1s also coordinated in space, with cells 1-2 diameters apart pulsing together in an
anti-phase relationship. This suggests the conversion of forces from apical constriction into
forward sheet movement through a cooperation of AS cells and the actin cable. In support
of this, JNK mutant embryos that fail to assemble an actin cable fail to complete dorsal
closure, while apical constrictions in the AS are equivalent to wild-type embryos (Jacinto
et al., 2002a; Solon et al., 2009). Throughout the process, cells at the leading edge become
highly elongated along the axis of closure and extend lamellipodia and filopodia into the gap.
Cell elongation actively contributes to forward movement throughout the process (Gorfinkiel
et al., 2009), while the extension of protrusions plays a role in aligning and zippering the
sheets after they are brought into close apposition (Millard and Martin, 2008). As a whole,
dorsal closure 1s an illuminating example of how numerous manifestations of cell motility

are combined in a carefully orchestrated process of collective cell movement.

The function of a supracellular actomyosin cable as a purse string and ratchet is com-
mon to many examples of epithelial closure and spreading in development (Figure 1.1B). In
zebrafish gastrulation, the spreading of the enveloping layer (EVL) over the yolk cell during
epiboly is driven by an actin cable assembled by cells of the yolk syncytial layer (YSL), a
group of epithelial cells on the surface (Behrndt et al., 2012). The EVL is tethered to the
YSL by tight junctions and is pulled over the yolk cell by a combination of circumferen-
tial tension from constriction of the actin cable and retrograde actomyosin flow within the
YSL. This flow, opposite to the direction of sheet movement, is resisted by friction from the

actin cable, leading to an additional force driving EVL spreading. Supracellular actomyosin
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Figure 1.1: Actin purse strings in tissue morphogenesis. (A) Schematic of Drosophila dorsal
closure, perhaps the best-known example of epithelial fusion driven by an actin purse string in de-
velopment. The process involves closure of a gap on the dorsal epithelium formed during germband
retraction, and requires assembly of a supracellular actomyosin cable, known to require JNK signal-
ing, pulsed apical constriction in the underlying amnioserosa, and extension of filopodia between cells
of apposing sheets. The actin cable is believed to generate centripetal tension to pull the surrounding
epidermis as well as stabilize the pulsed apical constriction of cells in the amnioserosa. Filopodia are
believed to play a role in sealing the sheets once they are brought together. (B) Examples of actin
purse strings driving tissue morphogenesis and homeostasis across the animal kingdom. Examples
include not only dorsal closure, but corneal wound healing in mice and healing of the embryonic
chick wing bud. Illustration in (A) from Nicole Gorfinkiel. Images in (B) reproduced from Jacinto
et al. (2002a), Brock et al. (1996b), and Danjo and Gipson (1998), respectively.
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cables also contribute to embryonic wound healing in Xenopus (Bement et al., 1999), chick
(Brock et al., 1996a), and mouse (McCluskey et al., 1993), as well as corneal wound heal-
ing in adult mice (Danjo and Gipson, 1998), although their precise role has not been fully

elucidated.

1.4.3 Cell intercalation and convergent extension movements.

Polarized cell movements leading to the ordered rearrangement of cells within a tissue are
a major force in shaping the body plan during embryogenesis. Among the best-studied large-
scale morphogenetic movements in development are convergent extension movements, which
drive axis elongation in the dorsal mesoderm and neural tissues of Xenopus and zebrafish, the
notochord of mice, and the germband of Drosophila. Few other processes are as ubiquitous
in animal development or as responsible for such a degree of active tissue remodeling and
passive deformation. These movements are driven by cell intercalation, a highly regulated
process of neighbor exchange leading to the narrowing of a tissue along one axis and exten-
sion along another. Although the mechanisms by which cells intercalate are substantially
different between epithelial and mesenchymal tissues and even vary between mesoderm-
derived tissues, they are driven by the same fundamental machinery that fuels cell migra-
tion and cell shape change. Common to both are the compartmentalization of protrusive

activity and myosin II-dependent contractility within cells and across tissues.

Epithelial cell intercalation.

Cell intercalation in epithelial tissues involves the planar polarized remodeling of apical cell
junctions, perhaps best illustrated in the process of germband elongation in Drosophila gas-
trulation (Irvine and Wieschaus, 1994). As the mesoderm and endoderm are internalized,
the outer epithelium, known as the germband, nearly doubles its length in the absence of
cell division over the course of two hours. This occurs by the intercalation of cells along

the dorsal-ventral (D—V) axis, narrowing the tissue in this direction while extending it along
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the anterior-posterior (A—P) axis. Similar to apical constriction, this involves the compart-
mentalized activity of myosin II and is characterized by pulsatile actomyosin flows that are
stabilized by accumulation of myosin II, only instead of constricting the apical surface of the
cell, they are directed to specific junctions oriented along the D—V axis (Bertet et al., 2004;
Rauzi et al., 2010; Zallen and Wieschaus, 2004). Shrinkage of these junctions results in cell
intercalation by a T'l process (using terminology from the study of topology, Weaire and
Rivier, 2006). This involves the sequential transition from a type | configuration, a group-
ing of four cells in which cells along the A—P axis are in direct contact while cells along the
D—V axis are not, to a type 2 configuration in which the four cells share a common vertex,
and finally to a type 3 configuration, in which a new junction forms between cells along the
D—V axis. This results in intercalation along the D—V axis and extension of the tissue along
the A—P axis (see Illustration 1.6A). However, these transitions do not account for the full
range of cell intercalations observed in the germband. Nearly two-thirds of cell junctions
with high levels of myosin are associated with actomyosin cables that span multiple junctions,
similar to those that drive processes of epithelial fusion and spreading (Fernandez-Gonzalez
et al., 2009). Contraction of multiple, linked junctions along the D—V axis forms multicel-
lular rosettes whose directional resolution (similar in principle to a T'l process) elongates the
tissue by multiple cell diameters (Blankenship et al., 2006). The combined effect of both
by the same underlying mechanism are likely responsible for the great speed at which the

germband elongates.

Anisotropic myosin II activity is directed by well-established asymmetries between A—
P and D—V junctions established by A—P patterning genes (Irvine and Wieschaus, 1994).
Whereas F-actin, ROCK, and myosin II preferentially accumulate along the A—P axis (Za-
llen and Wieschaus, 2004), Par3, E-cadherin, and -catenin accumulate along the D—V axis,
a polarization necessary for proper germband extension (Blankenship et al., 2006). F-actin
is the first to polarize and is able to do so when D—V polarity is disrupted, suggesting that

A—P polarity 1s established prior to or independently of D—V polarity (Blankenship et al.,
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Illustration 1.6: Modes of cell intercalation in developnent. (A) The basic process of ep-

ithelial cell intercalation by the planar-polarized remodeling of cell-cell junctions. Pulsatile myosin
IT flows directed towards junctions along the D—V axis (or, equivalently, on the A—P sides of cells)
cause their preferential shrinkage. This enables cells along the D—V axis that were not previously
in contact to form a junction, resulting in their intercalation between two cells along the A—P axis.
Using terminology from mathematical topology, this is known as a T'1 process (Weaire and Rivier,
2006). A similar process involving the shrinkage of multiple linked junctions leads to multicellular
rosette formation, whose resolution leads to even greater extension along the A—P axis. (B) Mesoder-
mal cell intercalation. Rather than the myosin II-dependent remodeling of cell junctions, the more
loosely-connected cells of mesodermal tissues intercalate by a process of polarized motility. Highly
elongated cells extend protrusions along their mediolateral axis, thought to allow them to exert trac-
tion on their neighbors. Cells pull each other into file, elongating the tissue along the A—P axis. This
model has recently been called into question by the discovery of preferential junction shrinkage in
the Xenopus mesoderm (Shindo and Wallingford, 2014).
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2006; Zallen and Wieschaus, 2004). This polarity 1s reinforced by Rho GTPase, ROCK,
and Shroom, which promote contractility along the A—P axis and inhibit cell adhesion by
excluding Par3 (Simdes et al., 2010, 2014), as well as by Abl, which promotes the turnover
of B-catenin at shrinking junctions (Tamada et al., 2012). These asymmetries direct the
anisotropic flow of myosin along the A—P, where lower levels of E-cadherin likely modulate
the local actin meshwork (Rauzi et al., 2010). In support of this, uncoupling E-cadherin
from the cytoskeleton by knockdown of a-catenin is sufficient to disrupt the planar polar-
ization of both E-cadherin and myosin II. However, it is unclear if pulsatile actomyosin flows
are strictly necessary for cell intercalation or whether they simply characterize local myosin
IT activity. As a whole, the process illustrates how pathways regulating tissue patterning
compartmentalize actomyosin contractility within cells, driving large-scale tissue remodel-

ing through the additive effect of cell intercalation in small groups of cells.

Mesodermal cell intercalation

Convergent extension movements in mesodermal tissues are a major driving force in the
anterior-posterior elongation of the vertebrate embryo. Unlike epithelia, the cells of the
mesoderm are not polarized along their apicobasal axis and are often only loosely con-
nected. As such, convergent extension in these tissues involves polarized cell movements
that drive the mediolateral intercalation of cells rather than the remodeling of specific cell
junctions (Illustration 1.6B; Keller et al., 1989; Shih and Keller, 1992). Mesodermal cells
elongate along their mediolateral axis and extend bipolar, mediolaterally-oriented lamelli-
form and filoform protrusions. These protrusions are thought to be tractive, allowing cells
to form transient adhesions that enable them to crawl over and pull each other into file
(Keller et al., 2000). Similarly to neighbor exchanges in epithelial convergent extension, in-
tercalation of cells mediolaterally narrows the tissue along this axis while extending it along
the A—P axis. The local formation and rapid remodeling of adhesive contacts allows cells

to intercalate effectively while forming a stift’ array capable of resisting deformation from
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surrounding tissues and evolving substantial pushing forces that drive tissue elongation. In-
deed, biomechanical measurements of Keller explants, mesodermal tissue explants from the
dorsal involuting marginal zone that autonomously converge and extend, indicate that the
tissue stiffens by a factor of three to four times along the A—P axis as it extends, and gen-
erates forces upwards of 0.5 uIN (Moore et al., 1995). This effectively pushes the anterior
away from the posterior regions of the embryo in axis elongation, and has an important
developmental role in the internalization of mesodermal and endodermal tissues as well in

the functioning of organs that require an elongated shape, such as the notochord and gut

(Keller et al., 2000).

Mediolateral intercalation contributes to tissue elongation in two distinct ways depend-
ing on the presence of tissue boundaries. Early in gastrulation, bipolar protrusive activ-
ity throughout the dorsal mesoderm, with cells acting as substrates for each other, directs
its elongation. As gastrulation proceeds, however, the notochord-somite boundary (NSB)
forms within this population of intercalating cells, after which cells within the notochord ex-
hibit monopolar protrusive activity and elongate the tissue by a “boundary capture” mech-
anism (Elul and Keller, 2000; Keller et al., 1989). As cells within the notochord reach the
NSB, one side of the cell adheres to it and ceases protrusive activity at that interface. Con-
tinuing, monopolar protrusions at the other interface exert traction on cells in the interior of
the notochord, “capturing” and pulling them into the boundary. This leads to mediolateral
intercalation and tissue elongation by a similar, though distinct, mechanism. The bound-
ary is thought to be formed by the inhibition of cell-cell adhesion between the notochord
and the surrounding presomitic mesoderm downstream of Eph-ephrin signaling, prevent-
ing these cells from intercalating with each other (Fagotto et al., 2013). This 1s followed by
the deposition of a specialized ECM including fibrillin and laminin at the boundary, likely
mediating the attachment of cells and cessation of protrusive activity by integrin-based ad-
hesion (Veeman et al., 2008). Monopolar cell intercalation can also occur by the directional

bias of cell motility toward (rather than away from) a tissue boundary, as occurs in the neural
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plate (Elul and Keller, 2000).

Cell intercalation in loosely-connected mesodermal tissues involves a complex and poorly
understood interplay between cell protrusion, contractility, and adhesion. Similar to epithe-
lial cell intercalation and apical constriction, pulsed actomyosin contractions were found to
occur as mesodermal cells elongate in Xenopus development, suggesting that they have a
function in generating cell shape changes or stabilizing tractive adhesions (Kim and David-
son, 2011). Both cadherin and integrin-based adhesion are required for proper convergent
extension. Cadherins are typically downregulated in converging and extending tissues, but
either overexpression or loss of cadherins in mesodermal or neural tissues leads to defec-
tive intercalation, suggesting that their levels must be maintained within a permissive range
(Delarue et al., 1998). Supporting this notion, protocadherins expressed specifically in in-
tercalating tissues, paraxial protocadherin (PAPC) in the dorsal mesoderm and axial proto-
cadherin (AXPC) in the notochord are essential for their role in regulating cadherin-based
adhesion. PAPC in particular cannot itself mediate cell-cell adhesion but is known to disrupt
C-cadherin-based adhesion in Xenopus and to localize to active cell protrusions (Chen and
Gumbiner, 2006). Similarly, integrin-ECM adhesion is required for both monopolar cell in-
tercalation in boundary capture as well as bipolar intercalation. In Xenopus, s B1-fibronectin
adhesion is necessary for the mediolateral polarization of cell protrusions (Davidson et al.,
2006) and to reduce levels of cadherin-based adhesion in the mesoderm (Marsden and DeS-

imone, 2003).

Cell intercalation driving convergent extension is a testament to the power of compart-
mentalized actomyosin dynamics within cells. Despite a radical difference in execution,
epithelial and non-epithelial tissues share a fundamental strategy of tissue elongation by the
coordinated intercalation of cells. The ubiquity of this strategy in development and the
fact that all of its manifestations involve pulsatile actomyosin flows and the modulation of
cell contractility and adhesion suggest a deep evolutionary conservation. A recent study

performing a detailed quantification of myosin II polarity and actomyosin dynamics in the
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Xenopus mesoderm even suggests that the same mechanism may operate in both tissue types
(Shindo and Wallingford, 2014). In addition to the mediolateral extension of lamellipodia,
actomyosin flow mediating the specific remodeling of D—V-oriented junctions was found to
drive cell intercalation by a T'l process, as occurs in epithelial convergent extension. Al-
though it is difficult to imagine how this would drive mediolateral intercalation in tissues
exhibiting monopolar protrusions, it is possible that it operates in combination with other

processes of cell motility to achieve tissue elongation in different scenarios.

1.4.4 Planar cell polarity

An important discovery of the last twenty years is that a key pathway that establishes planar
polarity in Drosophila also regulates convergent extension movements in vertebrates. Known
as the planar cell polarity (PCP) pathway;, its molecular determinants are conserved from flies
to humans (Seifert and Mlodzik, 2007; ?), and it is responsible for the compartmentalization
of actin protrusion and myosin II-dependent contractility fundamental to many processes
of tissue morphogenesis.

PCP involves the coordination of cells within a tissue to orient themselves, either individ-
ually or as groups, across a two-dimensional plane. First identified in Drosophila, core PCP
proteins including Frizzled (Fzd), Strabismus (Stbm), and Flamingo (Fmi), which are mem-
brane bound, and Dishevelled (Dsh), Diego (Dgo), and Prickle (Pk), which are cytoplasmic
but membrane-associated, were found to be responsible for the precise distal orientation of
wing hairs and the orientation of photoreceptor clusters in the eye. Acting in parallel to these
core proteins, a second PCP cassette consisting of Fat (Ft) and Dachsous (Ds), two protocad-
herins, and Four-jointed (}]) has recently been identified as reinforcing correct establishment
of planar polarity in these tissues, although its relationship to the Fzd/Fmi pathway is still
open to debate. In mice, orthologs of these proteins including Fzd3 and 6, Vangl2 (Stra-
bismus), Celsrl (Flamingo), and Dishevelled (Dvl1-3) similarly control the orientation of

stereocilia bundles in the inner ear (Montcouquiol et al., 2006) and the orientation of body
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hairs (Devenport and Fuchs, 2008).

Although mechanistic details of how PCP proteins give rise to planar polarity and reg-
ulate migration are lacking, genetic studies in Drosophila and other model organisms have
uncovered a number of key requirements for their activity (Illustration 1.7A). The initial
cue for generating planar polarity comes from local differences in Frizzled activity, thought
to be generated by either an external gradient of a Wnt (5b or 11, in vertebrates only), or
generated locally by Fj, F't, and Ds (or an unknown mechanism) and propagated from cell to
cell (Zallen, 2007). PCP proteins are first localized to the apical surface of a cell, where they
segregate into mutually antagonistic subcomplexes likely via directional transport along po-
larized microtubules. In the Drosophila wing, the subcomplexes consist of Fzd, Dsh, and Dgo
on the distal surface, antagonizing Pk activity, and Pk and Stbm on the proximal surface,
antagonizing Dsh. In the mouse inner ear, PCP proteins similarly segregate into mutually
antagonistic complexes, but they do not distribute in exactly the same way (Wang, 2006).
For example, Fzd3 and 6 co-localize with Vangl? (Stbm) instead of in separate complexes,
and DvI2 localizes opposite to Fzd instead of co-localizing with it. These differences in the

localizations of PCP proteins in mammalian tissues has not been extensively studied.

In addition to polarity defects, PCP mutants exhibit severe defects in conserved devel-
opmental cell movements, including convergent extension in vertebrates (Wallingford et al.,
2000) and dorsal closure in Drosophila (Kaltschmidt et al., 2002). While there is not a per-
fect correspondence between establishment of planar polarity in epithelia and regulation of
developmental cell migrations by the PCP pathway, in both scenarios, downstream effec-
tors of Dsh, such as Rho GTPases and ROCK, compartmentalize the activity of myosin
IT and actin polymerization, leading to polarized cell behaviors. This has multiple roles in
morphogenesis, including orienting cell protrusive activity, regulation of cadherins, and the
polarized deposition of ECM components. All three are likely involved in convergent exten-
sion movements. In the Xenopus mesoderm, Dishevelled localizes to mediolateral protrusions

along with Arp2/3 and Rac (Kinoshita et al., 2003) and is required both for the elongation of
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IMlustration 1.7: The core PCP pathway. (A) Following their apical localization, PCP compo-
nents distribute into mutually antagonistic complexes, consisting of Frizzled, Dishevelled, and Diego
at the distal end, and Strabismus (Vangl2) and Prickle at the proximal end in Drosophila wing cells.
PCP proteins are recruited into the region of the adherens junction by the atypical cadherin Flamingo
(Celsrl). The end result of PCP is determined through effectors of Dishevelled, including the Rho
family GTPases and ROCK. (B) In epithelia, PCP proteins control the precise distal orientation of
wing hairs in Drosophila, and the A—P orientation of body hairs and organization of seterocilia bun-
dles of the inner ear in mice. Although the pathway is not essential for convergent extension in the
Drosophila germband, it is known to regulate cell intercalation in the neuroepithelium in mice, and
the mediolateral intercalation of the dorsal mesoderm in Xenopus and zebrafish, where Dishevelled
has been found to localize to mediolateral protrusions. Illustration in (A) reproduced from Seifert

and Mlodzik (2007).
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cells and the polarization of protrusive activity (Illustration 1.7B). This is thought to involve
both a direct role of Dishevelled in regulating cell motility as well as the local remodeling of
the fibronectin matrix (Goto et al., 2005). In the notochord, disruption of Fz, Stbm, or Pk
likewise results in an abnormal distribution of fibronectin that causes inappropriate cell in-
tercalation. However, the interplay between PCP and ECM assembly is likely complex, as a
syndecan-4—dependent interaction of cells with fibronectin was also found to feed back into
establishment of PCP (Munoz et al., 2006). PCP signaling through Wntl1 and Frizzled-7
was also found to downregulate cell-cell adhesion in two ways: by affecting cadherin endo-
cytosis through Rab) in zebrafish (Ulrich et al., 2005), and by either the sequestration of
cadherins in the membrane through PAPC or by direct competition with cadherin dimer-
ization in Xenopus (Kraft et al., 2012). PCP thus has multiple roles in regulating protrusive
activity, matrix organization, and the active remodeling of junctions to create a dynamic

environment for directed motility.

Interestingly, the PCP pathway is not required for planar polarity and epithelial cell in-
tercalation in the Drosophila germband, which instead relies on a separate A—P patterning
system (Irvine and Wieschaus, 1994; Zallen and Wieschaus, 2004). However, highlighting
its conserved role in the spatial regulation of actomyosin dynamics, the process of neural
tube closure in mice requires PCP both in epithelial cell intercalation to narrow and ex-
tend the neural plate and for anisotropic apical constriction to form the tube (Baker and
Schroeder, 1967; Nishimura et al., 2012; Schoenwolf, 1984; Stein and Rudix, 1953). The
involves the asymmetric localization of Celsrl along the A—P axis, leading to the polar-
ized accumulation of ROCK through Dsh, Daaml, and PDZ-RhoGEF. Similarly to the
Drosophila germband, local activation of myosin preferentially shrinks D—V-oriented junc-
tions, driving mediolateral cell intercalation and tissue extension along the A—P axis. This
1s thought to simultaneously generate anisotropic apical constriction that bends the narrow-
ing neural plate to form a tube (Nishimura et al., 2012). PCP proteins were also recently

discovered to polarize components of the septin cytoskeleton in the Xenopus mesoderm, di-
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recting actomyosin flow to specific cell junctions and mediating their shrinkage (Shindo and
Wallingford, 2014). Specifically, Sept7 was found to localize to mediolateral vertices down-
stream of Dvl, stabilizing cortical actin at these interfaces and excluding myosin activity.
As a consequence, actomyosin flow 1s biased toward D—V-oriented junctions, driving cell
intercalation by junction remodeling as observed in epithelial tissues. PCP thus represents a
ubiquitous and evolutionarily conserved means by which the fundamental force-producing

machinery of individual cells are coordinated within tissues to drive morphogenesis.

1.4.5 Collective cell movements in organogenesis

The study of collective cell movement has in large part focused on gastrulation movements
in lower organisms such as flies, frogs, and fish because of the ease of live imaging and
genetic manipulation. However, such movements are by no means limited to early develop-
ment. Branching morphogenesis to form a tubular network in organs such as the trachea,
mammary and salivary glands, and pancreas, for example, integrates numerous types of
collective cell movement (Lu and Werb, 2008). In the Drosophila trachea, apical constriction
and 1nvagination of a group of around 80 epithelial cells first forms a placode. This is fol-
lowed by the acquisition of invasive properties and active migration of a group of leader cells
to partially extend the tube (Ghabrial et al., 2003). The majority of the tube, however, elon-
gates by the intercalation of “follower” cells, known to require PCP and finely-tuned levels
of E-cadherin endocytosis, combined with cell proliferation. Finally, a complex, reiterative
process elaborates these structures into highly branched trees. A similar process likely op-
erates in the formation of the mammary and salivary glands. Elongation of the collecting
ducts in the vertebrate kidney was also recently found to occur by a process of epithelial cell
intercalation (Lienkamp et al., 2012). Asin the formation of the trachea in Drosophila and in
vertebrate neural tube closure, PCP is required for the formation and proper resolution of

multicellular rosettes.

While cell proliferation is traditionally considered the major driving force of tissue growth
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in development and homeostasis, its conspicuous absence in driving these examples of tis-
sue morphogenesis in late development suggests that it is more important behind the scenes.
Similar combinations of conserved mechanisms of collective cell movement, first uncovered
in gastrulation, may also play a role in the rapid sculpting of tissues in adult homeostasis,
regeneration, and disease. Indeed, in polycystic kidney disease, a common disorder in hu-
mans leading to the formation of multiple cysts in nephrons, conditions known to favor cell
intercalation in development prevent cyst formation (Nishio et al., 2010). This suggests the
possibility that, in some cases, cell intercalation may either be the cause of or used to treat

certain diseases.

1.4.6 Emerging technologies in live imaging

Our understanding of the cellular and molecular mechanisms driving tissue morphogene-
sis has grown hand-in-hand with improvements in imaging technology and computational
tools to analyze the dynamics of complex developmental processes. The past ten years have
seen the widespread adoption of two-photon microscopy for deep tissue imaging in live
animals and the long-term imaging of embryos. In contrast to conventional imaging by ex-
citing flurophores with visible wavelengths, two-photon imaging relies on the simultaneous
absorption of two photons in the infrared or near-infrared range generated by high-power,
femtosecond pulsed lasers (Denk et al., 1993). Because the probability of absorbing two pho-
tons 1s extremely low except at the focal plane, this restricts excitation to a small volume,
minimizing the effects of photobleaching and photodamage inherent to visible excitation.
At high powers, two-photon lasers can also be used for tissue ablation by generating a small
volume of plasma at the focus (Jiang and 'Tsai, 2003; Yalcin et al., 2010). Combined with ad-
vances in techniques to stabilize animals and reduce motion artifacts from the heartbeat and
respiration, this has enabled live imaging at spatial resolutions comparable to those achieved
in cell culture models, as well as an opportunity to probe the contributions of different cell

populations to a process. In neurobiology, this has allowed the imaging of neuronal migra-
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tion as well as changes in neuronal morphology in response to various pathologies (Zhang
and Murphy, 2007). Perhaps most exciting, it is finding continued use in visualizing the
behaviors of cells in living tumors and stem cells within their niche, shedding light on the
processes of tumor outgrowth, intravasion, and metastasis (Tozluoglu et al., 2013), as well

as the dynamics of stem cells in tissue self-renewal (Rompolas et al., 2012).

Another advance that has only recently become commercially available is light sheet
microscopy, a technique that allows multiple views of a living specimen to be acquired si-
multaneously (Huisken et al., 2004). A light sheet is generated by focusing a laser in only
one direction using a cylindrical lens, lluminating a thin region of a specimen that is imaged
by perpendicularly-facing detectors. This affords better contrast and faster acquisition than
scanned confocal or multiphoton microscopy, and has ushered in an era of i fofo imaging,
in which all of the cells of a developing embryo are imaged and tracked over the course of
development. Combined with sophisticated image registration and analysis software, this
technique has been used to digitize the early development of zebrafish (1.5 to 30 hours post
fertilization, hpf) and Drosophila embryos (3 to 18.5 hpf), mapping the movements and di-
visions of all cells (Keller et al., 2008a; Tomer et al., 2012). This allows both focusing on
specific developmental processes, such as internalization events in gastrulation, as well as
the dynamics of large populations of cells, such as waves of cell division that lead to early
symmetry breaking. Very recently the technique has been used in the real-time monitoring
of brain activity in zebrafish using the calcium indicator GCaMP5G, revealing populations
of neurons with coordinated activities (Ahrens et al., 2013). While the technique holds in-
credible promise, it operates at the bleeding edge of what is possible with today’s acquisition
hardware and computing power, and requires considerable expertise in image and data

processing.

With the acquisition of increasing complex, quantitative datasets has come the need for
mathematical modeling and computer simulation to explain the observed phenomena. Sim-

ulations based on the principle of minimizing surface energy have been used to explain the
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configuration of cone cells in the Drosophila eye (Hilgenfeldt et al., 2008), packing geometries
in the wing imaginal disk (Farhadifar et al., 2007), and the formation of dorsal appendages in
the eggshell (Osterfield et al., 2013). Finite element modeling, a technique in which a struc-
ture 1s represented as a latticework of discrete elements with well-defined physical properties,
has been used to understand how contractility in a small group of cells drives tissue invagina-
tion in sea urchin and Drosophila embryos (Davidson et al., 1995; Pouille and Farge, 2008),
and how forces from constrained proliferation lead to vilification of the gut (Shyer et al.,
2013). Similarly, cell tracking techniques and principles of soft matter physics have been
applied to map the evolution of tissue deformation as a result of cell shape changes and in-
tercalation (Blanchard et al., 2009). As biology becomes increasingly multidisciplinary, the
development of such models and analytical tools will allow us to understand the physical
basis of morphogenetic processes.

Finally, innovations in techniques to support the growth of embryos and tissues ex viwo
continues to expand the possibilities for imaging tissue morphogenesis in the complex tis-
sue environments of mammalian development. Methods to image whole mouse embryos
have clarified the cellular origins of the gut endoderm (Kwon et al., 2008), mechanisms of
left-right patterning in the early embryo (Viotti et al., 2012), and the role of PCP and cell in-
tercalation in neural tube closure (Nishimura et al., 2012; Pyrgaki et al., 2010). Techniques
to maintain skin explants at an air-liquid interface have also been used to study the targeting
of melanoblasts to hair follicles, shedding light on a process of cell migration in a complex,
3D environment (Li et al., 2011). Continuing to push the envelope in the realm of imaging
modalities, computational tools, and methods to culture embryos, tissues, and organs will

greatly expand our understanding of tissue dynamics in scenarios relevant to human health.

1.5 The skin as a model system

The skin epidermis and its appendages, including hair follicles, sweat glands, and sebaceous

glands, provide a protective barrier against physical trauma, microbes, dehydration, and

42



1.5. THE SKIN AS A MODEL SYSTEM

ultraviolet irradiation. Under constant assault, it is able to perform these functions by con-
tinually renewing itself through reserves of stem cells, which maintain a careful balance of
proliferation and differentiation (Fuchs, 2008). In the service of maintaining a barrier, it
has enormous morphogenetic potential both in embryogenesis, where it initiates hair fol-
licle formation and mediates processes of epithelial fusion to protect the eye and internal
organs, and in adulthood, where it retains a remarkable capacity to mobilize keratinocytes
to heal wounds (Bement, 2010). In mice, these properties, along with its accessibility to
imaging and genetics, make it ideal for the study of tissue morphogenesis and homeostasis

in mammals.

The mammalian epidermis is a stratified squamous epithelium consisting of an undiffer-
entiated, proliferative basal layer, followed by successively differentiated suprabasal layers
(Illustration 1.8). The basal layer adheres to a specialized ECM rich in growth factors and
proteoglycans, the basement membrane, which separates it from the underlying dermal
mesenchyme. The basal layer gives rise to the successive layers of the skin by a carefully
orchestrated differentiation program, in which cells withdraw from the cell cycle and pro-
gressively move outward, where they are eventually sloughed off the surface (Fuchs, 2008).
Cells in each layer of the skin, representing different stages of the differentiation program,
are characterized by unique morphologies, gene expression patterns, cytoskeletal elements,
and adhesion molecules that can be used as markers (Fuchs and Green, 1980). The basal
layer 1s characterized by its cuboidal morphology, high expression of the keratins K5 and
K14, and attachment to the basement membrane by hemidesmosomes, integrin-based ad-
hesions tethered to the keratin cytoskeleton. These properties are in large part responsible
for the skin’s characteristic mechanical strength, as disrupting the K5/K14 filament net-
work or attachment to the basement membrane through o, integrin in mice results in
skin blistering (Dowling et al., 1996; Vassar et al., 1991), explaining the phenotypes of the

human skin disorder epidermolysis bullosa simplex (Coulombe et al., 2009).

As basal cells progress through their differentiation program, they form three distinct
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IMustration 1.8: The architecture of mammalian skin. In mice, the skin develops from a
single layer of ectodermal progenitors following neural tube closure at E9.5. Between E10.5 and

E12.5, the periderm, a transient layer of tightly-connected squamous cells, develops to protect the

embryo until the skin has fully differentiated and acquired its barrier function. Differentiation begins

between E14.5 and E15.5 with the onset of asymmetric cell division. At this stage, the skin is also

morphogenetically active, characterized by the onset of hair follicle placode formation and temporary

epithelial fusions, including eyelid closure, digit fusion, and fusion of the ear to the scalp. By PO, the

skin has fully differentiated into layers with distinct morphologies, cytoskeletal elements, and gene

expression patterns. The result is a mechanically robust, water-permeable tissue that protects against

constant environmental assault.
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suprabasal layers in the skin: the spinous and granular layers, and the stratum corneum
(Illustration 1.8). The spinous layer is characterized by a switch from K5/K14 expres-
sion to K1 and K10, the adoption of a flattened, squamous morphology, and formation
of desmosomes connecting cells within the layer and to the underlying basal layer (Fuchs
and Cleveland, 1998). In the granular layer, keratinocytes begin the process of cornification
essential for the barrier function of the skin. This involves the formation of keratohyalin
granules, which play a role in the aggregation of keratin filaments into microfibrils through
the proteins filaggrin and loricrin (Lynley and Dale, 1983), and lamellar bodies, which con-
tain lipids that are secreted into the extracellular space during cornification (Schmitz and
Muller, 1991). Granular cells also begin the synthesis of cornified envelope proteins. Fi-
nally, the membranes of keratinocytes are transformed into a tough, waterproof envelope,
the stratum corneum. This occurs through the digestion of the nucleus and cytoplasm,
precipitating the release of lipids, and the protein cross-linking actions of loricin and trans-

glutaminase (Harding, 2004).

In mice, the skin develops from a single-layered sheet of ectodermal progenitors fol-
lowing neural tube closure at E9.5. Prior to the onset of differentiation around E14.5, a
barrier function and mechanical stability are thought to be provided by the periderm, a
transient layer of tightly-connected, squamous cells that develops between E9.5 and E12.5
in a regional manner (Nakamura et al., 1979). Initial expansion of the epidermis occurs by
symmetric cell division, in which basal cells divide parallel to and retain contact with the
basement membrane. Following a period of uniform growth, the onset of differentiation is
marked by the transition from predominantly symmetric to predominantly (>70%) asym-
metric cell division, which partitions the cell into one basal and one suprabasal daughter.
This continues until the completion of stratification at E18.5 and is a major driving force
of differentiation in the skin (Lechler and Fuchs, 2005; Williams et al., 2011). The process
1s regulated by a conserved set of proteins known to regulate spindle orientation, asymmet-

ric cell division, and differentiation in Drosophila neuroblasts (Schober et al., 1999). In the
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skin, their recruitment to the apical cortex similarly controls spindle orientation, promoting

differentiation through Notch signaling (Williams et al., 2011).

1.5.1 Temporary epithelial fusions

Taking place concomitantly with asymmetric cell division and differentiation are a number
of dramatic morphological changes in the skin. Among them are the formation and down-
growth of hair follicle (HF) placodes and temporary epithelial fusions. In large part due to
their complexity, none of these processes are fully understood. HF placodes are thought
to be induced by a process of epithelial condensation involving FGFs and BMP inhibitors
secreted by the dermis, and activation of Wnt/ 3-catenin signaling in the epidermis (Sennett
and Rendl, 2012). Recent evidence from live imaging suggests that the process of down-
growth involves directed cell migration and intercalation downstream of Eda/NF-sB and
Whnt signaling, and only a minor role of cell proliferation (Ahtiainen et al., 2014). How-
ever, apical constriction, cell sorting, and the spatial control of proliferating cells may also
be involved (Devenport and Fuchs, 2008).

Temporary epithelial fusions, as the name implies, involve the fusion of epithelial struc-
tures in development and their subsequent reopening. Common to all mammals, this in-
cludes digit fusion, fusion of the ears to the scalp, and eyelid closure, all of which take place
between E14-16, reopening about two weeks after birth (Harris and McLeod, 1982; Macon-
nachie, 1979). Early studies using electron microscopy and conventional histology revealed
the presence of a ridge of rounded periderm cells at the border of the eyelids, digits, and ears,
extending numerous filoform protrusions between each other. This has led to the hypoth-
esis that fusion 1s mediated by the proliferation and streaming of peridermal cells to “glue”
the epidermal structures together (Maconnachie, 1979). Differentiation and keratinization
of the underlying epidermis after birth is thought to then cause their separation.

Eyelid closure is perhaps the best-studied of these process, largely because defects, man-

ifesting as an eyelid-open-at-birth (EOB) phenotype, are easy to spot. In mice, eyelid devel-
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opment begins at E11.5, and, as in other processes of temporary fusion, is accompanied by
an accumulation of rounded periderm cells at the leading edge (Findlater et al., 1993). The
peridermal and epidermal layers of the eyelid extend over the cornea and fuse between E15
and E16, when the two eyelids meet at the center of the eye. Among the genes known to
play a role are those encoding regulators of growth factor signaling, such as EGFR, FGF10,
and c-Jun (Mine, 2005; Tao et al., 2005; Zenz et al., 2003), contractility, such as ROCK
(Shimizu et al., 2005; Thumkeo et al., 2005), and epithelial-mesenchymal crosstalk (Huang
et al., 2009). Despite the wealth of genetic information, most studies have focused on de-
lineating the signaling pathway that culminates in the activation of Rho kinases to promote
F-actin assembly. The downstream cellular and molecular mechanisms that physically drive
eyelid closure, however, are not well understood. Current models include possible roles for
the periderm and cell proliferation, as well as cell migration and actomyosin contractile
processes similar to embryonic wound healing and dorsal closure. Taken together, the skin
and its appendages provide a unique opportunity to understand the integration of prolifera-
tion and the regulation of cell movement in the complex tissue environments of mammalian

development.

1.5.2 Outline of this work

It is becoming increasingly clear that collective cell movement is a major driving force of
tissue morphogenesis in development, regeneration, and disease. Insights into mechanisms
of collective cell movement have come from extensive studies of gastrulation movements in
model organisms including flies, frogs, fish, and to a lesser extent, mice. This has uncovered
a conserved set of cellular and molecular mechanisms that variously drive the elongation,
spreading, and fusion of tissues. However, to what extent these mechanisms operate later
in development and in adulthood is not well understood. There is thus a great need of new
model systems, particularly in mammals, to understand how evolutionarily conserved mech-

anisms of collective movement are refined, reiterated, and combined and in the increasingly
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complex tissue environments of late development and adulthood. The lack of such mod-
els is in part due to the difficulty of live imaging mice—embryos cannot be maintained in
static culture past E10.5, and live imaging adult mice requires a sophisticated stage setup
to immobilize the animal and hardware to carefully time image acquisition to avoid motion

artifacts from respiration.

For my thesis work, I set out to develop eyelid closure as a model system. Eyelid closure
is a process of temporary epithelial fusion in the skin. Common to all mammals, it involves
migration of the eyelids over the surface of the cornea to promote development of the eye.
In mice, it is an ideal model of collective cell movements because it occurs rapidly on the
surface of the embryo (within 24 hours), making it amenable to live imaging. As a process
of epithelial fusion, it can also be productively compared to similar processes in other or-
ganisms, such as Drosophila dorsal closure and wound healing to identify common principles
and important differences. As a migration of epithelial cells, it is also accessible to all the
tools used in the study of mammalian skin, including a large variety conditional knockouts,
a technique of lentiviral-mediated i viwo RNA1 developed by my lab, and the ability to study
migration of keratinocytes out of skin explants and individually in culture. This combination
of mouse mutants, RNA1, and multiple avenues to assay migration position eyelid closure as
a powerful system to understand the mechanics and regulation of collective cell movement

in a physiologically relevant context.

In the first part of this work, I define the basic parameters of eyelid closure in terms of
the cell types that contribute, their morphological and genetic properties, and the behav-
iors they display. To achieve this, I characterized the eyelid front in terms of its expression
of epidermal differentiation markers and integrins, and performed lineage tracing of the
epidermis and periderm to determine its origin. Combined with genetic ablation of the

periderm, this establishes the eyelid front is derived from the epidermis.

To determine the relative contributions of cell motility and proliferation to eyelid clo-

sure, I performed a detailed, quantitative analysis of cell proliferation in the eyelid front
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and surrounding epidermis, including inhibition of cell division iz viwvo. This provided evi-
dence overwhelmingly in support of cell migration over proliferation in driving the process.
Finally, to better understand the motile properties of front cells, I analyzed the actomyosin
cytoskeleton in and the morphology of front cells at high magnification in whole-mounts, op-
timized conditions for the culture and live imaging of eyelid explants ex vivo, and conducted
a rudimentary RT-PCR analysis of FACS-purified front cells. These analyses revealed that
front cells become highly elongated perpendicular to the axis of eyelid closure, extend medi-
olateral protrusions, and intercalate along this axis. Supporting a transformation to a motile
fate, RT-PCR analysis along with immunostaining for traditional markers of an EMT reveal
an upregulation of markers of motile epithelia, including «5 integrin and fibronectin, and a
downregulation of E-cadherin and epidermal keratins, but not the telltale signs of an EMT.
By simultaneously imaging epidermal and dermal cells, I rule out potential contributions

from the dermis, suggesting that cell intercalation plays an important role in eyelid closure.

Having implicated a role for cell intercalation in eyelid closure, I go on to detail the cellu-
lar mechanism of eyelid closure by combining live imaging and quantitative image analysis
with laser ablation experiments. Using K74-H2B-GFP—expressing embryos to visualize and
track nuclei during eyelid closure, I map the relative movements of cells in the eyelid front
and surrounding tissue. This reveals that cells with opposing movements are distributed
throughout the front while cells in the surrounding epidermis appear to be displaced pas-
sively. In collaboration with Vijay Krishnamurthy and Stephan Grill, two biophysicists at
the Max Planck Institute, I quantify how these relative movements contribute to tissue de-
formation in the eyelid by computing the strain-rate tensor, which describes the magnitude
and orientation of deformation as a function of position. This uncovers a region of active
shear in the front but little deformation in the surrounding epidermis. Further, it reveals
that the rates of tissue compression and extension are roughly equal throughout the front,
suggesting a process similar to convergent extension, but localized to a small region of tissue.

This pattern of tissue strains is fundamentally incompatible with the action of a contractile
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actin cable, which would display a region of exclusively compression at the front, setting

eyelid closure apart from other models of epithelial fusion.

Following this analysis, I tested the functional importance of the eyelid front by perform-
ing a series of laser ablation experiments. This indicated that the front is required for the
forward movement of the eyelid, and that it is the source of a pulling force that deforms
the eyelid epidermis over long timescales. Together with ablations to rule out alternative
possibilities, this suggests a mechanism of closure in which forces from cell intercalation are

leveraged to tow the surrounding epidermal sheets.

In the last part of this work, I explore the molecular mechanisms underlying eyelid clo-
sure by analyzing its dependence on integrin- and cadherin-based adhesion, and highlight
potential roles for canonical and non-canonical Wnt signaling. Using lentiviral-mediated
RNAI to knock down a5 integrin and fibronectin in the skin, I document a reduction in the
intercalation speed of front cells leading to defective eyelid closure. To determine whether
integrin-fibronectin adhesion is required directly for cell intercalation or indirectly by fine-
tuning levels of cadherins, I similarly depleted cadherins in the skin. Reducing cell-cell ad-
hesion in the eyelid front by knockdown of E-cadherin has no effect on eyelid closure, and
conversely, knockdown of fibronectin and a5 integrin does not cause an upregulation of
cadherins. This suggests a direct role for integrin-fibronectin adhesion in cell intercalation,

perhaps as a means for cells to gain traction.

To rule out a potential role of fibronectin in stimulating the transformation of epidermal
cells to a motile fate, I also ablated myosin IIA globally in the skin as well as specifically in
the eyelid front. I achieved specific targeting of the eyelid front by designing and injecting a
lentiviral K77-Cre construct into myosin IIA conditional knockout mice. Lack of defects in
epidermal architecture and adherens junction formation but the loss of hair follicles in the
skin suggests that myosin IIA has a morphogenetic rather than a structural role. The eyelid
closure defects in both cases combined with the observation that front cells still adopt their

characteristic, bipolar morphology indicates that a5y integrin and myosin II-dependent
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cell motility within the eyelid front is the driving force of the process.

Finally, I document the presence of localized Wnt/ S-catenin signaling in the eyelid front
and a specific requirement of non-canonical Wnt/PCP signaling for eyelid closure. Whereas
canonical Wnts likely mediate specification of the eyelid front, PCP appears to regulate cell

intercalation either directly or through the organization of fibronectin.
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Chapter 2

Developing embryonic eyelid closure as a model of collective
cell movements in late mammalian development

By studying cell movements in model morphogenetic processes, we can gain insight into
the diversity of cellular behaviors that shape tissue and organs in embryogenesis, and con-
tribute to tissue homeostasis and disease in adulthood. Elegant studies in model organisms
including Drosophila, Xenopus, and zebrafish have revealed both significant commonalities
and important differences in the cellular and molecular mechanisms underlying convergent
extension movements and processes of epithelial fusion. However, such studies have largely
not been extended to mammals, in part because no simple, genetically tractable system has
been developed. To bridge this gap, I have adopted embryonic eyelid closure as a model of

epithelial fusion in mice and assembled a toolkit for its analysis.

Eyelid closure defects are the hallmark of mice with mutations in genes that regulate cell
motility and cell growth, and have been documented in studies for nearly 20 years, begin-
ning with mutations in the EGF pathway (Luetteke et al., 1993; Miettinen et al., 1995). In
addition to growth factor signaling, pathways mediating actin cable assembly, such as the
JNK pathway (Zenz et al., 2003; Zhang et al., 2003), and regulators of contractility, such as
ROCK, have also been implicated (Shimizu et al., 2005; Thumkeo et al., 2005). However,
it has been difficult to integrate these insights into a comprehensive model of eyelid closure
because they variously affect proliferation, differentiation, and migration. Potential roles

have been suggested for the periderm, cell proliferation, and constriction of an actomyosin
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cable analogous to Drosophila dorsal closure and embryonic wound healing. In particular,
early electron microscopic studies of eyelid closure and other examples of temporary epithe-
lial fusion have revealed numerous filopodia extending between cells of the periderm, which
pile up over the epidermis during fusion, suggesting they may have a general role in sealing

epidermal appendages (Harris and McLeod, 1982; Maconnachie, 1979).

In this chapter, I detail the basic components of the process in terms of the cell types that
contribute, their origins, and their behaviors. To do so, I perform an immunohistological
analysis of the eyelid, revealing a clear functional separation of the eyelid front from the sur-
rounding epidermis in terms of its integrin and keratin expression. Whereas the papebral
epidermis, the epidermis covering the surface of the eyelid, shows signs of early differentia-
tion at £15.5, the eyelid front remains basal in character and uniquely expresses fibronectin
and a5 integrin. Lineage tracing of the epidermis and periderm indicates that the front is
clearly of epidermal rather than peridermal origin, and genetic ablation of the periderm has
no effect on eyelid closure, indicating that striking morphological changes it exhibits are a
consequence rather than a cause of eyelid closure. A quantitative analysis of cell prolifera-
tion in the eyelid front and surrounding epidermis combined with inhibition of cell division

in vwo similarly rules out an essential contribution of proliferation to the process.

Focusing on the epidermal cells of the eyelid front, high magnification imaging of cell
morphology and the actomyosin cytoskeleton in whole-mounts reveals that, rather than as-
semble a supracellular actin cable at the border, front cells display predominantly cortical
actin and myosin, elongate perpendicular to the axis of closure, and pack together in a mul-
ticellular sheet. To analyze their behavior in detail, I optimized methods to culture and
live image eyelid explants ex vwo. Using a combination of K74-H2B-GFP—expressing em-

bryos and Rosa26™!/"¢

embryos injected with low-titer LI-Cre to sparsely-label cells with
membrane-targeted GFP, I visualized both the global movements of cells as well as the
dynamics of individual cells. Consistent with their elongated morphology, front cells dis-

play mediolateral protrusive activity and intercalate with each other. By also imaging cell
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movements in the dermis and quantifying their speed relative to the epidermis, I rule out
a potential contribution of dermal cell proliferation or streaming into the region. These

results establish the intercalary behavior front cells as an essential feature of eyelid closure.

2.1 Cell types contributing to eyelid closure

The formation of eyelid primordia begins around E11.5 and is followed by a period of growth
up to E14.5. At this stage, the eyelid 1s a fold of the skin that partially extends over the eye,
including both epidermis and dermis (illustrated in Figure 2.1). The epidermis on the upper
side of the eyelid, the papebral epidermis, is continuous with the headskin and follows the
same differentiation program as the rest of the skin. Underneath the eyelid, the epidermis
differentiates to form the conjunctiva, a stratified, non-keratinized epithelium that lubri-
cates the eye by producing mucus and tears. The conjunctiva is in turn continuous with
the cornea, a third epithelium that forms the surface of the eye. Covering the entire surface
of the embryo are cells of the periderm. The eyelid thus rests at the junction of multiple,

distinct epithelial populations that could contribute to eyelid morphogenesis and closure.

At E15.5, a population of eyelid cells migrates over the cornea, leading to fusion of the
eyelids by E16.5 (an overview is presented in Figure 2.2). A particularly interesting aspect
of this process is that it involves movements of a multilayered epithelium consisting of an
undifferentiated basal layer, differentiated suprabasal layers, and a superficial layer of peri-
derm cells. To assess which cells of the eyelid become migratory and ultimately contribute to
closure, I performed immunohistochemistry and whole-mount immunofluorescence using
a battery of epidermal differentiation markers and integrins on eyelids harvested from mice
prior to the initiation of eyelid closure at E14.5, during closure at E15.5, and after fusion of
the eyelids at E16.5. To directly test the contributions of different epithelial cell types to the

eyelid, I also performed lineage tracing experiments over the course of development.
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Periderm

Cornea

Conjunctiva Eye

E15.5 embryo Anatomy of eye in cross section
Prior to eyelid closure

Figure 2.1: Juxtaposition of cell types in the eye. Schematic of the eye at E15.5 in sagittal
section, revealing the epithelial cell types that could contribute to eyelid closure. The eyelid consists
of a differentiating epidermis, underlying dermis, and superficial periderm layer. The upper eyelid
(papebral) epidermis is continuous with the conjunctiva, a stratified, non-keratinized epithelium,
which, in turn, is continuous with the cornea. The eyelids rest on the surface of the eye.
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Overview of eyelid closure (planar view)
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Figure 2.2: Overview of eyelid closure. The process is illustrated in planar (upper, fluorescence
images) and sagittal view (lower, schematic). For reference, the horizontal and vertical midlines are
indicated, as well as the corneal epithelium (Cor), eyelid front, and surrounding epidermis (Epi).
Eyelid closure takes place between E15 and E16, and involves the extension and movement of eyelids
over the surface of the eye. Itis an example of a temporary epithelial fusion in the skin, along with
digit fusion and fusion of the ears to the scalp. The eyelids remain fused until ~2 weeks after birth.
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2.1.1 Keratin and integrin expression in the eyelid

As basal cells of the skin commit to differentiation, they form three distinct layers: the
spinous and granular layers, and the stratum corneum, each of which expresses diftferent
sets of keratins, adhesion molecules, and other proteins (Section 1.5; Fuchs, 2008). Keratin
and integrin expression in the eyelids prior to and during closure reveals the presence of a
distinct cell population contributing to closure. At E14.5, prior to extension of the front,
the eyelid epidermis resembles normal, undifferentiated skin epidermis in its expression of
only the basal keratins K5 and K14 (Figure 2.3). With the beginning of eyelid closure at
E15.5, the papebral epidermis shows the initial signs of differentiation, including a spinous
layer expressing K1 and K10, whereas cells of the extending eyelid front only express basal
keratins, indicating that migrating cells retain the properties of undifferentiated epidermis.
Consistent with a functional separation of the eyelid front from the surrounding epidermis,
K17, a marker of morphogenetically active epithelia expressed in the hair follicle placode
(McGowan and Coulombe, 1998), and K6, a marker of hyperproliferative keratinocytes
typically associated with wounded epidermis and proliferative compartments of adults hair
follicles (Wong, 2003), are specifically expressed at the front (Figure 2.4). Importantly, K15,
a marker of the conjunctiva (Zhang et al., 2013), is not expressed, indicating that migratory

cells are epidermal rather than conjunctival in nature.

This functional separation is further supported by integrin expression in the eyelid. Con-
sistent with the expression of K5 and K14 and the maintenance of an undifferentiated state,
o integrin, which pairs with ;-integrin in the basal layer, is expressed throughout the eye-
lid front, though at lower levels than basal cells of the surrounding epidermis (Figure 2.5,
Figure 2.14B). ais and a3 integrins, which have roles in adhesion to collagen and laminin
and are both highly expressed in basal layer cells, however, are expressed at low levels in
the front. Instead, as early as E14.5, the small population of cells that will form the eyelid
front are marked by an upregulation of a; integrin and its ligand, fibronectin (Figure 2.5).

These differences in integrin expression become more pronounced during migration of the
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Basal layer keratins

Figure 2.3: Keratin expression in the eyelid suggests a functional separation. Immunoflu-
orescence of eyelid sagittal sections at E15.5 reveals that the epidermal cells extending over the eye
retain expression of basal-layer keratins, including K5 and K14 (upper panels). By contrast, cells of
the surrounding epidermis have already begun differentiating and express K1 and K10 (lower pan-
els). In all images, keratin expression in the palpebral epidermis (Epi) should be compared to the
front. E-cadherin (red) is used to label all epidermal cells. Scale bars, 50 pm.
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Figure 2.4: Unique keratins in the eyelid front. Consistent with a functional separation of the
eyelid, cells in the front express K17, a marker of morphogenetically-active epithelia in development
also expressed in developing hair follicles, teeth, and nails. Lack of K15 expression, a conjunctival
marker, indicates it is a distinct population derived from the epidermis. Scale bars, 50 pm.
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eyelids at E£15.5 and persist through eyelid fusion at E16.5, with the highest a5 integrin and
fibronectin expression at the leading edge. The acquisition of motile properties by cells of
the eyelid thus coincides with maintenance of an undifferentiated state and a shift in integrin
expression profile. Although the importance of these changes are not well understood, the
eyelid closure defect of TGF-a knockout mice, in which eyelid closure either fails to initiate
or is delayed, has been suggested to be due to an attenuated upregulation of a5 integrin and
fibronectin in the eyelid front (Luetteke et al., 1993). Similarly, misexpression of 5 integrin
in the eyelid results in failure of the eyelids to fuse, suggesting that coordinated expression

of this integrin and fibronectin are required for proper migration (Carroll et al., 1998).

2.1.2 Genetics and lentiviral technology in the skin

While the genetic tools available in mice are not as sophisticated as in simpler organisms
such as yeast and flies, studies in mice are perhaps the most relevant to human development
and disease. With the widespread application of transgenic and gene targeting technologies,
and the deposition of mouse strains into public repositories over the last thirty years, we now
have an impressive array of conditional knockout mice, reporter lines, and mice expressing
fluorescent fusion proteins at our fingertips. In the skin, use of the K5 and K14 promot-
ers has enabled the skin-specific expression of numerous proteins, including GFP-actin to
visualize actin dynamics (Vaezi et al., 2002), H2B-GFP to label nuclei and identify label-
retaining stem cells in hair follicles (Tumbar et al., 2004), and both Cre and CreER, used
in combination with floxed lines for lineage tracing and to generate skin-specific knockouts.
However, standard genetic techniques in lower eukaryotes, such as the creation of genetic
mosaics to analyze clones of mutant cells in otherwise wildtype tissue or generating double
and triple knockouts, while technically possible, 1s cumbersome at best. In spite of the wide
variety and availability of mouse lines, mouse genetics is also by comparison a slow process

due to a 19 day gestation period and approximately eight weeks until sexual maturity.

An important advance in the use of skin as a model system was the recent development
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Figure 2.5: Integrin expression in the eyelid reveals the specific upregulation of a5 in-
tegrin and fibronectin. Immunofluorescence staining for basement membrane receptors reveals
differences in the integrin expression profile of eyelid front cells. Whereas ag integrin is expressed
throughout the front, although at lower levels than the epidermal cells behind it, a3, which medi-
ates adhesion to collagen and laminin and has a role in organizing the basement membrane, appears
nearly absent by comparison (upper panels). Instead, fibronectin and its receptor a5 integrin become
specifically and locally upregulated as early as E14.5, becoming more pronounced as eyelid closure
proceeds. Note that fibronectin remains compartmentalized within the eyelid epidermis. There are
no signs of ECM or an organized basement membrane between the eyelid and underlying corneal
epithelium (lower panels). Scale bars, 50 pm.
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of ultrasound-guided lentiviral injection to achieve skin-specific transgene expression i viwo
(Beronja et al., 2010). This is a relatively simple surgical procedure that involves microin-
jection of concentrated lentivirus into the amniotic sacs of E9.5 embryos (Figure 2.6). In
combination with an shRNA library from The RNA1 Consortium (TRC), which contains
multiple hairpins for over 15,000 genes in the mouse genome (Root et al., 2006), this affords
unparalleled ease in quickly silencing genes for which no genetic mutant exists, knocking
down multiple genes simultaneously, and performing rescue experiments i viwo. In ad-
dition to facilitating the study of embryonic development in mice by greatly reducing the
time and effort required to genetically manipulate animals, it has enabled genome-wide
RNAI screening for regulators of normal and oncogenic growth in the embryonic epider-
mis (Beronja et al., 2013). Only a few years ago, this would have been unthinkable. The
further use and development of such genetic tools, very likely by improving on RNAi with
CRISPR/Cas9 technology, along with methods to culture and image whole embryos and
skin explants, will continue to advance the complexity of studies in the mouse into the realm

of simpler organisms.

2.1.3 Lineage tracing of the epidermis and periderm

Temporary epithelial fusions that occur on the surface of the embryo are thought to be
mediated by periderm, a superficial layer of tightly-connected, squamous cells that develops
between E9.5 and E12.5 to protect the embryo until the skin has stratified and differentiated
(Section 1.5). Previous studies of eyelid closure using electron microscopy have shown that
peridermal cells appear to stream out and pile up over the eye, where they are loosely packed
and extend numerous cytoplasmic protrusions (Findlater et al., 1993; Maconnachie, 1979).
To systematically explore the role of the periderm in eyelid closure, I used antibodies against
the simple epithelial keratins K8 and K18, expressed by the periderm but not the underlying
epidermis (Lu et al., 2005), to examine its localization throughout eyelid closure. Although

the clumping of peridermal cells at the eyelid front is striking, they remained on the surface

62



2.1. CELL TYPES CONTRIBUTING 10 EYELID CLOSURE

LV-XFP
JLTRI- W -RRE- hU6 A eppr-pak - H2B-XFPIHLTR-

LV-Cre
JLTR- W-RRE- hU6 -LcPP'r-cmv - nis-Cre JLTR*

. Ultrasound
Microinjector

PBS

Figure 2.6: Ultrasound-guided in utero lentiviral injection system. This technique allows
rapid, skin-specific transgene expression in mice, and involves microinjecting concentrated lentivirus
into the amniotic sacs of £9.5 embryos. A pregnant mouse is anaesthetized and maintained on a
heated platform, while embryos are removed into a PBS-filled dish. Using an ultrasound probe
to visualize embryos, a glass microinjection needle is targeted to the amniotic cavity. Because of
the simplicity of the procedure, it has been used successfully in studies of gene function in early skin
development as well as genome-wide RINAi screening for regulators of normal and oncogenic growth.
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Images courtesy of Slobodan Beronja and Geulah Livshits.
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of an extending sheet of epidermal cells throughout eyelid closure (Figure 2.7A).

Despite the absence of simple epithelial keratins, it is possible that the unique, migratory
cells of the eyelid front are derived from the periderm in development. To test this hypothe-
sis, I performed lineage tracing experiments using the lentiviral injection system developed
by my lab. Exploiting the fact that lentivirus transduces the first cell layer it contacts
vwo (Beronja et al., 2010), I selectively labeled the periderm and its progeny by delivering
nls-Cre lentivirus into E11.5 Rosa26™" Cre-reporter embryos. At E16.5, YFP was present
in superficial K8/K18-positive periderm cells, but not the eyelid epidermis, demonstrating
that eyelid cells are not derived from the periderm. To show that eyelid epidermal cells are
instead derived from epidermis, I performed a lineage trace using the A74-Cre line, in which
Cre expression is initiated around E13.3, after specification of the periderm. At E16.5, YFP

was present in eyelid epidermis, but not superficial periderm cells (Figure 2.7B).

2.1.4 Ablation of the periderm.

Although the periderm neither gives rise to nor intermixes with epidermal cells during eye-
lid closure, the striking morphological changes it exhibits suggest that it may cooperate with
or guide the underlying cells. To test the functional importance of the periderm in eyelid
closure, I utilized a Cre-inducible diphtheria toxin system (Breitman et al., 1990) to specifi-

cally ablate the periderm in development. Transduction of E11.5 Rosa26”™

embryos with
high-titer LV-nls-Cre resulted in complete ablation of the periderm by E15.5, but did not
prevent eyelid closure (Figure 2.7C). This indicates that the elaborate and dynamic changes

in the periderm that accompany the process are not essential to the mechanism.

2.2 The relative contributions of cell motility and proliferation

Tissue morphogenesis often requires cell proliferation and migration, as exemplified by ver-
tebrate gastrulation, where axis elongation requires not only cell intercalation, but also ori-

ented cell divisions regulated by the PCP pathway (Gong et al., 2004; Wei and Mikawa,

64



2.2. CELL MOTILITY AND PROLIFERATION

A Planar view Saggital view B Lineage trace of the periderm and epidermis
- YFP_ [--

. Periderm
Periderm E11.5
+ LV-Cre
1400 TSR, —> m
L0
X Periderm lineage trace Epidermis lineage trace
Periderm

—_— [ee]
o X
<L BRSSO g T NI oo A RS
()]

a

<

O -

C Genetic ablation of the periderm

-- CUWM -- + LV-Cre at E11.5 for ablation of the periderm

+ Cre

Saggital view Planar view Saggital view Planar view

Figure 2.7: The periderm is not required for eyelid closure. (A) The extending eyelid con-
sists of both undifferentiated K5/K14+ epidermal cells (eyelid front) and K8/K18+ superficial peri-
dermal cells (arrows). (B) Lineage tracing by injection of LV-Cre into the amniotic sacs of Rosa*'?
embryos or expression of K74-Cre. Selective transduction of the periderm at E11.5 shows that only
periderm is marked, and that it does not contribute the eyelid tissue (left). Labeling epidermal pro-
genitors with K74-Cre, expressed after formation of the periderm at E13.5, labels the eyelid epidermis,
demonstrating that it is derived from the epidermis rather than periderm (right). (C) Selective abla-
tion of periderm does not affect eyelid closure. Periderm was ablated by injecting LV-Cre into the
amniotic sacs of E11.5, Rosa®™ embryos. Immunostaining of periderm with K18 shows that despite
>90% ablation of superficial periderm cells, eyelids still close. Sagittal sections are of the eyelid, pla-
nar views are of backskin, illustrating ablation of the periderm over the entire surface of the embryo.

Scale bars, 50 pm.
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2000). To understand the dynamics of eyelid closure and to gain a quantitative understand-
ing of the interplay between cell migration and proliferation, I optimized conditions for

imaging eyelid closure ex vivo.

2.2.1 Culture conditions for live imaging explanted eyelids

While roller bottle culture can support the development of E7.5 mouse embryos for up to
three days (Rivera-Pérez et al., 2010), and it is possible to maintain whole embryos up to
E10.5 in static culture for 18-24 h using specially-prepared rat serum (Jones et al., 2002;
Piliszek et al., 2011), culture of later-stage embryos has proven notoriously difficult. To
circumvent these difficulties, organ culture techniques that rely on keeping tissue at an air-
liquid interface have been successfully utilized for the lung, kidney, heart, intestine, forebrain,
mandible, and skin (Kashiwagi and Huh, 2005). However, as this involves floating the organ
on a filter membrane, combining these techniques with live imaging has been challenging
because of drift and detrimental effects on tissue health from the evaporation of media.
Only very recently have successful attempts been reported to live image embryonic skin, one
using Trowell-type culture dishes, a gas bubbler to prevent evaporation, and imaging on an
upright confocal microscope (Ahtiainen et al., 2014), the other sandwiching skin explants
between a gas-permeable membrane and a filter membrane in a closed, media-filled dish,
and imaging on an inverted microscope (Li et al., 2011). Both techniques are limited to the
use of air objectives.

To explore methods for live imaging eyelid closure at various magnifications and reso-
lutions, I assessed the viability of explanted eyelids after prolonged culture both submerged
and at an air-liquid interface. Whereas culture at an air-liquid interface supports long-term,
low-magnification imaging, even the short-term maintenance of tissue within culture media
would enable the use of higher-power and resolution dipping lenses or, alternatively, culture
in glass-bottom dishes and the use of oil immersion objectives. As a measure of tissue health,

I quantified the number of apoptotic cells as indicated by active caspase-3 staining and an-

66



2.2. CELL MOTILITY AND PROLIFERATION

A
B c Epidermis Dermis
6h 16 h 6h 16 h
60 15 — 15 -
]
£ 50 +
2 @
o 10 10
- ©
S 40 O
= =
C
8 30 5
= &) 5 5
5 e
o [0
20 o
. _ — - H

[0,6] (6,12] (12,18](18,24] Q%QQBQQ ,er,;\\\\o Q%QQQ)QQ (boe,;\\{o Q%QQ@Q CL OPHS e
. K { PO 5> 6 @ N
Time (h) e S RN N
Q@ Q@ ®® \\0

Figure 2.8: Culture conditions supporting eyelid closure ex vivo (A) Analysis of tissue mor-
phology and cell viability after 12 h culture at an air-liquid interface. Eyelids are able to fuse ex
viwo with a minimal increase in apoptosis or changes in cell morphology, indicated by E-cadherin
and active caspase-3 staining, respectively. (B) Kinetics of eyelid closure ex vwo, illustrating that the
process can be followed reliably for periods up to 12 h. Progression of eyelid closure was quantified
by measuring the uncovered area of the eye. (C) Measurements of apoptosis in the epidermis and
dermis under different culture conditions. In addition to a requirement for a high calcium concen-
tration, cell viability in both the epidermis and dermis depends on culture at an air-liquid interface
(membrane). More apoptosis was observed in the dermis than the epidermis. Scale bars, 50 pm.

alyzed tissue morphology by immunofluorescence. At an air-liquid interface, eyelid closure
proceeded reliably for up to 12 h, with minimal apoptosis and no obvious morphological
defects (Figure 2.8A-B). On the other hand, when explants were fully submersed in media,
eyelid closure did not proceed for more than a few hours, and the skin displayed substan-
tially more apoptosis than observed i viwo. In both cases, more apoptosis was observed in

the dermis than in the epidermis (Figure 2.8C).

Based on these observations, I imaged eyelid closure at an air-liquid interface. To mini-

mize the potential for tissue movement and microscope drift and the detrimental effects of
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media evaporation, I sealed eyelid explants against a gas-permeable membrane and imaged
them on an inverted scanning or spinning disk confocal (Figure 2.9). Spinning disk has the
advantage for long-term, 3D imaging for its fast acquisition rate, which minimizes photo-
bleaching and phototoxicity, but with thick samples suffers from high background due to
pinhole crosstalk. While not an issue for imaging bright structures such as nuclei, imag-
ing the dynamics of membranes, actin, or microtubules after E14.5 requires a scanning
confocal or multiphoton microscope. When imaged this way, the overall rate of closure ex
vwo (~10 pm/h) is similar that observed  vivo (~300 pm/24 h). By using explants from
K14-H2B-GFP-expressing embryos, this afforded sufficient resolution to observe the overall
movement of eyelids during closure, to track individual cell movements, and even to mon-
itor the progression of mitoses (Figure 2.9). Using explants from Rosa26" "¢ or Rosa26""
embryos transduced i utero with low-titer LV-Cre, it also permitted observation of the dy-
namics of individual cells. As a proof-of-principle, I also successfully imaged eyelid closure
by submersing explants in a small volume of media and using dipping lenses on an upright
confocal. While it was considerably more difficult to stabilize and only supported the pro-
cess for periods of 3—6 h, it suggests that this method is potentially suitable to observe the

dynamics of the cells on short timescales.

2.2.2 Cell proliferation in eyelid closure

To explore the of cell proliferation in eyelid closure, I combined a quantitative analysis of
cell proliferation with administration of cell cycle inhibitors i vwo. Monitoring the incorpo-
ration of the nucleotide analogue 5-Ethynyl-2’-deoxyuridine (EdU) over a 12 hour period
between E14.5 and E15.5 as well as antibody staining for Ki67, a general marker of cycling
cells, revealed which cells of the eyelid proliferate during closure. Consistent with previous
observations (Shimizu et al., 2005), while the cornea and embryonic skin surrounding the
eye were highly proliferative, epithelial cells at the eyelid front showed little or no prolifera-

tion (Figure 2.10A).
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Figure 2.9: Setup for live imaging eyelid closure. Eyelid explants are imaged at an air-liquid
interface by sealing them against a teflon-bottomed dish using a small volume of matrigel. Eyelids are
imaged for periods up to 16 h on an inverted spinning disk or scanning confocal microscope house in
a temperature-controlled box. To prevent evaporation and maintain a physiological pH, humidified
5% GOy is supplied. This enables live imaging with kinetics comparable to those i viwo. Using
K14-H2B-GFP or other flurophore-expressing mice, the progression of eyelid closure, behaviors of
individual cells, and even the progression of mitoses can be monitored. Scale bars, 50 pm.

69



CHAPTER 2. DEVELOPING EYELID CLOSURE AS A MODEL

Proliferating cells around eye

Ki67 S 40-
30-
20-

10-

Percent basal cells EQU+

B BrdU

E14.5
l12h

EdU

E15.5
l12h

Analyze
E16.5

Spatially-organized proliferation Random proliferation

Figure 2.10: Cell proliferation in eyelid closure. (A) Iront cells do not proliferate during
eyelid closure. Left: Immunolabeling for Ki67, a general marker of cycling cells. Note that while
the cornea and surrounding epidermis are highly proliferative, K5-positive eyelid front cells are not.
Right: Tiled, 3D imaging of an eyelid explant pulsed for 2 h with EdU reveals no asymmetry of
cell proliferation around the eye. The number of EdU-positive cells was calculated in 36-degree
regions with ~600 segmented cells per region. (B) Dual BrdU-analog incorporation scheme. If a
subpopulation of proliferative cells were driving asymmetric tissue growth, incorporation of the two
analogs in distinct regions would be expected. Instead, they are incorporated randomly throughout
the tissue.
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Since eyelid front cells did not appear to proliferate, I next addressed whether asymmet-
ric growth of the surrounding tissue might push eyelids over cornea. To test this possibility, I
pulsed embryos for 2 h with EAU prior to dissection of eyelids and performed tiled 3D imag-
ing. Automated counting of EdU-positive cells in 36 degree regions around the eye revealed
uniform proliferation (Figure 2.10A). To test whether spatially-organized cell proliferation
might contribute to asymmetric tissue growth over time, I utilized a dual BrdU analog in-
corporation scheme, injecting EAU at the beginning of eyelid closure, BrdU 12 h later, and
labeling the two with different flurophores (Figure 2.10B). If asymmetric tissue growth were
occurring, the analogs should be incorporated in distinct bands around the eye. Instead, an

essentially random incorporation was observed, consistent with uniform tissue growth.

Finally, to directly test whether proliferation is required for the process, I inhibited cell
division i vivo by administering mitomycin-C (mito-C), an irreversible inhibitor of DNA syn-
thesis, to living embryos. In culture, 10 pg/mL mito-C completely inhibited keratinocyte
mitoses by 12 h with a minimal increase in apoptosis (Figure 2.11A). Prior to 12 h, a number
of cell divisions can still be observed in the skin, and cells still incorporate BrdU. The effects
of inhibiting cell proliferation on eyelid closure were therefore assessed in two ways. First,
mito-C was administered at late E14.5 to completely inhibit proliferation by the onset of
eyelid closure at E15.5, and the progression of closure as well as the number of cell divisions
occurring in the skin were monitored by live imaging over a period of six hours. This re-
vealed that, in spite of an ~75% reduction in cell division compared to untreated embryos,
eyelid closure progressed normally (Figure 2.11B). Second, mito-C was administered at the
very beginning of eyelid closure at E15.5, and the process was allowed to proceed i vivo up
to late E16.5. In spite of the complete inhibition of proliferation, evidenced by lack of EAU
incorporation and a substantially-reduced embryo size at E16.5, eyelids fully closed (Fig-
ure 2.12). Taken together, these results suggest that eyelid closure is accomplished primarily

by cell migration rather than proliferation.
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Figure 2.11: Eyelid closure progresses in the absence of cell division. (A) Calibration of
mitomycin-C dosage to inhibit cell division. Left: Timecourse of BrdU incorporation during con-
tinuous culture in 10 pg/mL mito-C, illustrating that 12 h is required for full inhibition of cell pro-
liferation. Right: Quantification of apoptosis with increasing concentrations of mito-C, illustrating
a stark increase at concentrations above 20-30 pg/mL. (B) Progression of closure was quantified by
measuring the average displacement of the eyelid border over the eye. At the same time, cell pro-
liferation was quantified by manually counting the number of dividing cells in regions of equal area
(comprising ~4000 cells) over the course of 20 frames and expressed as the fraction of cells in the
region per hour. H2B-GFP transgenic embyros were exposed i utero to mito-C for 12 h prior to live
imaging and quantitative analysis. Reductions of cell divisions by >75% (p = 0.0011) did not affect
eyelid closure rates (p = 0.90, n = 3 mito-C treated, 2 WT embryos).
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Control + MitoC Control + MitoC

Figure 2.12: Eyelid closure completes in the absence of cell division in vivo. Mitomycin-
C was injected into the amniotic sacs of early E15.5 embryos, at the very beginning of eyelid closure,
and mice were harvested at late E16.5 after completion of the process. In spite of a vastly-reduced
embryo size and full inhibition of cell division, evidenced by lack of EAU incorporation, eyelid closure
completes normally. Scale bars, 1 mm.

2.2.3 The acquisition of motile properties by front cells

Observing little, if any, role for periderm or proliferation in eyelid closure, I focused on the
non-proliferative cells at the eyelid front. Immunofluorescence of sagittal sections revealed
prominent actin fibers at the eyelid tip, an observation which has led researchers to posit
that eyelid closure is driven by assembly and constriction of an actomyosin cable in a purse-
string fashion (Shimizu et al., 2005). Supracellular actin cables are polarized structures that
span multiple junctions in cells bordering epithelial gaps and play an essential role in would
healing and Drosophila dorsal closure (Section 1.4.2). However, by whole-mount imaging, I
found that instead of a polarized, supracellular actin cable in a single row of cells at the lead-
ing edge, the eyelid front consisted of highly elongated cells that organized their actomyosin
cytoskeleton mediolaterally and packed together vertically in multiple layers (Figure 2.13A;
compare with the actin cables in Figure 1.1B, page 28). This differed markedly from epi-
dermal cells behind the front, which formed a honeycomb-like lattice with a characteristic

cortical actomyosin network. To confirm that these highly-elongated cells were indeed of
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epidermal origin, I performed a lineage trace of the epidermis by mating £74-Cre mice to the
Rosa26™/"¢ Cre-reporter line, in which expression of membrane-bound td Tomato switches
to membrane-bound GFP (mGFP) upon Cre activation (Muzumdar et al., 2007). mGFP ex-
pression by these highly elongated eyelid cells traced their derivation to the mGFP-positive

epidermal cells and not mTomato-positive peridermal or dermal cells (Figure 2.13B).

To examine the morphology and behavior of cells in the extending eyelid in greater de-
tail, I sparsely labeled the skin with mGFP by injecting low-titer LV-Cre into Rosa26"1/™¢
embryos. High magnification confocal imaging of eyelid whole-mounts from these mice
revealed the highly elongated, bipolar morphology of individual cells in the front, features
more often associated with mesenchymal than epithelial cells (Figure 2.13B). Quantifica-
tion of their aspect ratio at different positions within the front revealed a gradient of cell
elongation from the eyelid base to the front, consistent with the pattern of as-integrin and
fibronectin expression in the eyelid (Section 2.1.1) and suggesting a corresponding gradient
in motility. Live imaging of explants labeled in similar fashion at E14.5 and E15.5 revealed
that, both prior to and during eyelid closure, occasional cells from the epidermis enter the
front, upon which they rapidly elongate. A representative example at E15.5 is documented
in Figure 2.13C. This suggests that these dramatic shape changes occur in response to cues
from the local microenvironment and that the collective reorganization of cells in the eyelid

front is an active process.

The highly specific upregulation of a5 integrin in eyelid front cells immediately suggested
it as a means to isolate and transcriptionally profile them to understand their unique mor-
phological and motile properties. Isolation by fluorescence activated cell sorting (FACS) and
RT-PCR profiling revealed that, consistent with a transition to a motile state, a5 3;-high eye-
lid front cells displayed a transcriptional downregulation of E-cadherin as well as the epider-
mal keratins K14 and K5 in comparison to cells of the surrounding epidermis (Figure 2.14A-
B). Of additional note was their elevated expression of genes encoding tenascin-C, K6, K17,

fascin-1, and C/EBPcq, hallmarks of morphogenetically-active tissues in development and
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Figure 2.13: Cells in the eyelid front adopt an elongated, bipolar morphology, and pack
in a multicellular sheet. (A) Analysis of eyelid morphology by whole-mount phalloidin staining
and myosin ITA-GFP expression. Quantification of fluorescence intensity shows that actomyosin is
enriched in eyelid front cells (middle panels). Note that intensity is greatest at elongated bipolar tips
rather than along eye border (rightmost panel). In contrast, surrounding epidermal cells exhibit a
characteristic, honeycomb architecture and show uniform, cortical localization of actin and myosin.
(B) Left: Elongated, mesenchymal-like cells of the eyelid front are derived from epidermis, as de-
termined by analyzing K74-Cre X Rosa26™7/"¢ embryos. Eyelid front cells are mGFP+, indicating
that they are epidermal, while periderm and dermal cells are mTomato+. Right: Sparse-labeling
of eyelid front cells permit morphological analysis of individual mGFP cells. Quantification of cell
elongation by aspect ratio reveals a gradient from eyelid front to the base (n = 116 cells, 11-26 per
bin). (C) Live imaging of individual cytoplasmic YFP+ labeled epidermal cells within the eyelid.
Occasional capturing of actively elongating cells near the surrounding epidermis suggests that they
undergo an active shape change (right: quantification of relative elongation, n = 3 cells). Scale bars,
50 pm.
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disease (McGowan and Coulombe, 1998; Minn et al., 2005; Wang et al., 2006). The upreg-
ulation of K17 is particularly interesting for its parallels to early hair follicle formation, while
C/EBPa i1s a master regulator of border cell migration in Drosophila. Interestingly, however,
vimentin and other classical markers of an epithelial-mesenchymal transition (EMT) were
not detected (Figure 2.14C). Taken together, these results indicated that developing eyelid

cells possess unique properties that enable them to be motile for eyelid closure, but without

undergoing a full EMT.

2.2.4 Global and individual cell behaviors in eyelid closure

Immunolabeling of ECM components in saggital sections showed no signs of an organized
basement membrane between the eyelid and cornea, suggesting that front cells migrate di-
rectly over the single-layered corneal epithelium (Figure 2.5). Along with their bipolar, elon-
gated morphology and local secretion of fibronectin, this suggested that they adopt a mode
of collective cell movement rather than migrate as individual cells over the eye. To explore
this in detail, I performed live, 3D imaging of eyelid closure using explants from K74-H2B-
GFP-expressing embryos to visualize and track global cell movements, and from Rosa26™"
or Rosa26™""% embryos transduced in utero with low-titer LV-Cre to observe the dynamics
of individual cells. This revealed that, although the overall movement of eyelids was cen-
tripetal, individual front cells appeared to move perpendicularly to this axis (Figure 2.15A).
Moreover, when the average velocity of these cells was measured and contrasted with the
movement of surrounding epidermis, it was clear that eyelid front cells moved considerably

faster, suggesting that their movement was at least in part independent of the other epider-
mal cells.

These key features were more readily visualized by averaging the azimuthal compo-
nent of cell movements in regions around the eye. This revealed substantial movements
perpendicular to the closure axis within the eyelid front, but not the surrounding epider-

mis (Figure 2.15A, right). Likewise, histograms of the overall orientation of cell movements
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Figure 2.14: FACS isolation and RT-PCR profiling of eyelid front cells. (A) Sorting strategy
of front cells based on K74-H2B-GFP and ag integrin expression following dissection of E15.5 eye-
lids. ~20,000 cells can be obtained from a single litter. This 1s sufficient for RI-PCR, but requires
pooling of litters or the use of low-input amplification techniques for low-input for genome-wide tran-
scriptional profiling, Front cells (K74-H2B-GFP"; a5 integrin®™) are compared to K74-H2B-GFP" a5
integrin'® cells of the surrounding epidermis. (B) RT-PCR profiling of eyelid front cells, revealing
a transcriptional downregulation of E-cadherin and other basal epidermal markers, and upregu-
lation of genes associated with cell motility, including C/EBPq, fibronectin, and tenascin-C. (C)
Immunofluorescence analysis of markers of an epithelial-to-mesenchymal transition. In spite of a
reduction in E-cadherin levels and expression of K17, two markers of a classical EMT, vimentin and
slug, are not obviously upregulated. Scale bars, 50 pym.
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Figure 2.15: Global and individual cell behaviors in eyelid closure. (A) 3D tracking of
cells in the eyelid and surrounding epidermis reveals cells with significant tangential movements
despite an overall radial trajectory. The average speed of front cells is substantially greater than
surrounding epidermal cells (p < 0.0001, » = 7000—10000 tracks), suggesting an active role in closure
(left). A strong velocity component of the eyelid front, but not surrounding epidermis, is oriented
perpendicularly to the closure axis (right). Average tangential velocity of cells in 256 pm? regions are
plotted as contours, with arrows indicating average direction of movement (length is proportional
to speed). Histograms of the overall orientation of cell movements relative to the center of the eye
indicate that, far from the center, movements are primarily radial (blue), while at the front, most
cells move completely orthogonally (red). (B) Live-imaging of eyelids sparsely-labeled with mGFP
reveals mediolateral protrusive activity and cell intercalation. Arrows indicate the direction of cell
intercalation, arrowheads indicate mediolaterally-oriented cell protrusions. Scale bars, 50 pm (A)

and 10 pum (B).
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relative to the center of the eye revealed that cell movements far from the center were pri-
marily radial, while most cells at the front moved orthogonally. To visualize the cellular
behaviors behind these tangential movements, I imaged small clones of mGFP-labeled front
cells, revealing mediolateral protrusive activity and intercalation of cells with their neighbors
(Figure 2.15B). The behavior was highly reminiscent of convergent extension movements in
mesodermal tissues, in which cells interact with along their mediolateral faces through mem-
brane protrusions. Importantly, cells showed no signs of concerted or pulsatile contraction,

indicating that cell movement rather than the contraction of cells was driving eyelid closure.

Given the juxtaposition of multiple cell types in the eyelid, I performed live imaging
experiments to assess their relative contributions, labeling either the periderm or dermis
separately from the epidermis. Using a membrane dye to selectively label superficial cells
of the periderm in R74-H2B-GFP-expressing embryos and live imaging, I found that, in
contrast to the substantial movements of epidermal cells in the eyelid, cells of the periderm
moved very little relative to each other and gave the appearance of being carried along (not
shown). To rule out potential contributions from underlying dermal tissue, I imaged em-
bryos from a K714-Cre X Rosa26™7" mating, in which mGFP-expressing epidermal cells
could be readily distinguished from mTomato-expressing dermal cells (Figure 2.16A). Par-
ticle Image Velocimetry (PIV) revealed that average flow velocities in the dermis (red) and
surrounding eyelid epidermis (green) were essentially equivalent (2.3 yum/h vs. 2.8 pum/h, p
= 0.16). Moreover, these velocities were substantially lower than those of intercalating lay-
ers of green front cells (4.3 ym/hr, p < 0.001), consistent with the previous analysis of cell
speeds by tracking nuclei (Figure 2.16B-C). In total, these results identified the acquisition
of intercalary behavior in the epidermal cells of the front as a key feature of eyelid closure,
and raised the question of whether they were actively driving the process or a consequence

of other forces in the region.
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Figure 2.16: Dermal cell movements do not contribute to eyelid closure. (A) Frames from a
timelapse of eyelid closure using Rosa26"7/"¢ embryos, in which epidermal cells are labeled in green
and dermal cells in red. No substantial movement of dermal cells is observed by visual inspection.
(B-C) PIV analysis was used to separately estimate the velocity of the eyelid epidermis, underlying
dermis, and intercalating cells. The velocity of the dermis is essentially equivalent to that of the
overlying epidermis, both of which are substantially lower than the velocity of intercalating cells.
This implies that the eyelid epidermis and dermis are moving as a coherent unit. Scale bars, 50 pm.
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2.3 Discussion

The establishment of a model morphogenetic process and a toolkit for its analysis is a natu-
ral follow-up to the development of lentiviral technology for the rapid genetic manipulation
of the skin. This technique enables the rapid, convenient expression of fluorescent proteins
and the silencing of genes either throughout the skin or in small clones by adjusting viral
titer. Combined with the wide-availability of conditional knockout mice, transgenic overex-
pressors, and mice expressing fluorescent reporters, it is now possible to probe the dynamics
and regulation of skin morphogenesis in unprecedented detail. As a stereotyped process of
epithelial fusion, eyelid closure offers a unique view into how aspects of cell motility and
collective migration are utilized in the context of a differentiating tissue in late mammalian
development. The potential value of such a model for uncovering basic principles of tissue
morphogenesis is easy to appreciate—no study of wound healing does not draw inspiration
from Drosophila dorsal closure, and no study of the collective invasion of cancer cells does
not draw parallels to border cell migration.

Establishing a system requires a careful delineation of its parameters, namely what cells
are involved, where they come from, and what they are doing. To date, most studies of eyelid
closure have assumed a role of the periderm due to the striking morphological changes it
exhibits in the region of the eye. This has led to a model in which the cells of the eyelid front
originate from proliferation of periderm cells, which then migrate across the cornea and fuse.
Despite the attractiveness of this hypothesis, the role of the periderm in eyelid closure has
remained correlative. Similarly, analyses of actomyosin organization only in tissue section or
at low magnification in whole-mounts have led to the comparison of eyelid closure to dorsal
closure or embryonic wound healing, suggesting either constriction of a supracellular actin
cable at the epidermal border or forward migration of a growing epithelial sheet across the
cornea. Substantiating evidence comes from genetic studies, which show essential roles for
Rho-associated kinases 1 and 2 (ROCKs | and 2) and their relative, LIMK?2 (Rice et al.,

2012; Shimizu et al., 2005; Thumkeo et al., 2005). Further strengthening the notion that
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actin cable formation is essential for eyelid closure is that EGF cannot stimulate myosin light
chain (MLC) phosphorylation when ROCKI1 is absent (Shimizu et al., 2005), and LIMK2-

deficient keratinocytes w2 vitro show reduced actin filaments (Rice et al., 2012).

Although the wide range of mouse mutants that exhibit eyelid closure defects clearly
shows that the process integrates aspects of cell migration, without context, it has been dif-
ficult to decide exactly what it is a model for. Eyelid closure defects have been reported
for mice harboring mutations in a diverse array of signaling proteins, including EGF and
TGFa (Luetteke et al., 1993; Miettinen et al., 1995), and both canonical and non-canonical
Wnt signaling (Gage et al., 2008; Huang et al., 2009; Wu et al., 2012). By activating the
MAPK-ERK signaling pathway, growth factors have been implicated in epidermal prolif-
eration as well as migration (Huang et al., 2009; Mine, 2005; Tao et al., 2005). Thus, in
addition to exactly which cell types are contributing, it has never been clear to what extent

proliferation, differentiation, and migration play a role.

Using a simple toolkit consisting of whole-mount immunofluorescence, live imaging of
skin explants, and genetic ablation, all facilitated by lentiviral injection, I set out to better
understand the basic architecture of the eyelid and the cellular behaviors involved in its
closure. This has helped to provide the necessary context to evaluate the role of the many
genes implicated in the process and to firmly establish eyelid closure as a basic model of
collective movement and cell intercalation in the mouse. Lineage tracing of the epidermis
and periderm clearly revealed that the extending eyelid 1s derived from the epidermis, and
both live imaging and genetic ablation indicate that the striking accumulation of rounded
periderm cells over the eye is a consequence rather than an essential component of the
process. This of course raises the question as to the role of the periderm in development,
as its presumed protective functions appear to dispensable. The presence of microvilli and
pinocytotic vesicles at the surface of periderm cells suggests a potential role in influencing the
composition of the amniotic fluid or in nutrient resorption (M’Boneko and Merker, 1988).

Another possibility is that it reinforces apicobasal polarity in the skin prior to the onset of
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differentiation. This intriguing possibility was raised by a study of palate fusion in the mouse,
an example of a permanent tissue fusion in which apposing epidermal layers of the palatal
shelves undergo an EMT to allow mesenchymal continuity (Jin and Ding, 2006). It found
that preventing desquamation of the periderm by inhibition of TGF-£ caused epidermal
cells to retain apicobasal polarity and fail to undergo an EM'T (Wu et al., 2013; Yoshida et al.,
2012). This suggests that the differentiation of the periderm, resulting in its desquamation
between E15.5 and E18.5, may actually promote the acquisition of motile properties by the

eyelid front.

While proliferation is necessary for the formation of eyelids in development, adminis-
tering mitomycin-C i viwo prior to and at the onset of eyelid closure revealed that it is not
necessary for their closure. This is perhaps not surprising, as many of the most dramatic
large-scale tissue movements in development are known to occur in the absence of cell di-
vision, and in many cases it is actively suppressed. In Drosophila, extension of the anterior
part of the Drosophila germband occurs in the absence of cell division, and in ventral fur-
row formation, inhibition of mitosis is specifically required for the cell shape changes that
drive invagination (Grosshans and Wieschaus, 2000). Likewise, the transient inhibition of
cell division is a necessary feature of convergent extension in the Xenopus dorsal mesoderm
(Leise and Mueller, 2004; Shih and Keller, 1992) and appears to be important for the for-
mation of hair follicles in the skin (Ahtiainen et al., 2014). However, while a common theme
in morphogenesis, the absence of cell proliferation is not universal: oriented cell divisions
are essential to elongate dorsal tissues in zebrafish gastrulation (Gong et al., 2004), in the
posterior region of the Drosophila germband, where it contributes to the fast rate of tissue
extension (da Silva and Vincent, 2007), and potentially in formation of the avian primitive

streak (Wei and Mikawa, 2000).

The adaptation and optimization of explant culture and live imaging techniques have
made it possible to study the dynamics of eyelid closure both at the level of populations and

individual cells. As with all developmental processes, the simple observation of cellular be-
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haviors by live imaging provides vital insight into how cell motility is integrated into a large-
scale process that cannot be obtained any other way. Imaging of K74-H2B-GFP-expressing
embryos to visualize and track global cell movements and genetic sparse-labeling with cy-
toplasmic and membrane markers to observe the dynamics of individual cells revealed that,
quite surprisingly, cells within the eyelid front elongate perpendicular to the axis of closure
and intercalate in the fashion of mesodermal cells. By using schemes to rule out contribu-
tions from the periderm and dermis, it was clear that this intercalation behavior was the
defining feature of the process. Eyelid closure is thus more than a simple model of cell
migration—it 1 a model of the specification of motile cells within a vertically stratifying

epithelium and of cell intercalation driving substantial tissue movement.

A detailed analysis of keratin and integrin expression and cell morphology suggests a
clear transformation of eyelid front cells and the acquisition of mesenchymal-like properties,
including the local expression of fibronectin and a5 integrin. This is supported by FACS iso-
lation and RT-PCR profiling, revealing a transcriptional downregulation of E-cadherin and
the epidermal keratins K5 and K14, and an upregulation of ECM components including fi-
bronectin and tenascin-C (Section 2.2.3). While this, along with a previous study document-
ing FGF10 expression in the eyelid mesenchyme (Tao et al., 2005), immediately suggested
an EMT, classical markers including vimentin and Slug are not obviously upregulated in
the eyelid front, and an EMT is at odds with the necessity for the fused eyelids to form a
continuous epidermal seam to protect the eye in postnatal development. The maintenance
of K6 and K17 expression is similarly not typically associated with a full EMT, but rather
with “morphogenetically active” epithelia during processes such as wound healing and hair
follicle downgrowth. However, it is becoming increasingly clear that EMTs are more of a
loose framework than a well-defined transition (Section 1.3.1), and in this regard, the trans-
formation of the eyelid front certainly qualifies. A better understanding of this transition
and the signaling pathways that mediate it will require building on my admittedly limited

profiling data either by including a complete set of EMT markers for RT-PCR profiling
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or performing whole-genome transcriptome analysis. Currently, 10-20,000 front cells can
be isolated from a litter of embryos, yielding ~4 ng RNA, which would likely require low-
input amplification techniques for RNASeq. While well within reason, improvements to my
sorting strategy by using A7 7-GFP mice should increase the yield of cells.

The combination of live imaging and transcriptional profiling in eyelid closure holds
great promise not only for understanding how the intercalation of a small population of
cells drives a process of epithelial fusion and how cell intercalation is regulated in the unique
context of late mammalian development, but the identification of novel genes that mediate
the transformation to a motile fate. In the following chapters, I will lay the groundwork for
exploring these opportunities further by detailing the cellular mechanism of eyelid closure
and the basic requirements for productive cell intercalation in this system. As these tech-
niques are by no means limited to the study of eyelid closure, the hope is that they will pave

the way for future studies of tissue dynamics in the skin.

2.4 Experimental procedures

2.4.1 Lentiviral constructs

All lentiviral constructs utilized the pLKO.1 backbone from The RNAi Consortium. Con-
struction of LV-nls-iCre and LV-H2B-RFP has been described previously (Beronja et al.,

2010).

2.4.2 Mouse lines and lentiviral injections

The K14-H2B-GFP (Tumbar et al., 2004), ROSA™ "¢ (Gt(ROSA)26-SorHACTE-tdTomato EGFP)Luo
JAX 007576), ROSA™” (Gt(ROSA)26-Sorm! EYIPICos TAX 006148), and ROSAP™ (Gt(ROSA)26-
Sorm!PTALky " JAX 009669) (Breitman et al., 1990) mouse lines have been described and
are publicly available from Jackson Laboratories. Mice were maintained as homozygotes

and mated to CD1 females from Charles River Laboratories for experiments. Ultrasound-

85



CHAPTER 2. DEVELOPING EYELID CLOSURE AS A MODEL

guided lentiviral injections were performed using previously-published protocols (Beronja
etal., 2010).

To inhibit cell divisions i vivo, mitomycin-C was administered into the amniotic sacs
of E14.5-E15.5 embryos using the same microinjection setup used for lentiviral injection.
Injection volumes from a 2 mg/mL stock were determined based on estimated volumes of
amniotic fluid in mouse development (McCafferty, 1955). To achieve a final concentration
of 30-50 uM, 1.5-2 pl. was injected into E14.5 embryos, while 2.5-3 L was used for E15.5

embryos.

2.4.3 Antibodies

Antibodies were used at the following dilutions: K5 (rabbit, 1:1000, Fuchs Lab), K14 (rab-
bit, 1:500, Fuchs laboratory), K10 (rabbit, 1:1000, Covance), K8/ TROMA-I (rat, 1:500,
DSHB), K17 (rabbit, 1:1000, Fuchs laboratory), K18 (rabbit, 1:2000, Fuchs laboratory), E-
cad (rat, 1:500, Fuchs laboratory), as integrin (rat, 1:500, BD clone 5H10-27), 3 integrin
(rat, 1:500, BD clone 9EG7), ag integrin (rat, 1:1000, BD clone GoH3), a3 integrin (mouse,
1:500, BD clone 42/CD49c), «, integrin (rabbit, 1:500, Chemicon), cellular fibronectin
(mouse IgM, 1:1000, Sigma FN-3EZ2), Laminin 5 (rabbit, 1:1000, Fuchs laboratory), myosin
ITA (rabbit, 1:500, Covance), active caspase 3 (rabbit, 1:500, R&D), BrdU (mouse, 1:100,
Life Technologies clone MoBU-1), and BrdU (rat, 1:500, Abcam). Secondary antibodies
coupled to Alexa Fluor 488, 546, or 647 (Life) were diluted 1:1000 and incubated for 1
h at room temperature. Nuclei were stained with Hoechst 33342 (1:5000). Sections were

mounted in ProLong Gold antifade, whole-mounts in SlowFade Gold with DAPI (Life).

2.4.4 Immunofluorescence and fixed tissue imaging

For immunofluorescence of sagittal tissue sections, whole embryos were embedded in OC'T,
sectioned (10 pm) on a Leica cryostat, and fixed for 15 min in 4% paraformaldehyde in

PBS. Because of the location of the eyes on either side of the head, sagittal sections of eyelids
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were obtained by decapitating embryos and mounting the head nose-first in OCT, such that
sectioning occurred along the cranial-caudal axis. Sections were blocked and permeabilized
for 1 h in blocking buffer (0.3% Triton X-100, 1% BSA, 1% fish gelatin, 5% donkey serum,
and 5% goat serum in PBS). Primary antibodies were incubated overnight at 4°C.

For whole-mount immunofluorescence, embryos were fixed for 1 h in 4% PFA. Eyelids
or skin explants were dissected and blocked/permeabilized for 5 h-overnight in blocking
buffer. Primary antibodies were diluted 1:200, secondaries 1:500, and incubated for 24 h
at 4°C, followed by at least 5 h of washing in 0.1% Triton in PBS, exchanged every ~30
minutes. F-actin was labeled using Alexa Fluor 546 or 647-conjugated phalloidin (Life),
diluted 1:500 and incubated for 2 h at room temperature.

Low-magnification imaging was performed on a Zeiss Axioplan2 using a Plan-Apochromat
%x20/0.8 air objective. High magnification images were collected on a Zeiss LSM 780 or
510 Meta using Plan-Apochromat x63/1.4 oil or C-Apochromat x40/1.2 W objectives.

Tiled Z-stacks were collected using Zeiss ZEN software or PerkinElmer Volocity.

2.4.5 Image analysis and quantification

Basic image analysis, including contrast enhancement, maximum projection, and all manual
measurements, was performed in Fiji/Image]. 3D reconstructions were made in Bitplane
Imaris. Quantification of proliferation and apoptosis rates in tissue sections and whole-
mounts was performed using adaptive thresholding and watershed segmentation in semi-
automated fashion using custom Image] macros. To assess tissue viability following pro-
longed culture ex viwo, eyelid explants were fixed in 4% PFA for 45 min and embedded in
OCT. Sagittal sections of the eyelid were stained for E-cadherin to label the epidermis, ac-
tive caspase-3 to label apoptotic cells, and Hoechst to label all nuclei. Multichannel images
were acquired at X 20 magnification, and E-cadherin staining was used as a mask to separate
epidermal from dermal cells. Nuclei were filtered using a 2 X 2 median filter and thresh-

olded using the Bernsen algorithm with a 7 pixel circular window. A watershed transform
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was used to separate touching cells, and the number of caspase 3-positive cells was counted
in over ten non-overlapping fields of eyelid skin from at least three embryos using Image]J’s
particle counter function. The amount of apoptosis is expressed as a percent of total cells in
either the epidermis or dermis, and typically included ~5000 cells.

Measurements of the density of proliferating cells in regions of embryonic skin around
the eye were performed by pulsing £74-H2B-GFP embryos for 1 h with EdU to label prolif-
erative cells. Ultra-high resolution images of the entire eye and surrounding epidermis were
obtained by tiled, 3D imaging at x63 magnification on a Zeiss LSM780 or PerkinElmer
Volocity spinning disk confocal. The z-position of the basal layer within each image stack
was determined manually, and the z, y positions of both EdU-positive and negative nuclei
in the basal layer were determined using the segmentation techniques described earlier. The
percent of EdU-positive cells was calculated in 30-degree regions of skin around the eye and

plotted as a radial histogram.

2.4.6 Culture and live imaging of eyelid explants

Eyelids were explanted from mid-to-late E15.5 embryos into warm media (Defined Ker-
atinocyte Serum-free Media supplemented with 600 pm calcium and 5% w/v penicillin-
streptomycin, Life Technologies). This media was determined to best support progression
of eyelid closure and overall tissue health ex viwo by trial-and-error; however, skin explants
can also be maintained in 3:1 DMEM/F12 supplemented with 5% FBS. Calcium concen-
tration must be maintained above 300 pm to support epidermal integrity and viability of
the dermis (in general, the dermis tended to be more sensitive to calcium concentration as
far as apoptosis rates). Embryos were kept warm under a 250 W heat lamp (GE), and care
was taken to explant tissue as rapidly as possible. For live imaging, we used methodology
previously described for embryonic skin explants (Li et al., 2011). Using a small volume of
growth factor-reduced matrigel, allowed to polymerize for 25 min at 37°C, we sealed eyes

against a Lumox teflon-bottom dish (Sarstedt). Eyelid closure was imaged for periods of
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6—24 h in 5% CO3 on a PerkinElmer Volocity spinning disk system equipped with a heated
enclosure and gas mixer (Solent) and x20/0.75 CFI Plan-Apo objective, or a Zeiss LSM
780 system with a stage-top incubator and Plan-Apochromat x20/0.8 objective. In both

cases, GOy was bubbled through water to prevent evaporation of media.

For analyzing cell movements in eyelid explants, I developed a custom MATLAB-based
pipeline. Image stacks were deconvolved using the Richardson-Lucy algorithm and filtered
using a 3D bandpass filter. This serves to filter out pixel noise, background, and any features
smaller than the characteristic size of a nucleus. Nuclei were then segmented in 3D using a
simple region-growing algorithm modified from Keller et al. (2008a), which allocates pixels
In an image to objects in a stepwise fashion by considering neighboring pixels at increas-
ing threshold levels. This allows the calculation of the centroid positions of nuclei in each
frame of a timelapse, as well as filtering of objects based on their mean intensity, size, or

morphology.

Tracking of nuclei was performed using the tracking module from the Danuser lab’s
puI'rack software package, which features robust handling of track splitting and merging
(Jagaman et al., 2008). Segmentation and tracking efficiency were determined by manual
verification in two movies (Figure 2.17). For segmentation efficiency, the number of false
positives and false negatives were counted manually in three frames, and the total efficiency
expressed as 100% - (percent false positive + percent false negatives). Tracking efficiency was
evaluated by plotting histograms of frame-to-frame linking distance and track lengths. To
avoid mistracking of cells, the histogram of linking distances should fall off gracefully before
reaching the maximum distance a cell is expected to move between frames (empirically
determined to be 6 um). The histogram of track lengths, on the other hand, gives a sense
of how long individual cells can be followed. By both metrics, cell tracking in eyelid closure
was satisfactory, although cells in the crowded region of the eyelid front proved more difficult
than cells of the surrounding epidermis to follow for long periods. Downstream analysis of

cell speed and visualization of cell tracks was performed using custom MATLAB routines.
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Figure 2.17: Cell segmentation and tracking efficiency. (A) Histograms of frame-to-frame
linking distance (top) and track length (bottom) for eyelid front cells and cells of the surrounding
epidermis. The histogram of linking distances falls off before an empirically-determined upper limit
of 6 pm, indicating that a frame rate of 1/10 min is sufficient to accurately track cells. While the
slower-moving cells of the eyelid epidermis can be tracked for longer than front cells, both can be
monitored over periods of a few hours. (B) Efficiency of detection of nuclei based on manual controls
from 3 frames in two independent movies.
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For the analysis of eyelid closure following mito-C treatment to inhibit cell proliferation,
closure rates were measured by tracing the border of the eyelid in 10-frame intervals and
measuring the average displacement over time. Cell divisions were counted manually in
regions of approximately equal area (comprising about 4000 cells) in eyelid samples over the
course of 20 frames. The rate is expressed as a percent of total cells (counted by automatic

segmentation in the first frame) dividing over time.

2.4.7 RT-PCR profiling of eyelid front cells

Eyelids from E15.5 K74-H2B-GFP embryos were dissected and digested in 0.25% collage-
nase (Sigma) in HBSS for 1 h at 37°C. Epidermis was separated from dermal cells by filtering
through a 70 pm filter and digested in 0.25% Trypsin/ EDTA for 15 min at room tempera-
ture. Cells were sorted by FACS on the basis of K74-H2B-GFP and a5 integrin expression,
mRNA was isolated using an Absolutely RNA Purification Kit (Stratagene), and cDNA was
synthesized using Superscript VILO and random hexamer primers (Life). Real-time PCR
was performed on a Roche LightCycler 480 or 7900HT Fast Real-Time PCR System (Ap-
plied Biosciences). Relative quantification of transcript levels was performed by generating
calibration curves for all primer pairs. Each measurement was performed in triplicate.

Primer sequences were as follows:

Inl forward: 5’-ATGTCGGGACCAGTAGGACA-3’; reverse: 5’-CGATATTGGTGAATCGCAGA-3’;
Itga) forward: 5’-CACCATTCAATTTGACAGCAA-3’, reverse: 5’-ATGTCGGGACCAGTAGGACA-3;
Itgb 1 forward: - TGGCAACAATGAAGCTATCG-3, reverse: 5’-ATGTCGGGACCAGTAGGACA-3;

Itgav forward: ’-GGTGTGGATCGAGCTGTCTT-3’, reverse: 5’~-CAAGGCCAGCATTTACAGTG-3%

Ttgab forward: - TTTGGAGCCCCAGGGACTTAC-3’, reverse: 5°-GCACCCCCGACTTCACCAT-3;

K14 forward: 5-CGCCGCCCCTGGTGTGG-3, reverse: 5’-ATCTGGCGGTTGGTGGAGGTCA-3;

E5 forward: 3’-AACATTTTGGGGTCTGGGTCAC-3, reverse: 5-GGCCCACAGAGACTGCTTCTTT-3%
K6 forward: 5’-CCCTGCAGAAGGCCAAACAG-3’, reverse: 5-AAGAGCTGAGGCCACCAGAAGA-3’;

Cebpa forward 5’~-CATCTGCGAGCACGAGACGT-3’, reverse: 5’-GGGCTCCCGGGTAGTCAAA-3’;
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Ecad forward 5’-GATGATGCCCCCAACACTCC-3’, reverse: 5’-CTCTCGAGCGGTATAAGATGTGATTT-
3’

Ppib forward: 5’-GTGAGCGCTTCCCAGATGAGA-3’, reverse: 5’-TGCCGGAGTCGACAATGATG-3.

2.4.8 Statistical analysis

All statistical analyses were performed in the R statistical environment (R Core Team, 2013).
A two-tailed, unpaired t-test was used to assess the level of significance between two ex-
perimental conditions, while multiple conditions were compared using ANOVA followed
by Tukey’s HSD test. Normality of distributions was tested visually using histograms or
quantile-quantile plots. A Mann-Whitney-Wilcoxon test was used for any non-normal data.
All means are reported =+ s.e.m. unless otherwise indicated. Plots were produced in MAT-

LAB or R using the ggplot2 package (Wickham, 2009) and assembled in Adobe Illustrator.
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Chapter 3

Insights into collective cell movements in embryonic skin: cel-
lular mechanisms of eyelid closure

While many processes of epithelial fusion and spreading are mediated by a supracellular
actin “purse string,” the eyelid front exhibits no such structure. Contractile actin cables
are typically polarized within epithelial cells bordering a gap or wound and span multiple
cells (Section 1.4.2, Figure 1.1). Although their assembly is often accompanied by protrusive
activity and a loss of apicobasal polarity in leading edge cells (Bahri et al., 2010), the majority
of cells retain their epithelial characteristics. Contraction of the cable over the course of
closure also typically leads to the substantial elongation of cells bordering the gap in direction
of closure or, in some cases, passive intercalation and spreading of the tissue over the gap.
Cell protrusions oriented along the axis of closure cooperate with constriction of the actin

cable to seal apposing epithelial sheets.

In stark contrast, cells of the eyelid front actively elongate perpendicular to the axis of
closure, pack together in a thin, multilayered sheet, and exhibit actomyosin dynamics and
intercalary behavior reminiscent of convergent extension movements in mesodermal tissues.
Throughout the sheet, actomyosin in front cells is predominantly cortical, although enriched
mediolaterally, and thus bears little resemblance to the continuous actomyosin cable teth-
ered at cell-cell junctions observed in other processes of epithelial fusion. Together, these
observations suggest that the intercalation of front cells plays an active role in eyelid clo-

sure. To test this hypothesis, I performed a detailed analysis of cell intercalation movements
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and cell polarity within the eyelid front, including a quantitative analysis of tissue deforma-
tion that arises as a result of these movements in collaboration with a team of biophysicists
at the Max Planck Institute. These analyses expose the pattern of tissue strain—regions
of compression, extension, or both—that uniquely characterizes a morphogenetic process
(Blanchard et al., 2009) In the eyelid, this uncovers a region of active shear in the front, in
which the rates of tissue compression and extension are equal throughout, but little defor-
mation in the surrounding epidermis. This argues that the eyelid front is a region of active
intercalation and distinguishes it from processes driven by a contractile actin cable, which

are characterized by a region of predominantly tissue compression at the front.

To validate the functional importance of the eyelid front, I conducted a series of laser
ablation experiments after determining a laser power and dwell time that would effectively
ablate a targeted region of skin without causing non-specific damage to the surrounding tis-
sue. This shows that the eyelid front is required for the forward movement of the eyelid and
the source of a pulling force that both tows the surrounding epidermis and stretches epider-
mal cells in close proximity along the axis of closure. I performed a number of additional
experiments targeting different regions of the eyelid to rule out other potential mechanisms
of closure. In combination, these results suggest a model of closure in which forces from cell

intercalation are leveraged to tow the eyelids over the eye.

3.1 Quantitative analysis of cell movement and tissue deforma-
tion in eyelid closure

In order to analyze patterns of cell movement within the eyelid and surrounding epidermis, I
imaged eyelid closure in K7 4-H2B-GFP—expressing embryos. Tracking nuclei, mapping the
trajectories of cells, and measuring regional differences in cell speed all helped to elucidate

how front cells are able to drive the large-scale tissue movements required for the process.
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3.1. CELL MOVEMENT AND TISSUE DEFORMATION

3.1.1 Cell intercalation and apicobasal polarity in the eyelid front

Although cell intercalation was observed throughout the eyelid front, the tendency of the
surrounding tissue to be drawn toward the center gave the appearance of domains of move-
ment in a single direction. I explored this further by examining the spatial orientation of cell
movements in early and mid/late closure (Figure 3.1A). Color-coding the azimuthal move-
ments of cells based on their overall direction revealed that, in early closure, cells migrating
in opposing directions were distributed throughout the front. By averaging velocities of front
cells such that movements with equivalent speeds but opposite directions negate each other,
it was clear that these movements largely opposed each other. Although a similar analysis
of mid/late closure revealed distinct domains of movement, these regions were peripheral
to the fastest-moving, most-elongated cells near the center. There, cell movements largely
opposed each as observed at earlier stages. These analyses suggested the possibility that cell

intercalation within the front was the driving force of eyelid closure.

Cells of the embryonic skin are strongly polarized along their apicobasal axis. Segregat-
ing the membrane into apical and basolateral domains are the Par3/Par6/aPKC complex,
which organizes the apical surface, and the Scribble (Scrib)/Discs-Large (Dlg)/Lethal Giant
Larvae (Lgl) complex that organizes the basolateral domain. Members of these two com-
plexes are mutually antagonistic, with Scrib excluding members of the Par complex, and the
Par complex, through recruitment of Crumbs (Crb), excluding Scrib (Margolis and Borg,
2005). Along with the polarization of these two complexes, epithelial cells polarize their cen-
trosome and Golgi apically, which may play a role in polarized membrane trafficking or sig-
naling associated with the primary cilium (Ezratty et al., 2011). Migrating cells, on the other
hand, utilize many of the same components to establish front/back polarity. Components
of both the apical Par complex and basolateral Scrib complex co-localize with Cdc42 at the
leading edge to mediate polarity and directional migration (Etienne-Manneville, 2008). The
centrosome and Golgi are similarly polarized, although whether they are positioned in front

of or behind the nucleus depends on cell type (Yvon et al., 2002). In the skin, keratinocytes
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A Opposing cell movements in eyelid closure

Azimuthal displacements Intercalation speed Residual velocity after averaging
o — 0 == 6 um/hr -6 mmz——mm 6 um/hr

Early

Mid/late

B Loss of apicobasal polarity and opposing front/back polarity

Apical 4— Loss of apicobasal
polarty polarity Opposing front cell polarity in front cells

Apical aPKC I

Figure 3.1: Opposing cell movements in the eyelid front. (A) Orientation of cell movements
in early and mid/late eyelid closure. Left: Color-coded plots of the transverse displacements of front
cells from live imaging data indicates that cells with opposing movements are distributed through-
out the front. Middle: Heat maps of overall front cell speed. The fastest moving cells are nearest
the border of the eye. Right: Plot of residual azimuthal velocity after averaging in 32x32 pum re-
gions throughout the front. Although domains of movement in a single direction appear as closure
progresses, these are restricted to peripheral regions. Near the center, corresponding to the fastest-
moving, most elongated cells, movements almost completely oppose each other as observed in early
closure. (B) Immunolabeling of GM130 and aPKC in sagittal sections of eyelids reveals the clear
apicobasal polarity of cells in the surrounding epidermis, but its loss in the eyelid front (left). In vivo
whole-mount immunolabeling for Golgi marker GM 130 was used to create a map of front cell po-
larities, revealing that they are strongly polarized along their mediolateral axis, but that cells with
opposing polarities are distributed throughout the front (right). Scale bars, 50 ym.
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have been found to polarize their centrosome and Golgi in a context-dependent manner. /n
vitro, migrating keratinocytes polarize them in the direction of migration, while in explant
outgrowth assays, they localize behind the nucleus.

Accompanying their changes in morphology, integrin expression, and transcriptional
profile, eyelid front cells lose their apicobasal polarity and acquire front/back polarity. Im-
munofluorescence staining of cell polarity markers in sagittal section revealed the robust
apical localization of Par3 and aPKC in the epidermis around the eye, but an absence in the
front, along with a disorganization of the Golgi marker GM130. To examine the polarity of
front cells in detail, I performed high-magnification imaging of eyelid whole-mounts stained
with GM130 or pericentrin to define an approximate axis of polarity for cells throughout
the tissue. Consistent with a mechanism of cell intercalation in which small transverse dis-
placements contribute to substantial overall tissue movements, the polarity of front cells was
strongly oriented along their mediolateral axis, but with cells in a given region frequently
displaying opposite polarities (Figure 3.1B). Such movements further underscored the strik-
ing differences between eyelid closure and a purse-string or wound-closure mechanism in

that active cell intercalation within a small region of tissue appeared to drive the process.

3.1.2 Quantitative analyses of tissue deformation

Cell intercalation can be an active, force-generating process, driving the spreading and elon-
gation of tissues in development, or a passive response to external forces. Many morpho-
genetic processes occurring over large regions of an embryo involve a combination of both.
For example, explanted tissue from the Xenopus dorsal mesoderm can autonomously con-
verge and extend, generating pushing forces upwards of 0.5 uN (Moore et al., 1995). This
likely contributes actively to the internalization of mesoderm and endoderm, as well as clo-
sure of the blastopore. At the same time, however, the overlying neuroectoderm and su-
perficial endoderm likely extend passively as a result of mediolateral intercalations in the

underlying tissues (Shih and Keller, 1992). Much of the tissue stretching observed in wound

97



CHAPTER 3. A TOWING MECHANISM OF EYELID CLOSURE

healing or Drosophila dorsal closure is also expected to be a passive response to contraction

of an actomyosin cable or forces generated in other tissues.

Of course, it 1s impossible to simply observe the forces evolved within cells and their
transmission through tissues in living organisms. However, whether a process of cell in-
tercalation or shape change is active or passive can be distinguished by combining direct
biophysical measurement with a quantitative assessment of tissue strain (deformation), the
response of a tissue to the combined effect of internally-generated and external forces. An
approach that has been used to great success in describing morphogenesis in epithelia is
computer simulation based on the principle of minimizing surface free energy. By rep-
resenting an epithelium as a network of vertices and edges and evolving its configuration
according to a well-defined set of rules informed by biophysical measurement, it is possi-
ble to make predictions about the mechanism of a morphogenetic process. For example,
by simulating the equilibration or “settling” of an epithelium in response to cell division
within different regimes of cell elasticity, adhesion, and contractility, it is possible to predict
its final packing geometry (Farhadifar et al., 2007). This has been used to account for the
evolution of the Drosophila wing imaginal disk from an irregularly-packed soft network to the
hexagonal array observed in late development, and the arrangement of cone and pigment
cells in the ommatidium (Hilgenfeldt et al., 2008). A similar method was used to explain
how regional differences in contractility and stiffness and the assembly of actomyosin cables

along specific cell interfaces drives the formation of dorsal appendages in the Drosopnila egg

(Osterfield et al., 2013).

A drawback of these methods is that they rely on the analogy of tissues to foams and
represent tissue remodeling as a series of discrete changes in cell-cell connectivity. While
they make perfect sense for describing morphogenetic processes driven mainly by differences
in cortical tension or remodeling of cell junctions, they are not well-suited for processes
driven by a combination of cell movement and shape change. An alternative approach

based on the continuous sliding of cells between each other uses ideas from tensor analysis

98
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to measure strain rates within tissues. This essentially uses the relative movement and speed
of cells to describe how quickly and in which directions a region of tissue is deforming.
With measurements of cell shape change, it can be used to understand how combinations
of cell intercalation and processes such as apical constriction generate the characteristic
patterns of tissue convergence and extension of a given morphogenetic process. Applied to
Drosophila dorsal closure, for example, it reveals predominantly tissue compression generated
by asymmetric cell shape change in the amnioserosa in line with this as a major driving force
of the process (Blanchard et al., 2009). In germband elongation, a process known to be
driven by cell intercalation, it identifies both A—P-oriented intercalation and cell elongation
as contributing. On the other hand, in the zebrafish neuroectoderm, cells converge medially
without substantially elongating the tissue along the A—P axis. An analysis of strain rates
suggests that this is because cell shape changes along this axis resist tissue elongation from
cell intercalation. Tissue strain rates thus yield a “signature” of tissue compression and

extension that provides mechanistic insight into a morphogenetic process.

The hypothesis that eyelid closure is driven by the movements of cells in the front has
a number of predictions that can be distinguished by an analysis of strain rates. Most im-
portantly, it would reveal a region of significant deformation at the front, but little in the
surrounding tissue. The pattern of deformation within the front, in turn, would provide

mechanistic insight into how front cells mediate closure.

A priori, the opposing cell movements observed in the eyelid front are consistent with
a number of possible mechanisms (Illustration 3.1). If a supracellular actin cable that had
simply evaded detection were acting in cells bordering the eye, a region of exclusively tissue
compression should be observed within the front corresponding to contraction of the cable.
Behind this region, both tissue compression and extension would be observed if the actin
cable were driving the passive intercalation of cells behind it, whereas uniform compression
would be observed if it were simply squeezing cells of the front together. A second model

is that opposing cell movements throughout the front create a global purse string. In this
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case, one would observe uniform tissue compression throughout the front and a separate re-
gion of extension in the surrounding epidermis, similar to the expectation in dorsal closure,
where apical constriction in the amnioserosa subsequently elongates cells of the lateral epi-
dermis. Finally, cell intercalation in the front could drive convergent extension movements,
in which the rates of tissue compression and extension are roughly equivalent. This, in turn,
could lead to spreading of the eyelid epidermis over the eye, or be coupled to translational

movement of the entire eyelid.

To determine the role of cell intercalation in eyelid closure, I performed a tissue strain
rate analysis in collaboration with Vijay Krishnamurthy and Stephan Grill at the Max
Planck Institute, using particle image velocimetry (PIV) to measure the tissue flow field and
quantify the rate and direction of tissue deformations (Figure 3.2A-B). Consistent with the
hypothesis that eyelid closure 1s driven by the movements of front cells, it identified a re-
gion of active shear exclusively at the front coinciding with peak actomyosin intensity and
cell elongation (Figure 3.2C). Both the average rate of tissue compression and extension
displayed sharp peaks at the front, indicating that in this region, the tissue was maximally
compressed perpendicular to and extended along the axis of closure (Figure 3.2B). Impor-
tantly, compression and extension rates were similar throughout the front. This indicates
that the eyelid front is a region of active intercalation rather than exclusively tissue compres-
sion, and based on the relatively little deformation observed in the surrounding epidermis,

implies that intercalation plays an active role in eyelid closure.

The pattern of deformation observed in the eyelid front is consistent with either the
expansion and spreading of the front over the eye or the conversion of forces from cell inter-
calation into forward translational movement. To distinguish between these possibilities, 1
examined long-term changes in tissue dimensions by live imaging (Figure 3.3). By measuring
the axial length of the front as the eyelid closed, I found that, in comparison to the amount of
forward movement, it spread comparatively little over the eye (Figure 3.3A). Remarkably, it

instead appeared to compress, thickening vertically in the process. Consistent with this was
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INlustration 3.1: Models of eyelid closure and expected patterns of tissue deformation.
Quantitative analysis of the relative movements and speeds of cells can be used to reveal patterns of
deformation in a tissue. Based on ideas from tensor analysis, it involves computation of tissue strain
rates, which quantify the magnitude and direction of tissue compression and extension. The pattern
of tissue strain can be used to distinguish between possible cellular mechanisms of eyelid closure. If a
conventional actomyosin cable were driving closure, then a region of tissue compression correspond-
ing to contraction of the cable would be observed immediately abutting the eye (left panel). This
would likely drive the passive intercalation of cells behind it, revealed as a region of both tissue com-
pression and extension (purple region). If the relative movements of cells were simply constricting
the eyelid front, predominantly compressive strain would be observed, with very little local exten-
sion (middle panel). Finally, active cell intercalation could generate a region of tissue convergence
and extension, in which the rates of tissue compression and extension would be roughly equivalent
throughout the front (right panel). In the lower panels, expected profiles of azimuthally-averaged
strain rates in the front are provided as a function of distance from the eyelid border.
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Figure 3.2: Quantitative analysis of tissue deformation in the eyelid. (A) Particle image
velocimetry (PIV) was used to measure the tissue flow field and to quantify deformation and shear in
the eyelid and surrounding epidermis. The eigenvectors of the symmetrized velocity gradient tensor
(strain rate tensor) identify the principal axes of deformation during flow, while the eigenvalues spec-
ify the rates of tissue deformation along these principal directions. In the right panel, the two strain
rates are depicted as red (compression) and blue (extension) lines, with length proportional to magni-
tude. (B) The profile of average tissue compression and extension displays a sharp peak in the region
of active cell intercalation, indicating that the eyelid front is maximally compressed perpendicular
to, and extended along, the closure axis. Note that the two strain rates have similar magnitude but
opposite sign throughout the front, suggesting tissue convergence and extension rather than uniform
contraction. The presence of a sharp peak of both extension and compression at the front also argues
against the action of a contractile actomyosin cable. (C) The region of maximum tissue compres-
sion and extension coincides precisely with peak actin and myosin intensity and mediolateral cell
elongation in the eyelid front.
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Figure 3.3: Cell intercalation is couped to translocation of the eyelid. (A) As the eyelid
moves over the eye, the axial length of the layer of front cells remains relatively constant, and the
density of cells in a fixed region increases linearly (n = 3 eyelids). This is accompanied by an overall
thickening of the eyelid front between E15 and E16 in vivo (p = 0.0044; n = 8 early, 5 late eyelids). (B)
View of the eyelid along the x2 axis with three individual cells highlighted, illustrating convergence of
cells along this axis. The slower speed along the 2 axis relative to the xy axis implies that thickening
is a consequence of mediolateral intercalation. Together, this suggests that cell intercalation in the
front is coupled to forward translational movement of the eyelid rather than tissue spreading. Scale
bars, 50 pm.

an increase in cell density over the course of closure. Visualizing individually-labeled cells in
3D similarly revealed convergence along the xz as well as the zy axis, although quantifica-
tion of cell velocities indicated that movements in the z-direction were significantly smaller
and unlikely to be an active part of the process (Figure 3.3B). Together, these observations
support a mechanism in which forces from cell intercalation are translated into a pulling
force on the surrounding epidermis. Conceptually, this mechanism is equivalent to purse-
string closure, but is achieved through cell movements rather than contraction of an actin

cable.

3.2 Laser ablation studies in support of a towing mechanism

My analysis of strain rates suggests that the large-scale tissue movements of eyelid closure
are driven by cell intercalation in the front, with little to no relative movement of cells in the

surrounding epidermis. To directly test the importance of intercalating cells, I combined
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the targeted ablation of front cells with an analysis of the movements and morphology of

cells in the epidermis behind them.

3.2.1 Coordinated movement and cell elongation in the eyelid epidermis

If mechanical forces generated by the eyelid front effectively pull the eyelids over the eye, I
would expect to observe significant translational but little relative movement of cells in the
surrounding tissue, as well as a slight deformation of the epidermis over long timescales,
particularly in the region immediately adjoining the front. As illustrated by the colored row
of cells in Figure 3.4A, over the course of closure, cells largely maintained their relative po-
sitions despite significant translational movement toward the eye. Moreover, by comparing
the velocity of epidermal cells to their nearest-neighbors and to cells at increasing distances,
I found that cells within surrounding epidermis were highly coordinated over distances of
hundreds of microns, while eyelid front cells were relatively uncoordinated, reflecting their

mesenchymal-like behavior.

To explore the expectation that the epidermis deforms as a result of pulling forces in the
eyelid front, I performed a quantitative analysis of cell morphology i vivo and tracked the

deformation of the epidermis over time. Mating K74-Cre to Rosa26™/"¢

mice to uniformly
label cell membranes in the skin with mGFP, I acquired tiled, high-magnification images
of the entire eye and surrounding epidermis and used segmentation techniques to measure
the elongation of cells (Figure 3.4B). This revealed that epidermal cells in close proximity to
the eyelid front were elongated along the axis of closure, which became more pronounced
between E15 and E16. These observations extended those of my strain rate analysis in their
support of pulling forces generated by the front and identified essential features of eyelid
closure that could be used as readouts in perturbation experiments. In particular, laser

ablation of the eyelid front could distinguish whether cells of the surrounding epidermis

were elongating autonomously or as a consequence of forces generated by the front.
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Figure 3.4: Coordinated movements and elongation of the eyelid epidermis. (A) Behind
the eyelid front, cells in the epidermis and the underlying dermis move as a coherent unit. Individ-
ual frames from a timelapse of basal epidermal cells located behind the eyelid front (arrow denotes
direction, yellow bar denotes spatial reference). A row of epidermal cells is colored to appreciate
that epidermal cells surrounding the eye maintain their relative positions and move as a unit during
closure (left). Cells throughout the eye were tracked individually and their velocity vectors were com-
pared to their nearest-neighbors and to cells at increasing distances (right). These measurements
underscore the high degree of coordination (cosine similarity) over large distances that epidermal
cells behind the front display in comparison to the intercalating cells (p = 0.001, Wilcoxon test). (B)
Analysis of cell elongation in the surrounding epidermis by tiled imaging of eyelid whole-mounts in
which cells were uniformly labeled with mGFP (left). Cells in close proximity to the eye are elongated
along the axis of closure. This elongation increases between E15 and E16 (right). Scale bars, 10 ym
(A), 300 um (B, left), 50 pm (B, right).
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3.2.2 Laser ablation of the eyelid front

Given the unique morphological and motile properties of eyelid front cells, I set out to com-
promise their activity through physical perturbation. Using a two-photon laser, I first de-
termined a laser power and dwell time that allowed me to specifically target and ablate a
multicellular region of embryonic skin without causing non-specific damage to surrounding
tissue (Figure 3.5A). An analysis of tissue morphology in skin explants following the ablation
of a region of basal layer cells revealed that laser powers around 90% and dwell times of
~200 ps could be used to ablate specific layers of skin epidermis without causing cavitation
or changes in morphology to surrounding cells. In the eyelid, I verified that laser ablation
both removed targeted cells as well as local ECM without inducing apoptosis in surrounding

cells (Figure 3.5B).

Having established parameters for effective tissue ablation, I targeted cells in the eyelid
front and analyzed the consequences to the progress of closure and the elongation of cells
in the surrounding epidermis As expected if the front were pulling the eyelid over the eye,
ablation of the front resulted in a relaxation of epidermal cells behind this zone, returning
them to the shape of epidermal cells more distant from the eye (Figure 3.6A). To evaluate
whether forces generated by front cells not only stretch cells in the immediate vicinity, but
also pull the eyelid epidermis forward, I ablated a rectangular region ~40 pm behind the
front and measured the effects both at the wound site and in the tissue located between the
wound and eye (Figure 3.6B). Following laser ablation, the epidermis between the wound site
and the eye was stretched forward over time, and the ablation site itself widened toward the
eye until a wound healing response was initiated to close it. This provides explicit evidence
of a pulling force generated by cell intercalation in the front.

Finally, I directly tested the importance of front cells to eyelid closure by ablating a region
of intercalating cells along one eyelid and measuring the immediate effect on the transla-
tional movement of the adjacent epidermis (Figure 3.7). In these experiments, the second,

unablated eyelid serves as an internal control. Using a scheme to measure the displacement
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Figure 3.5: Targeted tissue ablation with a multiphoton laser. (A) Assessment of tissue
damage as a function of laser dwell time. A pulsed, femtosecond laser at maximum power was
used to ablate a ~30 pm circular region of the epidermis. Sub-threshold doses resulted in bleaching
but not ablation (top), while excessive doses causes broad tissue damage (bottom). Both power and
dwell time were thus calibrated on a per-experiment basis using these values as a starting point. (B)
Ablation of regions of the eyelid. Successful ablation was confirmed by cryosectioning and H&E
staining (left). Staining for caspase-3 and fibronectin in whole-mount was used to confirm that laser
ablation removed both cells and ECM without causing non-specific damage to the surrounding tissue
(right). Scale bars, 10 ym (A) and 50 pm (B).
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Figure 3.6: Laser ablation of front cells suggests they generate a pulling force. (A) Follow-
ing laser ablation of the eyelid front, cells of the surrounding tissue become significantly less elongated
in comparison to those of unablated control eyelids (p < 0.0001; n > 1000 cells pooled from 5 eyelids
per condition). Shown are representative images of these shape changes. (B) When a region ~40 ym
from the eye is ablated, the epidermis in front of the gap is pulled toward the eye (upper). Frames
from a timelapse sequence and quantifications illustrate that the tissue band broadens (yellow line, n
= 3 eyelids). At the same time, the wound itself widens toward the eye until a wound healing response
is initiated (bottom). Scale bars, 10 ym (A), 50 pm (B).
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of an eyelid at every point along its perimeter, I found that, in contrast to the control eyelid,
the epidermis directly behind a region of ablated front cells failed to move effectively over the
eye. Similarly, ablating a region of epidermis immediately adjacent to the front, effectively
untethering the front from the surrounding epidermis, revealed a substantial impairment in
the forward movement of the eyelid. Pooling analogous ablations revealed a reproducible
reduction in the rate of closure compared to unablated tissue. This indicates that the eyelid
front is essential for the movement of eyelids and suggests cell intercalation as a means of

generating force to achieve a process of epithelial fusion.

3.2.3 Laser ablations to rule out alternative mechanisms

A variety of additional ablations followed by live imaging further differentiated between
multiple possible modes of eyelid closure (Figure 3.8). Ablating cells on the underside of the
eyelid had little or no effect on closure, suggesting that it is not driven by cell shape changes
(such as apical constriction) that bend the eyelid over the eye. Ablation of corneal epithelial
cells or eyelid canthi likewise had no observable effect, arguing against contributions from
the cornea or a zippering mechanism. High-speed imaging of cells in the cornea expressing
K14-actin-GFP also revealed no evidence of pulsed apical constriction (not shown), suggesting
that the cornea is a passive substrate. 3D reconstructions of the eyelid during closure instead
suggest that the entire eye is pushed below the eyelids without substantial cell shape change
in the cornea (Figure 3.9).

The lack of corneal effects differed markedly from similar studies of Drosophila dorsal
closure, where ablation of the underlying amnioserosa had dire consequences to the pro-
cess (Hutson et al., 2003). Overall, eyelid closure shares a few characteristics with dorsal
closure, in particular the elongation of cells surrounding the gap (although the elongation
1s significantly smaller), but also exhibits striking differences in the lack of an actomyosin
cable and contributions from apical constriction in the underlying tissue. It also bares some

resemblance to convergent extension movements in that the rates of tissue compression and
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Figure 3.7: Eyelid front cells are required for eyelid closure. Ablation of a region of the eyelid
front (indicated in red) prevents that region of the eyelid from moving over the eye. (A) Scheme to
measure the effects of a laser ablation by plotting translocation of the eyelid at each position along
the perimeter. (B) Plot of the average distance moved by each position along the eyelid border. The
epidermis adjacent to a region of ablated front cells fails to move over the eye (black line), while
surrounding, unablated tissue is unaffected (gray line). (C) A similar result is achieved when a region
of the eyelid immediately adjacent to the front is ablated, effectively untethering front cells from the
surrounding tissue. Although the front cells continue to intercalate, the eyelid fails to translocate
over the eye (left). The overall rate of eyelid closure is reduced when results from similar ablation
experiments are pooled, suggesting the result is representative (right, » = 9 unablated, 13 ablated
eyelids). Scale bars, 50 pm.
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Figure 3.8: Additional ablations to distinguish possible modes of eyelid closure. Ab-
lations were made to the entire region, cornea, and eyelid canthi, indicating that eyelid closure is
primarily driven by the actions of intercalating cells. The cornea does not appear to contribute in
the same way the amnioserosa contributes during Drosophila dorsal closure, and ablation of the eyelid
canthi indicates that zippering does not contribute substantially to eyelid movement. Graphs indicate
average translocation of the eyelid border over time (n > 3). Ablation of the conjunctival cells on the
bottom of the eyelid does not affect eyelid closure, arguing against a mechanism in which cell shape
changes bend the eyelid over the eye (graph indicates translocation a single eyelid border along its
perimeter compared to the opposite, unablated eyelid). Scale bars, 50 pm.
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Figure 3.9: The eye is pushed below the eyelids during closure. 3D reconstructions of the
eye during eyelid closure indicate that the eye is pushed beneath the eyelids without substantial cell
shape changes in the cornea. Low-magnification imaging of eyelid closure in explants labeled with
K14-H2B-GFP reveals that cells of the cornea move below the eyelids during the process (left, cornea
labeled in red). Visualizing the overall trajectories of cells similarly reveals the downward movement
of corneal cells (right, top). However, this movement is not accompanied by apical constriction or a
reduction in the area of corneal cells, quantified over time in a live imaging experiment by manually
tracing cells labeled with mGFP (right, bottom). Scale bars, 100 pm.
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extension have similar magnitudes in the eyelid front. However, whereas convergent ex-
tension typically involves the reshaping of large, homogeneous regions of tissue, in this case
it 1s restricted to a small region bordering the eye. Taken together, these results best fit a
model whereby a pulling force generated by eyelid front cells 1s responsible for towing the

epidermis behind it.

3.3 Discussion

In striking contrast to other models of epithelial fusion, cells of the eyelid front do not assem-
ble a supracellular actin cable, which 1s typically polarized within the single row of epithelial
cells bordering a gap or wound and tethered at the level of adherens junctions (Danjo and
Gipson, 1998). Constriction of this cable is thought to generate circumferential tension to
pull the surrounding epithelial sheets over the gap and to stabilize external sources of ten-
sion, such as from apical constriction of the amnioserosa in Drosophila dorsal closure. In
many cases, epithelial is facilitated by the extension of filopodia along the axis of closure, as
in dorsal closure, corneal wound healing, and the healing of epithelial monolayers i vitro,
but they are not strictly required, as in the chick wing bud (Brock et al., 1996b). In the eyelid,
the elongation of cells perpendicular to the axis of closure, loss of apicobasal polarity, pack-
ing together in multiple layers beyond the epidermal margin, and mediolaterally-oriented
protrusions suggests that the forces to close the eyelids are generated by a fundamentally
distinct mechanism.

By mapping the displacements of cells in the eyelid, I found that cells move in opposing
directions throughout the front rather than in distinct domains. Supporting this, an analysis
of polarity markers i vivo revealed a strong mediolateral polarization of front cells, but with
cells in a given region frequently displaying opposite polarities. Although this analysis does
not distinguish which side of the cell is the front or the back, as cells polarize their Golgi and
MTOCG: either in front of or behind the nucleus in different contexts (Yvon et al., 2002), it

does suggest that opposing movements or forces are distributed throughout the front. This
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could be clarified by live imaging eyelid closure with a genetically-expressed centrosomal
marker, such as centrin-GFP, and determining if centrosome position is correlated with the
direction of movement. That cells closer to the surrounding epidermis acquire a radial bias
to their movement as eyelid closure progresses also provided a first indication that active
intercalation in the front was driving more passive movement behind. These observations
distinguished eyelid closure from other examples of epithelial fusion by the presence of a

domain of opposing cell movements bordering the gap.

In all morphogenetic processes, a key, but often challenging question is who is pulling or
pushing whom. Constituting the great fascination of development are the mass movements,
sweeping shape changes, and collective remodeling of tissues that take place, but not all
of them are active, force-generating processes. Decades of research into the gastrulation
movements of the frog, fish, and chick have clearly indicated that the active remodeling of
certain tissues contributes to substantial passive deformation throughout the embryo (Keller,
2002). Mediolateral intercalation in the mesoderm and neural tissues essentially deforms the
whole of the initially spherical embryo, narrowing and extending it and thereby establishing
an elongated body plan. Tissue explants from the dorsal mesoderm of Xenopus, for example,
autonomously converge and extend, and biophysical measurements reveal that it stiffens in
the process, generating pushing forces around of 0.5 uN (an order of magnitude higher than
the force a cell exerts on its substrate at a focal adhesion). Explants of the overlying epithelial
cells, however, converge and extend only when placed on a layer of mesodermal tissue (Elul
and Keller, 2000). This suggests that the superficial epithelial layers of the embryo are
deformed and carried along by active intercalation in the underlying tissue. Similarly, in
the formation of the chick primitive streak, cell intercalation in the medial region of the
epiblast also appears to drive the passive movement of lateral cells, pulling them toward the
midline (Voiculescu et al., 2007). Thus, in both epithelial and mesodermal tissues, although
the mechanism is distinct, cell intercalation can be an active, force-producing process or a

passive response to remodeling in neighboring tissues.
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A quantitative analysis of cell movements within the eyelid front and in the surround-
ing epidermis yielded important insight into whether the observed cell intercalation was an
active process contributing to eyelid closure or a passive response to forces generated else-
where. Measurement of tissue strain rates, which describe the magnitude and orientation
of local deformation, identified two distinct regimes in the eyelid consistent with the func-
tional separation revealed by differences in cell morphology and gene expression—a region
of active shear in the front, and comparatively little deformation in the epidermis behind it.
This immediately distinguished it from classic examples of convergent extension or epithe-
lial sheet movement driven by an actin purse string. While cell intercalation is often found
to passively deform surrounding tissues, the intercalation itself occurs throughout a broad,
relatively homogeneous region, deforming its surroundings along a gradient (i.e. the closer
you are, the more you are deformed). This is in contrast to the sharp transition observed in
the eyelid, where cell intercalation and virtually all the tissue compression and extension are
observed in the front. Monitoring cells in epidermis behind the front during eyelid closure
revealed a high degree of coordination between cells even at large distances and few relative
movements, supporting the notion that the process is driven by the specific activities of front

cells rather than a tissue-level reorganization.

A careful consideration of the pattern of tissue compression and extension in the eyelid
front sheds light on the mechanism of closure. Cell intercalation in the front is consistent
with a number of possible modes of closure. If the cells of the front were squeezing together
to generate circumferential tension in the manner of a global purse string, then the front
would be characterized predominantly by tissue compression and little, if any, extension.
This is analogous to the situation in dorsal closure, where the combined activities of the actin
cable and amnioserosa generate a region of almost exclusively compressive deformation at
the front (Blanchard et al., 2009). The presence of a contractile actomyosin ring would
similarly reveal a region of predominantly tissue compression bordering the eye, even if it

were driving passive cell intercalation behind it. Instead, roughly equal tissue compression
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and extension are observed throughout the front, similar to what is observed in convergent
extension of the Drosophila germband and Xenopus mesoderm, but restricted to a small region
of tissue. Moreover, the profiles of azimuthally averaged strain rates reveal a sharp peak in
both compression and extension, indicating that the tissue transitions from a region of very
little deformation to a region in which it is maximally compressed perpendicular to and
extended along the axis of eyelid closure. By contrast, a global purse string mechanism
would display no such peak in tissue extension in the front, while the constriction of an actin
cable is expected to reveal a gradual increase in tissue compression and a corresponding
decrease in extension toward the front (see Illustration 3.1). Combined with an analysis of
the spreading of the eyelid front over long timescales, this indicates that cell intercalation is

coupled to forward translational movement rather than tissue spreading and elongation.

While helpful in identifying the cellular mechanism of eyelid closure, my analysis of
strain rates has important limitations. For one, an analysis of the rates of tissue compression
and extension captures half of the picture, the other half being the strains associated with
cell shape change. Because of the packing of eyelid front cells in multiple layers and the
limited resolution afforded by live imaging at an air-liquid interface, it has proven extremely
difficult to track cell shape changes in an imaging experiment. While a visual inspection of
the behaviors of individual cells reveals no signs of continuous or concerted cell contraction,
it remains a distinct possibility that shape changes over the course of several hours cooperate
with cell intercalation to drive eyelid closure. In the future, this analysis may be facilitated
by genetic sparse-labeling with multiple membrane-targeted flurophores, either by injecting

embryos with a mixture of lentivirus or using “Brainbow” mice (Livet et al., 2007).

An analysis of strain rates also makes no claim as to the sufficiency of front cells for eyelid
closure. Ideally, such an argument would be made by a combination of simulation informed
by biophysical measurements and functional analyses i viwo. Simulating intercalation in
varying regimes of cell-cell adhesion would yield valuable insight into the balance of cell

motility and adhesion necessary to translate cell intercalation into the forward movement of
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a tissue. If the relative adhesion of front cells to each other and to the surrounding epidermis
could be quantified along with the force required to move the eyelid, perhaps by measuring
the deflection of a calibrated glass pipette (Francis et al., 1987), it would also indicate whether

the opposing movements observed throughout the front are sufficient to drive the process.

As these physical measurements would likely be difficult to obtain and simulations would
take considerable time to develop, I focused instead on the arguably more important exper-
imental validation of the hypothesis that front cell intercalation drives eyelid closure. Laser
ablation of subsets of cells in the eyelid provided direct evidence that the front is necessary
for the forward movement of the eyelid and the source of a pulling force that stretches the
tissue toward the eye. It also ruled out potential contributions from the underlying corneal
epithelium, cell shape changes in the conjunctiva, and forces from filopodial zippering in

eyelid canthi.

While the elongation of epidermal cells in close proximity to the front along the axis
of closure was useful as a means of testing the presence of a pulling force, it is important
to note that, although significant compared to distant cells, it was minor in comparison to
the stretching of the lateral epidermis that occurs in dorsal closure (Kiehart et al., 2000).
This is consistent with the conversion of pulling forces into translational movement of the
whole eyelid rather than the stretching of epidermal cells over the eye. As cells likely become
elongated only over long timescales, it is also consistent with the comparatively low rates of

tissue compression and extension observed behind the front during live imaging.

In support of this, ablating a region of the epidermis immediately adjacent to the front,
untethering the population of intercalating cells from the eyelid, resulted in a decreased
rate of closure. This indicates that intercalating cells need to be physically connected to
the eyelid to drive closure and suggests a complex interplay between cell-cell and cell- ECM
adhesion in maintaining tissue cohesion while permitting active cell movement. In total, the
combination of a quantitative analysis of cell movement and tissue deformation with laser

ablation to test their functional importance supports a model in which forces from active
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cell intercalation are leveraged to tow the surrounding epidermal sheets. It is the functional

equivalent of a purse string achieved by a fundamentally distinct mechanism.

3.4 Experimental procedures

3.4.1 Laser ablation

Tissue ablations were performed on a Zeiss LSM 510 NLO system using a Ti:sapphire laser
(Chameleon Ultra, Coherent Scientific) tuned to 800 nm. Laser power and dwell time were
calibrated per experiment, but were typically performed between 80—100% transmission
using scan speed 6 and 50—75 repetitions (~90—140 us dwell time; see Figure 3.5). Quantifi-
cation of the effects of ablations was performed by manually tracing the border of the eyelid
every 10 frames, fitting a spline to the points, and calculating the average distance traveled

using numerical integration in MATLAB.

3.4.2 Image analysis and quantification

Immunostaining and imaging were performed as described earlier. Global analysis of cell
polarity in the eyelid was performed by 3D imaging of whole-mounts from K74-H2B-GFP-
expressing embryos stained with GM130 or pericentrin. Nuclei were filtered using a 3D
bandpass filter, and GM 130 or pericentrin spots were filtered using a median filter to merge
puncta into a single region. Both channels were segmented independently in 3D, and peri-
centrin spots were assigned to the nearest nucleus. A cell’s axis of polarity was defined by
the vector connecting the centroid of a nucleus to the location of the nearest GM130 or
pericentrin spot.

Measurements of cell elongation around the eye were performed using custom MAT-
LAB scripts, in which cells were segmented based on cortical actin staining or mGFP ex-
pression using a watershed algorithm. Each watershed region was considered a cell, and

the elongation and orientation of cells were determined by computing central moments us-
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ing built-in functions of the MATLAB Image Processing Toolbox. Elongation is defined as
1 — W/L, where W and L are the major and minor axes, such that very elongated cells
take on values close to one.

For determining cell-cell coordination in eyelid front cells and the surrounding epider-
mis, a Delaunay triangulation was used to connect cells to their nearest neighbors. The
cosine similarity between velocity vectors of cell pairs at varying distances was computed

using cosf) = |“/’l‘|'|“’/ 22|. With this metric, cells moving with similar speeds and directions take

on positive values, while those moving in opposite directions take on negative values.

PIV analysis was performed in PIVLab (Thielicke, W., and E. J. Stamhuis., 2013).

3.4.3 Tissue strain rate analysis

To quantify tissue deformations during eyelid closure, I collaborated with Vijay Krishna-
murthy and Stephan Grill at the Max Planck Institute. We used PIV to infer the velocity
field of the tissue, v = (v, v, ), where v, and v, are the components along the x and y-

directions, respectively. We next computed the velocity gradient tensor L, defined by

Oy  OyUy
L= Y

Ozvy  Oyuy

The components of L measure the variation of the velocity field in space. For example,
L., = 0yv, is the variation of v, along the z-direction. The strain-rate tensor € is the
symmetric part of L. It is defined by

(L+ LT)

g = 9

where LT is the transpose of L. The eigenvalues \; and the eigenvectors #; of € characterize
the local deformation of the tissue. The eigenvectors indicate the principal directions of

deformation, while the eigenvalues give the rate at which the tissue deforms along these
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IMustration 3.2: Relationship between tissue deformation and the strain-rate tensor. When both
the eigenvalues A; > 0, the tissue extends locally, while if both )\; < 0, there is local compressive
deformation. The tissue experiences a shear deformation when the eigenvalues are of the opposite
sign.

principal directions. Specifically, a positive eigenvalue indicates that locally the tissue is
extending while a negative eigenvalue indicates local compressive deformation of the tissue
along the direction corresponding to the respective eigenvector (Illustration 3.2).

Notice that since the velocity field v varies with position, the strain-rate tensor is also a
function of position in the tissue. Thus at each coordinate (z,y), we calculate the eigen-
values (A1, A2) and the eigenvectors (i1, Us) of the strain-rate tensor €. A spatial plot of the
l; with their lengths proportional to the absolute value of the eigenvalues |)\;| appears in
Figure 3.2A. The eigenvectors ; are colored red when \; < 0 and in blue when \; > 0. As
is evident from Figure 3.2B, the shear rates |\;| take on their maximal values in the region
of active intercalation. This is also evident from the peak in Figure 3.2B, which shows the
variation of the strain-rates (averaged along the transverse direction) with distance from the

eyelid front.

3.4.4 Statistical analysis

All statistical analyses were performed as described in Chapter 2.
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Chapter 4

Molecular mechanisms underlying eyelid closure

Cell intercalation is one of the most powerful and ubiquitous instruments of tissue deforma-
tion in development. In the Xenopus mesoderm, it is almost solely responsible for pushing
the head from the tail and establishing the elongated body plan of the embryo (Keller et al.,
2000). It functions similarly in epithelial tissues, driving germband elongation in Drosophila
and formation of the primitive streak in amniotes (Voiculescu et al., 2007). In mice, it is
required to narrow the two sides of the neural plate, enabling it fold and form a tube, with
deadly consequences if it fails to do so (Nishimura et al., 2012). Given the variety of tis-
sues in which cell intercalation operates, it is perhaps not surprising that the details of its
execution vary. In epithelial tissues, it typically involves a planar-polarized remodeling of
D—V-oriented cell junctions, leading to the formation of multicellular rosettes whose resolu-
tion elongates the tissue along the A—P axis. By contrast, more loosely-connected mesoder-
mal tissues intercalate by polarizing their movements along the D—V axis. It is thought that
these cells extend tractive, mediolaterally-oriented protrusions that allow cells to pull each
other into file. Whereas disruption of epithelial cell intercalation involves a loss of polarized
myosin II activity along D—V junctions, defects in mediolateral intercalation often involve
a randomization of cell protrusive activity (Davidson et al., 2006). In certain contexts, the
non-canonical Wnt/PCP pathway regulates both modes of intercalation (the exception be-

ing germband elongation).

The morphology of eyelid front cells and their extension of mediolateral protrusions
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naturally suggest that they intercalate by an analogous mechanism to mesodermal cells, with
integrin—fibronectin adhesion serving as a means for cells to gain traction on their neighbors.
However, even in mesodermal tissues, the role of integrin adhesion is complex. In Xenopus, it
has been suggested that a5 /3 integrin/fibronectin adhesion attenuates cadherin-based cell—
cell adhesion (Marsden and DeSimone, 2003), and that both overexpression and depletion
of cadherins causes defects in convergent extension (Delarue et al., 1998). Thus, a complex
interplay between integrin- and cadherin-based adhesion is likely at play in cell intercalation.
PCP appears to be involved both directly, in orienting cell protrusive activity and cell—cell
adhesion, and indirectly, in organizing the fibronectin matrix with which mesodermal cells

have contact (Dzamba et al., 2009).

To explore the molecular mechanisms underlying eyelid closure, I examined the relative
roles of integrin and cadherin-based adhesion using a combination of lentiviral-mediated
knockdowns and conditional knockout mice. I found that, whereas a5/, and myosin II-
dependent cell motility 1s required for eyelid closure, further reducing levels of cell—cell ad-
hesion in the eyelid by knockdown of E-cadherin has no effect. I substantiate this further by
analyzing the knockdown of P-cadherin, which is redundant with E-cadherin in the skin but
not well-expressed in the eyelid front, and the combined loss of E-cadherin and P-cadherin.
Even when epidermal architecture is compromised by the loss of both cadherins in the skin,
eyelid closure proceeds to some extent, suggesting that the process is more reliant on cell
intercalation mediated by integrin-fibronectin adhesion. Finally, I explore potential roles
for Wnt/ B-catenin signaling and PCP in eyelid closure. Both prior to and during eyelid clo-
sure, canonical Wnt signaling 1s indeed active, particularly at the junction where the eyelid
epidermis meets the front. Thus suggests a role for Wnt signaling upstream of the cell in-
tercalation driving eyelid closure, perhaps in mediating the formation of the front. PCP, on
the other hand, affects cell intercalation in the eyelid but not specification of the front. This

suggests an intriguing interplay between these two pathways in orchestrating eyelid closure.
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4.1 Integrin and cadherin-based adhesion in eyelid closure

If intercalation of front cells were truly the driving force of eyelid closure, as my mathemat-
ical analyses and laser ablation studies suggested, then perturbing the molecular processes
underlying their movement should halt the process. One of the most significant changes that
occurs in the eyelid front at the onset of closure is the specific upregulation of fibronectin
and its receptor a5 31 -integrin, and a concomitant downregulation in E-cadherin expression
(Section 2.1.1 and 2.2.3). This, along with the mediolateral protrusive activity observed by
live imaging, suggested a mode of cell intercalation not by the planar polarized remodel-
ing of cell junctions, as typically observed in epithelial tissues, but a mode reminiscent of
convergent extension movements in mesodermal tissues. Although mediolateral intercala-
tion in these tissues primarily utilizes integrin adhesion either as a source of traction or to
orient cell protrusive activity, they must retain some level of connectivity through cadherin-
based adhesion, and both overexpression and downregulation of cadherins lead to defects
in convergent extension (Lee and Gumbiner, 1995; Zhong et al., 1999). Integrin expres-
sion has also been linked to an indirect role in reducing cell—cell adhesion to a permissible
level (Marsden and DeSimone, 2003). To explore these parallels further, I performed in vivo

loss-of-function experiments of both integrins and cadherins.

4.1.1 Loss of integrin-fibronectin adhesion prevents eyelid closure

The loss of fibronectin and a5 integrin in mouse embryos leads to early embryonic lethality.
The embryos exhibit severe mesodermal defects, with incomplete development of the noto-
chord and somites, as well as defects of the heart and brain (George et al., 1997; Yang et al.,
1993). As a result, the role of a; integrin and fibronectin in skin morphogenesis has not
been examined. To generate a skin-specific loss-of-function, I injected lentivirus carrying
shRINAs against fibronectin and a5 integrin into E9.5 embryos. I first evaluated the mRINA
knockdown efficiency of the shRINAs targeting each gene available from the Broad Institute’s

TRC library by RT-PCR 1n cultured keratinocytes (Figure 4.1). This typically identified at
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least two hairpins with efficiencies greater than 85%. I then cloned the strongest two hair-
pins into a vector expressing H2B-RFP from a separate promoter to label cells receiving the
shRNA wn vivo, and verified the knockdown in eyelids by whole-mount immunofluorescence.
As revealed by the presence of rare, untransduced cells within highly infected eyelid tissue,

these shRNAs also resulted in robust knockdown at the protein level (Figure 4.1).

The loss of either fibronectin or a5 integrin in the skin resulted in a striking eyelid closure
defect at E16.5. This was the only obvious defect in the skin, consistent with its established
dependency on a3 31, a4, and laminin instead of on a5 31 and fibronectin. On close exam-
ination, eyelid front cells still displayed their characteristic bipolar, elongated morphology
and organized into a multilayered sheet (Figure 4.1). However, tracking cell movements in
the eyelid front revealed that these cells moved considerably more slowly than cells trans-
duced with a scrambled-sequence control shRNA (Figure 4.2; 1.73 pm/h average speed of
transverse movements vs. ~1.3 pm/h for mutants, p < 0.001). This decrease in cell move-
ment was accompanied by a significantly reduced overall rate of eyelid closure (6.30 pm/h
average speed for wild-type vs. 3.61, 2.57, 4.25 pm/h for myosin II, fibronectin, and a5 in-
tegrin KD, respectively), based on measurements of eyelid border translocation over time,
as well as reduced cell elongation in the surrounding epidermal tissue (0.46 vs. ~0.4 for
mutants, p < 0.001). Thus, a similar result to laser ablation of the eyelid front is achieved

by inhibiting cell intercalation through the loss of fibronectin and a5 integrin.

To further test the specific importance of a5 integrin, I also knocked down ¢, integrin, a
fibronectin receptor that has been reported to be expressed in migrating but not stationary
epidermal cells (Marchisio et al., 1991). Despite efficient knockdown, no eyelid closure phe-
notype was observed at E16.5 (Figure 4.3). By contrast, depletion of 3; integrin, the partner
of a5, also showed an open eye defect, although its effects were broader, consistent with its
partnership with the major epidermal integrin a3 (Raghavan et al., 2000). These results
are in line with the specific importance of a5 integrin and fibronectin in a wide variety of

morphogenetic cell movements in development and homeostasis.
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Figure 4.1: Knockdown of fibronectin, o5 integrin, and myosin ITA in the skin. Left:
Quantification of shRNA-mediated knockdown of fibronectin, as integrin, and myosin IIA i vitro
by RT-PCR. Right: Targeting of embryonic skin is verified by lentiviral H2B-RFP expression in
embryos. For each gene, knockdown is illustrated by immunofluorescence in tissue whole-mounts.
For a5 integrin and fibronectin, which are specifically expressed in the eyelid, knockdown is illustrated
by loss of staining in the eyelid front. Rare, non-transduced cells exhibiting a positive staining are
indicated with arrowheads to confirm the specificity of the knockdown. For myosin II, a mosaic
region of the headskin epidermis is shown to illustrate the specificity and effectiveness of the shRNAs
used. Whole-mount phalloidin staining illustrates that eyelid front cells still acquire their elongated,
bipolar morphology, indicating that motility, rather than specification, is affected. Scale bars, 50 pm.
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Figure 4.2: Cell intercalation depends on integrin-fibronectin adhesion. The most striking
defect in the skin following knockdown of fibronectin, a5 integrin, and myosin II is the failure of
eyelid closure at E16.5 (upper panels). Myosin IT KD embryos also exhibit defects in hair follicle
morphogenesis and occasional errors in cell division (see also Figure 4.4). A detailed analysis of
eyelid closure reveals that for all mutants, the speed of cell intercalations is substantially reduced
compared to a scrambled-sequence control hairpin (p < 0.001, ANOVA followed by Tukey’s HSD).
The overall rate of eyelid closure, measured by following the border of the eye over time, is similarly
reduced upon knockdown of either gene (p = 0.023, 0.0042, 0.071 for WT vs. myosin II, fibronectin,
and alphas KD, respectively, n > 3). Analogous (and comparable) to laser ablation of intercalating
cells, the elongation of cells in the surrounding epidermis is also reduced (p < 0.001).
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Figure 4.3: Knockdown of additional integrins indicates a specific requirement for a;
integrin. Knockdown of ¢, integrin, a fibronectin receptor that is expressed in the skin but not
unregulated in the eyelid, has no effect on eyelid closure. However, knockdown of 31 integrin, the
major parter of as, results both in a failure of eyelid closure and in a broad range of skin defects,
consistent with its role in adhesion to the basement membrane. This underscores the specific impor-
tance of integrin-fibronectin adhesion in mediating eyelid closure through o integrin. Scale bars, 1
mm.
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The presence of fibronectin and a5 integrin at the eyelid front could indirectly promote
eyelid closure by stimulating the migration of cells out of the surrounding epidermis rather
than by promoting cell intercalation. To address this, I also targeted myosin IIA in the skin,
reasoning that this would disrupt cell motility without significantly affecting local signaling
or ECM deposition in the eyelid. Similarly to the loss of fibronectin and v integrin, the
most obvious defect was a strong inhibition of eyelid closure at E16.5. The epidermis was
largely intact and the overall cell architecture, adhesion to basement membrane, and cell—
cell junctions were not noticeably perturbed (Figure 4.4), although occasional errors in cell
division and a block in hair follicle formation were observed. Tracking of cell movements
in the eyelid revealed an even more significant reduction in the speed of cell intercalation,
leading to an overall decrease in the rate of closure and significantly reduced cell elongation
in the surrounding tissue relative to wild-type (Figure 4.1). This implies a direct role of
integrin-ECM adhesion in mediating cell intercalation rather than in acting as a localized

signal.

4.1.2 The sufficiency of front cell intercalation for eyelid closure

The lack of defects in the interfollicular epidermis on loss of myosin IIA suggests that, even
in skin development, it has a fairly specific role in mediating processes of cell motility. The
targeting of myosin ITA specifically in the eyelid front is thus an ideal test of the sufficiency of
cell intercalation in driving eyelid closure. To achieve this specificity, I generated lentiviral
constructs expressing Cre downstream of either the A77 or Pax6 promoter. Whereas K17
is expressed in both the eyelid front and hair placodes, Pax6 is expressed in the cornea,
lens, and eyelid tissues. To test the specificity of these constructs, I injected LV-K17-Cre
or LV-Pax6-Cre into Rosa26'™ Cre-reporter mice and examined the expression of YFP in
the eyelid front by whole-mount immunofluorescence. Whereas Pax6-Cre was expressed
throughout the cornea, front, and surrounding eyelid epidermis, A77-Cre was expressed

specifically in the eyelid front and hair follicles, and co-localized nicely with K17 protein
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Semi-thin Ultrastructure
i ol

Figure 4.4: Conditional ablation of myosin IIA in the skin does not affect epidermal
integrity. Left: Epidermal architecture and differentiation are grossly normal in semi-thin sections
from P1 epidermis transduced with shRNAs targeting My#9, indicated by the presence of superficial
squamous layers. The most obvious defects are an eye-open-at-birth phenotype, lack of hair follicles,
and occasional defects in cell division. Right: Transmission electron microscopy analysis of basal
layer cells in P1 epidermis in which myosin IIA is conditionally ablated by mating K14-Cre and
Myh9"" mice. Cell membranes are completely sealed, and both adherens junctions and desmosomes
appear normal. AJ, adherens junction; De, desmosome; Kf, keratin filament. EM images courtesy
of Amalia Pasolli.
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expression (Figure 4.5A). However, as the K17 promoter is quite large in comparison to
Pax6, transduction efficiency was correspondingly lower, although still within an acceptable
range.

To abrogate myosin IIA specifically in the eyelid front, I injected Myh9/“" embryos with
LV-K17-Cre at E9.5. Whole-mount phalloidin staining of eyelids revealed a significant, re-
producible defect in closure at E16.5, suggesting that cell movement in the eyelid front is suf-
ficient to drive the process (Figure 4.5B). These results confirm and extend my laser ablation
studies, revealing that eyelid closure is driven by localized myosin IIA and a;3;-dependent

cell intercalation.

4.1.3 Cadherins in eyelid closure

Previous studies of convergent extension movements suggest that fibronectin can have mul-
tiple roles in regulating cell intercalation movements. On the one hand, integrins and fi-
bronectin could be actively required for the necessary shape changes and movements, either
for cells to gain traction on their neighbors and the surrounding ECM or to orient protru-
sive activity. On the other, cell intercalation could primarily be mediated by remodeling of
cadherin-based junctions, with integrin-fibronectin signaling functioning passively to reduce
cell—cell adhesion to a permissible level (Marsden and DeSimone, 2003). Both scenarios are
consistent with an essential role for myosin II.

Adherens junctions and integrins have well-established opposing roles, both in conver-
gent extension movements and in skin development (Livshits et al., 2012). An essential fea-
ture of hair follicle morphogenesis, for example, is the downregulation of E-cadherin and
concomitant upregulation of P-cadherin (Hirai et al., 1989). If E-cadherin is overexpressed
in the skin, hair follicle placodes do not form (Jamora et al., 2003). E- and P-cadherin are
the predominantly-expressed cadherins in the skin and are partially redundant. Loss of
E-cadherin is only mildly phenotypic due to a compensatory upregulation of P-cadherin,

leading to progressive hyperplasia and degeneration of certain layers of the hair follicle in
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A Eyelid-specific promoters

Planar view Sagittal view

Assay eyelid closure
at E16.5

Figure 4.5: Front cells are sufficient to drive eyelid closure. (A) Cre expression was specif-
ically targeted to the eyelid front by generating lentiviral constructs in which nls-Cre is driven by
the Pax6 or K17 promoter (LV-K77-Cre and LV-Pax6-Cre, respectively). Injection of these constructs
into Rosa26'"F Cre-reporter mice reveals that, while Pax6 drives Cre throughout the front and sur-
rounding eyelid epidermis (left), K17-Cre is expressed specifically in the front (right). (B) Injection
of LV-K17-Cre into Myh9"" embryos results in an open-eye phenotype at E16.5 and a loss of hair
follicle bumps (4/4 injected embryos vs. 6 WT littermates). This indicates that cell intercalation in
the eyelid front is sufficient to drive the process.
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adulthood (Tinkle et al., 2004). Likewise, in P-cadherin KO mice, the only major pheno-
type reported is a precocious development of mammary glands (Radice, 1997). Only the
combined loss of both cadherins or the loss of a-catenin, which links the cadherin complex

to the actin cytoskeleton, lead to defects in AJ formation and epidermal integrity (Tinkle

et al., 2008).

Given the upregulation of fibronectin and a5 integrin and the transcriptional down-
regulation of E-cadherin in the eyelid, I examined the potential role of cadherins in eyelid
closure. While FACS isolation and RT-PCR profiling revealed a transcriptional downregu-
lation of E-cadherin (Section 2.2.3), it was still clearly visible throughout the eyelid front by
immunofluorescence in sagittal sections and whole-mounts (Figure 4.6A). P-cadherin, on the
other hand, was virtually absent from the front and expressed only in superficial periderm

cells and the basal layer of the surrounding epidermis.

Disruption of adherens junction formation in the skin through loss of a-catenin is known
to compromise eyelid closure (Vasioukhin et al., 2001), likely through an overall loss of epi-
dermal integrity, but perhaps also through a role in cell migration (Drees et al., 2005). Tak-
ing advantage of the redundancy of E- and P-cadherin in the skin, I further reduced cell—cell
adhesion in the eyelid without globally disrupting epidermal architecture by injecting £9.5
embryos with shRINAs against E-cadherin. Immunofluorescence analysis in mosaic regions
of the eyelid epidermis revealed a specific, near-complete loss of E-cadherin in transduced
cells (Figure 4.6B). Despite markedly diminishing E-cadherin in the eyelid front, however,
cell intercalation and eyelid closure progressed similarly to wild-type embryos (Figure 4.6)B).
This is in contrast to the broader-scale intercalations of convergent extension in Xenopus,
which require cadherins (Delarue et al., 1998). Interestingly, examination of eyelid mor-
phology by whole-mount immunofluorescence even revealed a potential acceleration of the
process in E-cadherin knockdown embryos, evidenced by an increased spreading of front
cells over the eye at E15.5 (Figure 4.6C). However, this could also represent a minor defect

in the coupling of cell intercalation to pulling forces, leading to increased spreading of front
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cells at the expense of forward movement of the eyelid. Additional quantitative analyses will
be required to differentiate between these possibilities. Importantly, reducing E-cadherin
did not cause cells in the surrounding epidermis to express cvs integrin or to adopt mor-
phological and motile properties of eyelid front cells, indicating that other signaling cues
drive these events (Figure 4.6B). Conversely, knockdown of fibronectin or « integrin did
not lead to an obvious upregulation of E-cadherin in the eyelid based on immunofluores-
cence staining, arguing against a secondary role for these proteins in modifying cadherin

levels (Figure 4.7).

To further explore the dependence of eyelid front cells on integrin rather than cadherin-
based adhesion, I examined eyelid closure in mice lacking either P-cadherin alone or both
E- and P-cadherin. Because these genes are tightly linked, classical transgenic technology
cannot be used to create a double knockout. I therefore made use of a previously-generated
E-cadherin conditional knockout line expressing a robust P-cadherin shRNA from the K74
promoter (Ecad"; PcadRNAi, Tinkle et al., 2008). PradRNAi mice do not exhibit eyelid clo-
sure defects despite a substantial reduction of P-cadherin in embryonic skin (Figure 4.8).
Loss of both E-cadherin and P-cadherin by injecting £9.5 Ecad"";PcadRNAi embryos with
LV-Cre causes clear defects in epidermal architecture, but only a partial defect in eyelid clo-
sure at £16.5 (less severe than that observed for myosin II, fibronectin, and o5 integrin
knockdown). These data suggest that cell intercalation in the eyelid is not driven by the
dynamic remodeling of either E-cadherin or P-cadherin alone, and that cadherins instead
may have a more general role in maintaining epithelial cohesion. To date, injection of LV~
K17-Creinto Ecad";PeadRNAi to completely disrupt cell—cell adhesion only in front cells has
not produced embryos with eyelid closure defects. While these experiments do not rule out
an important role of cadherins in eyelid closure by mediating cell cohesion, they suggest that
cell intercalation in the eyelid depends primarily on cell motility and integrin—ECM adhe-
sion rather than on cell junction remodeling. This dependence is in line with the many other

similarities between cell intercalation in the eyelid and convergent extension movements in
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Figure 4.6: Eyelid closure primarily depends on integrin rather than on cadherin-based
adhesion. (A) Expression of core adherens junction components in the eyelid (sagittal views). While
E-cadherin is present throughout the front, P-cadherin is present in the periderm and surrounding
epidermis but absent in front cells. (B) Lentiviral-mediated knockdown of E-cadherin results in near-
complete loss of E-cadherin in the eyelid (H2B-RFP expression indicates transduced cells, arrow-
heads denote rare untransduced cells to indicate specificity). Note that a5 integrin is still restricted
to the eyelid front, indicating that loss of E-cadherin is not sufficient for epidermal cells to acquire
the morphological and motile features of front cells (left panels). Eyelids fully close by E16.5 and cell
intercalation speed is equivalent to that in embryos transduced with a scrambled-sequence control
hairpin. (C) Indications of accelerated eyelid closure in E-cadherin KD embryos. Analysis of eye-
lid morphology by K14-H2B-GFP expression reveals that significantly more of the eye is covered by
intercalating front cells in KD embryos than in W'T littermates (n = 4 mutants, > 6 WT). High-
magnification images of the eye reveal that the border of KD eyelids is highly irregular, suggesting
either that front cells are able to exert greater forces on the surrounding epidermis that accelerate
eyelid closure, or that the coupling of cell intercalation to translational movement of the eyelid is
defective, leading to tissue spreading. Scale bars, 50 pm.
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LV-H2B-RFP |

Figure 4.7: E-cadherin is not upregulated in the absence of fibronectin or o5 integrin.
Analysis of E-cadherin expression in sagittal sections of E15.5 fibronectin and a5 integrin knockdown
embryos does not reveal an obvious upregulation of E-cadherin. Left panels illustrate infectivity in
the eyelid, right panels are magnified views of transduced cells in the front with normal E-cadherin
levels. This suggests that integrin-fibronectin adhesion is directly required for cell intercalation rather
than acting to reduce levels of cell-cell adhesion. Scale bars, 50 pm.
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mesodermal tissues.

4.2 Canonical and non-canonical Wnt signaling in eyelid closure

Both canonical and non-canonical Wnt signaling play essential roles in morphogenesis.
Non-canonical Wnt signaling and the PCP pathway are well-known for their spatial control
of actomyosin dynamics in epithelial and mesenchymal convergent extension movements
and in the generation of polarized epithelial structures (Section 1.4.4). Canonical Wnts, on
the other hand, are well-known upstream regulators of EMTs and drive many processes of
cell migration, proliferation, and sorting, perhaps by a concurrent role in cell fate specifi-
cation (Section 1.3.1). In eyelid closure, both are likely to play a role, as defects have been
reported in mice harboring mutations in canonical (Gage et al., 2008; Wu et al., 2012) and
non-canonical Wnts (Curtin et al., 2003a).

Following up on a study implicating Wnt/ $-catenin signaling in specifying migratory
cells in the eyelid (Wu et al., 2012), I examined Wnt activity prior to and during eyelid
closure in whole-mount and sagittal sections using BATGAL Wnt reporter mice and LV-
TOPGFP, a lentiviral Wnt reporter (Beronja et al., 2013). At E14.5, BATGAL expression
revealed a population of Wnt-responsive cells in the region of the eyelid that shows early
expression of fibronectin and a5 integrin and eventually gives rise to the front (Figure 4.9A).
During closure, LV-TOPGFP expression revealed high Wnt activity both in the eyelid epider-
mis and throughout the front. This suggests an important role in the acquisition or main-
tenance of intercalary behavior in eyelid front cells. Given that fibronectin upregulation
and E-cadherin downregulation are frequent consequences of Wnt signaling, a particularly
compelling view is that it mediates the transcriptional changes underlying the transition of
front cells to a motile fate. In agreement with this, live imaging E14.5 and E15.5 eyelids
in which cells are sparsely-labeled with cytoplasmic YFP reveals occasional cells detach-
ing from the eyelid epidermis and elongating along their mediolateral axis (Figure 4.9B).

Localized Wnt signaling may therefore direct formation of the eyelid front by a process of
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Sagittal sections of backskin

Figure 4.8: Epithelial cohesion is necessary for eyelid closure. Similar to loss of E-cadherin
in the skin, knockdown of P-cadherin by the transgenic expression of a robust P-cadherin shRINA
driven by the K74 promoter has no eyelid closure phenotype. Loss of both E- and P-cadherin by
injecting LV-Cre into Ecad"?; PeadRNAi mice, however, results in a partial eyelid closure defect at
E16.5, as well as an overall loss of epidermal integrity (note the flaky appearance of the skin in the
brightfield stereomicroscope image). This suggests that cadherins play a secondary role in eyelid
closure by maintaining epithelial cohesion. Bottom panels illustrate the loss of E- and P-cadherin in
embryonic skin in sagittal section. Scale bar, 300 pm (A), 50 pm (B).
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stochastic delamination that occurs between E14.5 and E15.5.

In mice, non-canonical Wnt signaling plays an essential role in neural tube closure,
where it regulates epithelial cell intercalation and apical constriction, polarization of stere-
ocilia bundles in the inner ear, and the orientation of hair follicles in the skin (Section 1.4.4).
Fzd3/Fzd6 double mutants (Stuebner et al., 2010), and mutants of Celsr] (Curtin et al.,
2003b), Vangl2 (Murdoch et al., 2001), Dvl2 (Hamblet, 2002), and Scribble (Scrib, Mur-
doch et al., 2003), a protein typically associated with apical-basal polarity but that also func-
tions in PCP and cell migration, also exhibit defects in eyelid closure. However, these mice
exhibit multiple embryonic defects leading to early lethality, including craniorachischisis, in
which the brain and spinal cord are fully exposed from failure to initiate neural tube closure,
and gastroschisis, a protrusion of internal organs through the abdomen. It is thus unknown
whether the eyelid closure defects are a secondary consequence of these other abnormal-
ities. To address this, I performed lentiviral injections of shRNAs against Celsrl, Vangl2,
and Scrib to achieve skin-specific knockdowns. In all three cases, embryos exhibited an eye-
lid closure defect at E16.5 in the absence of other gross defects (the representative example

of Vangl? is shown in Figure 4.10A).

In the skin, Celsr]l and Vangl2 are planar polarized along the A—P faces of basal cell
membranes (Devenport and Fuchs, 2008). As previously reported, disruption of a single
core PCP protein is sufficient to disrupt planar polarity. For example, in the Looptail (Lp)
mouse mutant, which harbors a point mutation in Vangl2 leading to its degradation, Celsrl
becomes uniformly localized at the cell membrane rather than along the A—P axis. To
confirm that lentiviral knockdown of PCP proteins disrupts planar polarity in the skin, I
therefore examined the localization of Celsrl in clones of Vangl2 KD cells in embryonic
backskin by whole-mount immunofluorescence. In contrast to its strong anterior-posterior
enrichment in the cells of uninfected littermates, Celsrl localization was disrupted in Vangl2
KD cells (Figure 4.10B). This indicates that lentiviral knockdown of PCP proteins in the skin

faithfully disrupts PCP, and implies that PCP plays a specific role in eyelid closure.
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Figure 4.9: Canonical Wnt signaling in the eyelid. (A) Immunofluorescence analysis of Wnt
reporter activity in the eyelid. Left, sagittal section of an eyelid from a BATGAL embryo at early E15,
illustrating Wnt-responsive cells at the junction between the eyelid front and surrounding epidermis.
Right, planar view of an E15.5 eyelid transduced with a lentiviral Wnt-reporter (LV-7TOPGFP). Note
the significant concentration of Wnt-responsive cells at the eyelid/epidermal junction as well as in
the eyelid front. (B) Proposed role of Wnt signaling in the acquisition of intercalary behavior by front
cells. Sparse-labeling cells in the eyelid front with cytoplasmic YFP by injecting Rosa26"™ with low-
titer LV-Cre and live imaging reveals the occasional detachment of cells from the eyelid epidermis.
Upon entering the front, they rapidly elongate along their mediolateral axis. This phenomenon can
also be observed at E14.5, raising the possibility that local Wnt signaling promotes the stochastic
detachment of cells from the epidermis to form the eyelid front between E14.5 and E15.5. Scale
bars, 50 pm.
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A WT Lp/Lp Vangl2 KD
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Figure 4.10: Non-canonical Wnts/PCP in the skin are required for eyelid closure. (A)
Skin-specific knockdown of the core PCP protein, Vangl? (Van gogh/Strabismus), results in an eyelid
closure defect at E16.5. This indicates the eyelid closure defects of PCP mutants are not a secondary
consequence of other embryonic abnormalities and that PCP has a specific function in regulating
the process. (B) Whole-mount immunofluorescence of Celsrl localization in embryonic headskin to
confirm that lentiviral knockdown of Vangl?2 disrupts PCP in the skin. In wildtype embryos, Celsr]
1s strongly polarized along the A—P axis (left), but becomes uniformly distributed upon loss of Vangl2
(right). Scale bar, 50 pm.
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Lp mice exhibit the most severe defects of the available PCP mutants. To better un-
derstand the role of PCP in eyelid closure, I generated a Lp/K14-H2B-GFP mouse line,
which allows the simple visualization of eyelid closure defects and avoids potential issues
of mosaicism inherent to lentiviral injection. To my surprise, I found that loss of PCP de-
layed rather than prevented eyelid closure. Normally finished by mid E16.5, Lp/H2B-GFP
mice instead complete the process by late E17.5 in spite of severe neural tube closure de-
fects (Figure 4.11A). To ensure this delay was related to a specific effect on eyelid closure, I
quantified proliferation and apoptosis in the skin by FACS. Using EdU incorporation and
caspase-3 staining as readouts, I observed no differences compared to wild-type littermates

(Figure 4.11B).

In Xenopus convergent extension, PCP is required both for the organization of the fi-
bronectin matrix as well as for the mediolateral polarization of cell protrusions. In XStbm
(Vangl2) mutants, cells in mesodermal explants fail to elongate mediolaterally and display
random protrusive activity. I therefore analyzed the morphology of eyelid front cells in Lp
embryos. Immunofluorescence in whole-mounts revealed that, similarly to knockdown of
fibronectin and s integrin, front cells still adopt a bipolar morphology and are highly elon-
gated perpendicularly to the axis of closure (Figure 4.11B). They also express both K17 and
fibronectin, indicating that their specification 1s fully intact. However, the presence of these
cells in only a thin layer bordering the eye indicates that they fail to intercalate, suggesting
a defect in cell movement or an upstream defect in fibronectin remodeling. Together, these
results uncover a fascinating interplay between canonical Wnt signaling, which likely plays
a role in the specification of the eyelid front, and non-canonical Wnts, which may play a
role in the motility of front cells by regulating cell protrusive behavior or fibronectin matrix
organization. A detailed analysis of global and individual cell behaviors in these mutants

awaits future study.
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A Progression of eyelid closure in Looptail embryos
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Figure 4.11: Eyelid front cells are specified but fail to intercalate in PCP mutants. (A)
Eyelid closure is delayed, but not completely inhibited, in PCP mutants. Eyelid closure was monitored
in Looptail/K14-H2B-GIP mice, revealing that the process is delayed by 24 h relative to wildtype
littermates. Eyelids are fully fused by E17.5. (B) A defect in cell motility is likely responsible for the
delay in eyelid closure of PCP mutants. Whole-mount immunofluorescence reveals that eyelid front
cells of E15.5 Looptail mutants still express K17 and fibronectin, indicating proper specification, but
fail to intercalate. The rate of cell proliferation in the backskin of mutant embryos was equivalent
to wild-type, suggesting that loss of PCP in the skin does not cause widespread non-specific defects.
Scale bar, 50 pm.

142



4.5. DISCUSSION

4.3 Discussion

Cell intercalation is a paradox of sorts in that it requires cells to be connected enough to
form a coherent tissue but loose enough to permit small relative movements whose sum
leads to substantial tissue elongation. Epithelial tissues solve this by directing the remodeling
of specific apical junctions while remaining connected (Section 1.4.3), while more loosely-
connected mesodermal tissues appear to carefully tune levels of cell—cell adhesion through
integrin signaling and to intercalate by polarizing their protrusive activity. Both mechanisms
are regulated by the non-canonical Wnt/PCP pathway in certain contexts by localizing Dsh
and compartmentalizing the activity of myosin II through ROCK, or actin polymerization
through Rac and Cdc42. This, in turn, orients cell junction shrinkage, protrusive activity,
or polarized ECM remodeling.

Both morphologically and in terms of its reliance on integrin-fibronectin adhesion, cell
intercalation in the eyelid front bears more resemblance to the mediolateral intercalations
of the dorsal mesoderm in Xenopus. Loss of fibronectin, a5 integrin, and myosin IIA in
the eyelid all result in eyelid closure defects without affecting the specification of front cells.
In all three cases, cells adopt a highly elongated, bipolar morphology and express markers
associated with the transition to a motile fate, including K17. Multiple lines of evidence
suggest that integrin-fibronectin adhesion is directly required for cell intercalation, perhaps
as a means for cells to gain traction on one another. Fibronectin expression is restricted
to the eyelid front and is the only ECM with which these cells have contact. There are no
signs of an organized basement membrane above or below the eyelid over which front cells
cells can migrate—they rest directly on the corneal epithelium. While the local secretion of
fibronectin could act as a signal to stimulate the transformation of cells in the surrounding
epidermis to a migratory fate, the lack of a specification defect in knockdown mice argues
against this. Similarly, loss of a5 integrin or myosin II is expected to affect cell motility with-
out disrupting the local signaling environment of the eyelid, and knockdown of a5 integrin

and fibronectin does not cause an obvious upregulation of E-cadherin. This argues against
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a secondary role for integrin adhesion in reducing cadherin expression and suggests that it

1s directly required for cell intercalation.

While the requirement of cadherin-based cell—cell adhesion in eyelid closure is appar-
ently complex, at minimum my studies argue that, fundamentally, the cell intercalation that
occurs 1s integrin- rather than cadherin-dependent. In contrast to convergent extension in
Xenopus, when E-cadherin 1s depleted in the skin, eyelid closure proceeds unaffected and
even shows signs of acceleration. However, this experiment relies on the redundancy of E-
and P-cadherin expression in the skin. Whereas both cadherins are expressed in the epi-
dermis, only E-cadherin is substantially expressed in the eyelid front, and thus knockdown
of E-cadherin is expected to reduce cell-cell adhesion in the eyelid without affecting the
integrity of the epidermis as a whole. Low levels of P-cadherin in the eyelid could neverthe-
less represent a highly dynamic pool of cadherins whose remodeling underlies the observed
cell intercalation. Diminishing P-cadherin in the skin by transgenic expression of a potent
shRNA, however, also does not affect eyelid closure, suggesting that neither E-cadherin nor
P-cadherin alone is necessary. Depletion of both cadherins does cause an eyelid closure de-
fect, but at the same time results in a loss of epidermal integrity. The eyelid closure defect in
this case 1s less severe than that observed for the knockdown of fibronectin, a5 integrin, or
myosin II, suggesting that cadherins are more important for their general role in maintaining

epithelial cohesion than a specific one in eyelid closure.

Of course, in order for the pulling forces generated by cell intercalation to be transmitted
to the eyelid, the front cells must be connected in some way to the surrounding epidermis.
It will therefore be important to address the potential redundancy of E- and P-cadherin by
using tools to specifically deplete them in the eyelid. Efforts are currently underway to gen-
erate a K17-Cre transgenic mouse line, which can be combined with Ecad™”; PcadRNA: mice
to achieve the specific loss of both cadherins in the eyelid, although a lentiviral approach
using either LV-K17-Cre or LV-Pax6-Cre may also prove suitable. While it would be surpris-

ing to find that cadherins are not necessary in the eyelid, it is possible that front cells are
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primarily connected to the epidermis by desmosomes or strictly through integrin adhesion.
Indeed, even when both E- and P-cadherin are depleted from the skin, desmosomes still
form in normal numbers and some degree of epithelial cohesion is achieved (Tinkle et al.,
2008). The loss of epidermal integrity appears to be the consequence of a combination of
factors, including loss of polarity, disorganization of cortical actin, and a disruption of the

keratin filament network leading to an overall loss of mechanical stability.

In the context of the eyelid, where a defining feature of front cells is the loss of apicobasal
polarity and acquisition of some mesenchymal properties, desmosomes may be more than
sufficient to tether them to the surrounding epidermis. It is also not altogether unreason-
able that the layers of epidermis on top of and behind the eyelid front attach by means of
integrins on their basal surface. In the skin, the epidermis is tightly connected to the dermis
through integrin-based adhesion. Many large-scale tissue deformations in development also
involve heterogeneous tissue interfaces—in gastrulation, the ectoderm and mesoderm are
tightly linked by a layer of ECM, and this is sufficient to allow them to converge and extend
together. A detailed analysis of cell adhesion in the eyelid by electron microscopy should
shed some light on these important details. Likewise, overexpression of E-cadherin in the
eyelid to increase cell—cell adhesion would shed light on whether cell-cell adhesion must be
maintained within certain levels to allow productive cell intercalation. Regardless of how
the front attaches to its surroundings, however, it is clear from the eyelid closure defect in
mice lacking both E- and P-cadherin that epidermal cohesion is required for the forces from

cell intercalation to be effectively transmitted to the eyelid.

The requirement of both canonical and non-canonical Wnt signaling for eyelid closure
raises a number of questions about their relative role. Downregulation of E-cadherin and up-
regulation of fibronectin are well-known consequences of canonical Wnt signaling (Jamora
et al., 2003; ten Berge et al., 2008), and the pathway is indeed active in the eyelid, particu-
larly at the junction where the front meets the surrounding epidermis. Previous studies have

also shown that inhibition or overactivation of Wnt signaling lead to eyelid closure defects,
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suggesting that it is carefully regulated both spatially and temporally in the region (Huang
et al., 2009). At present, it is unclear if Wnt signaling is necessary for stimulating the secre-
tion of fibronectin and reducing cell—cell adhesion, or whether these are consequences of
a more extensive transcriptional program regulating cell motility. Either way, Wnts likely
plays a role upstream of the cellular mechanisms physically driving eyelid closure. A partic-
ularly attractive hypothesis suggested by the observation of sporadic cell detachment from
the epidermis is that localized Wnt signaling mediates the gradual formation of the eyelid
front between E14.5 and E15.5. It should be possible to test this hypothesis in detail by
combining live imaging with inhibition of Wnt signaling prior to or during eyelid closure
by using a variety of conditional knockout mice (e.g. [-catenin, Tcf-3, or Lef-1) with an
inducible Cre line (K74-CreER or K14-rTTA/TRE-Cre) to control the timing of inhibition.
The availability of specific small molecule inhibitors of Wnt signaling could also prove useful

(Liu et al., 2013).

The role of Wnt/ 3-catenin signaling in Xenopus convergent extension and early devel-
opment in general is in line with the notion that its primary role is in mediating the up-
stream transcriptional changes that drive morphogenesis. Wnt signaling has an early role
in embryogenesis in establishing the organizer, a signaling center that controls cell fates and
initiates the large-scale cell movements of gastrulation (Kiecker and Niehrs, 2003). Many of
these events are triggered by downstream signaling through members of the TGF-3 super-
family, such as Nodal and Vgl (Varlet et al., 1997). In Xenopus convergent extension, Wnt
signaling is required primarily for activating Nodal signaling rather than directly modulating
cell—cell adhesion (Kihl et al., 2001). Interestingly, this was found to occur through Lef-1
rather than Tcf-3, similarly to a recent study of eyelid closure suggesting that the main role
of Wnt/ -catenin signaling is to inhibit Tecf-3’s repression of Lef-1 (Wu et al., 2012). The
evidence thus points to a role in specification separate from the pathways that control the

intercalary behavior of front cells.

Cell intercalation in epithelial and mesenchymal tissues is frequently controlled by the
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non-canonical Wnt/PCP pathway, and eyelid closure is no exception. Using lentiviral injec-
tion to achieve skin-specific knockdown of core PCP genes, I found that this pathway has a
specific role in eyelid closure. As the specification of front cells is intact, this suggests that PCP
regulates cell intercalation either directly or through organization of the fibronectin matrix.
Clues to its role come from studies of mediolateral intercalation in the Xenopus mesoderm
and neural tissues. Unlike the eyelid, Xenopus mesodermal cells migrate along an external
ECM, a fibronectin matrix assembled by cells of the blastocoel roof. It is thought that in-
tegrin adhesion to this polarized ECM suppresses protrusive activity along A—P surfaces,
orienting it mediolaterally and promoting intercalation along this axis. Inhibiting integrin-
fibronectin adhesion results in the randomization of protrusive activity and a failure of con-
vergent extension (Davidson et al., 2006). PCP is believed to play both an indirect role in
mediolateral intercalation by regulating the polarized assembly of fibronectin fibrils on the
blastocoel roof as well as a direct role in polarizing the protrusive activity of mesodermal
cells (Goto et al., 2005). In the case of fibrillogenesis, PCP signaling downstream of Wntl 1
is believed to increase cadherin-based adhesion and tissue surface tension in the blastocoel
roof through Rac and Pak, which is transmitted to integrin-fibronectin adhesions leading to
multimerization of fibronectin monomers (Dzamba et al., 2009). Polarization of protrusive
activity, on the other hand, is thought to function downstream of Dsh through Daam, Rho,

and ROCK (Seifert and Mlodzik, 2007).

In eyelid closure, PCP could be involved in either or both of these processes. It is unclear
to what extent the fibronectin matrix is organized in the eyelid front. Immunostaining of
eyelid whole-mounts did not reveal a clear fibrillar organization, but this will need to be sub-
stantiated further by improved fixation and imaging protocols and by electron microscopy.
However, whereas PCP controls fibronectin organization at least in part through a separate
cell type, the blastocoel roof, this is not the case in the eyelid. Overlying cells of the periderm
are not required for eyelid closure, and knockdown of fibronectin specifically in peridermal

cells does not affect the process. Thus, if the polarized organization of a fibronectin matrix
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1s required, it 1s intrinsic to front cells. In PCP mutants, although fibronectin is still present

at the front, it will be important to assess whether its organization is perturbed.

Complicating matters further is that PCP is known to regulate cell—cell adhesion through
cadherin recycling. In zebrafish, increased recycling actually increases adhesion (Ulrich
et al., 2005), but in other systems it could as easily lead to a decrease. Whether or not cad-
herins are necessary for cell intercalation in the eyelid, changes in adhesion and surface ten-
sion by PCP could modify the mechanical properties of the epidermis as a whole, affecting
its ability to be towed by the front. Given that the role of PCP is highly context-dependent,
deciphering its role will require carefully addressing each of these possible scenarios. Of par-
ticular importance will be an analysis of the dynamics of individual cells in both PCP and
integrin/fibronectin mutants. This will immediately clarify whether these interdependent

pathways regulate the orientation or frequency of cell protrusive activity.

The presence of tissue boundaries in development often regulates the extent of mediolat-
eral versus radial intercalation, leading to different amounts of tissue thickening or thinning
(Keller et al., 2008b). An intriguing possibility is that polarized fibronectin assembly in the
eyelid front maintains a careful balance of mediolateral and radial intercalation to generate
tissue compression and extension, enabling it to tow the surrounding epidermis. If PCP is
involved in polarizing fibronectin assembly in the eyelid, its loss could lead to excessive tis-
sue thickening at the expense of extension. This would result in a delay or failure to close
the eyelid, even if cell intercalation speed is unaffected. By combining an analysis of the
deformation of the front in 3D with measurements of intercalation speed and the frequency
and orientation of protrusions, it will be possible to distinguish between these possible roles
of PCP in eyelid closure. More importantly, with a basic understanding of eyelid closure in
terms of its cellular behaviors and the extent to which it relies on integrin- and cadherin-
mediated adhesion now in place, it will be possible to realize its full potential as a model
system by uncovering novel roles of canonical and non-canonical Wnt signaling in mam-

malian tissue morphogenesis.
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In total, my study of eyelid closure uncovers a novel mechanism of epithelial fusion in
which intercalating cells act as a source of circumferential tension to tow the surrounding
tissue (Figure 4.12). I propose that formation of the eyelid front is a process of stochastic
delamination between E14.5 and E15.5 mediated by localized Wnt/3-catenin signaling.
Upon entering the region, cells adopt an elongated, bipolar morphology and intercalate
perpendicularly to the axis of closure, in many ways resembling the convergent extension
movements of mesodermal tissues. This intercalation depends on a5 3; integrin/fibronectin
and myosin II-dependent cell movement, potentially organized by non-canonical Wnt/PCP
signaling and supported by a concomitant reduction in cadherins. As an example in which
cells derived from a differentiating epidermis become migratory and undergo cell intercala-
tions, eyelid closure becomes a paradigm for understanding how well-described mechanisms
of collective cell movement can be tailored and combined to achieve morphogenetic pro-

cesses in increasingly complex tissue environments.

4.4 Experimental procedures

4.4.1 Mouse lines

Myh9 M mice were purchased from EMMA (EM:02572). BATGAL mice were a gift from
S. Piccolo (University of Padua, Padua, Italy), Ecad " from R. Kemler (Max Planck Insti-
tute, Freiburg, Germany), Looptail (LPT/Le stock, Jackson Laboratories) from M.W. Kelley
(NIDCD, NIH, Rockville, MD), and Curcletail from R. Rachel (NCI, Frederick, MD). Gen-
eration of Fcad "; PeadRNAi was described previously (Tinkle et al., 2008). To generate
Lp/Lp or Cre/Cre mice expressing K14-H2B-GFP, I established Lp/+; K14-H2B-GFP/+ and

Cre/+; K14-H2B-GFP/+ lines and mated double heterozygotes prior to experiments.
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Formation of the eyelid front

Mouse embryo at E15.5

Centrosome, Par3/aPKC

Apicobasal
polarity

Localized Wnt
signaling

Y
@ Qq £~  Corneal epithelium

Cells enter the region of the eye from the epidermis, lose apicobasal polarity, and adopt an elongated,
bipolar morphology between E14 and E15.

Eyelid closure

Eyelid cells are derived from the epidermis Front cells intercalate, towing and stretching the

Localized Wnt ____ surrounding epidermis

signaling

Eyelid N -—

SN

Integrin-fibronectin dependent Local tissue compression tows Apposing eyelids remain
intercalation perpendicular to axis of surrounding epithelium fused until ~2 weeks after birth
closure

Figure 4.12: Proposed mechanism of eyelid closure. As the eye emerges and local (likely
Wnt) signals are transmitted, a population of epidermal cells in the eyelid downregulates E-cadherin,
upregulates fibronectin and a5 integrin, and acquire mesenchymal features (top). They produce an
elaborate actomyosin network and initiate intercalation movements, leading to localized compression
and extension and enabling them to exert a net force on the surrounding epidermis. This elongates
the epidermal cells within the sheet and pulls it over the eye (bottom). The process is regulated by the
PCP pathway, and appears to depend directly on a5 integrin/fibronectin rather than on cadherin-
based adhesion.
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4.4.2 Immunofluorescence

Immunostaining and imaging were performed as described earlier. Antibodies were used at
the following dilutions: Celsrl (guinea pig, 1:200, Fuchs lab), E-cadherin (rat, 1:500 sections,
1:50 whole-mount, Fuchs lab), P-cadherin (goat, 1:1000, Zymed), $-glactosidase (rabbit,
1:5000, Cappel), and GFP (chicken, 1:2000, Abcam).

4.4.3 Lentiviral constructs

All shRNAs were obtained from the Broad Institute’s Mission TRC-1 mouse library (Moffat
et al., 2006). shRNAs were screened for knockdown efficiency in cultured keratinocytes by
quantification of mRNA levels by RT-PCR. The best-performing hairpins were cloned into
a pLKO.1 vector expressing H2B-RFP downstream of the PGK promoter using BamHI and
Nsiu sites (Beronja et al., 2010). Eyelid closure defects were confirmed using two different
hairpins per gene.

Construction of the LV-TOPGFP Wnt reporter was described previously (Beronja et al.,
2013). The LV-K17-Cre construct was created by PCR by amplifying the mouse K17 pro-
moter from a K17-GFP construct provided by Pierre Coulombe and cloning it into the
lab’s LV-Cre plasmid in place of the PGK promoter using Sac/I and BamHI sites. An iden-
tical strategy was used for generating LV-Pax6-Cre, except that the Pax6 promoter (the 64
bp upstream of exon 1) and the conserved 341 bp upstream enhancer were amplified from
genomic DNA. All plasmids were sequenced prior to large-scale lentiviral production and
injection into mice. The primer sequences used were as follows:

Pax6-Enhancer-F: 5’-CCGGCCGCGGGGTTACACCAGAAGCACCC-3’

Pax6-PO-R: ’-GGATCCGCTCCGGCAGGCGCTAACTTTCCTTAATATCCACGCCAGCAAT-
GCCCTCATTGGTTGCCGGGCG-AGTAAGAAGTTCTGCCGAAC-3
K17-F: 5-CCGGCCGCGGGAATTCATCATTTGTCCTGTCAT-3

K17-R: 5’-CCGGGGATCCGGAGCTGGAGGGCTTGGGAGG-3
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The target sequences for shRNAs used were as follows:
Scramble shRNA: 5’-CCTAAGGTTAAGTCGCCCTCG-3
Fni-8108: GGCTAGAAATACCTTTCTCTT-3
Fn1-5056: GCCAGTTTCCATCAATTATAA-3
liga5-2548: CCTCAGCAAGAACCTGAACAA-3
Itga5-1402: GCAAGATGAGTTCAGCCGATT-3
Myh9-504: CGGTAAATTCATTCGTATCAA-3
Myh9-507: GCGATACTACTCAGGGCTTAT-3
Ttgav-3559: CGTGTGTTCTTAGGGACTTAA-3’
Ttgh1-5363: GCACGATGTGATGATTTAGAA-3
Ecad-2378: CGGGACAATGTGTATTACTAT-3’

Ecad-1957: GGCTCATATCATCACCATCTT-3

4.4.4 Statistical analysis

All statistical analyses were performed as described in Chapter 2.
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Chapter 5

Summary and Perspectives

Processes of cell movement underlie all tissue morphogenesis in development, homeostasis,
and disease. These processes have fascinated biologists since cells were first observed under
microscopes, and for more than a hundred years, we have been piecing together the puzzle
of how cells of the early embryo give rise to the incredible diversity of tissues that make up
an organism. This study has spanned multiple size regimes. We now not only understand
the mechanics of how individual cells adhere to their surroundings and propel themselves
forward, but how groups of cells interconnect, adjust their mechanical properties, and form
discrete domains within an organism. Even more, we understand in great detail not only
which cells of the early embryo give rise to which tissues in development, but the signaling
pathways that drive the process (Solnica-Krezel, 2005). This has uncovered an intimate link
between cell movement and cell fate. In many ways, tissue formation is simply a process in
which cells are signaled to move away from other cells. Likewise, once formed, tissues are
characterized by the extent to which their constituent cells are motile or adherent. Even
the epithelial tissues that line the internal cavities and the outside of our bodies, providing a
barrier and regulating the exchange of nutrients and chemicals with the environment, retain
a remarkable capacity to mobilize their cells into adulthood (Martin, 1997). Without this,
we would be unable to heal wounds or regenerate our tissues in response to internal and
external stresses. And of course, aberrant or misregulated cell movement is the hallmark of

many of the most devastating diseases of our generation, including metastatic cancer (Sahai,
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2005). The study of cell movement is thus fundamental not only to our understanding of

development, but also to basic processes relevant to human health and disease.

To carry out the vast demands placed on them, cells must coordinate their behaviors
and migrate collectively. Such movements are both intricate and incredibly varied, and
thus research into cell movement will continue well into the future. By studying cell move-
ments in model morphogenetic processes, we can gain insight into the diversity of cellular
behaviors that contribute to the shaping of embryos and organs, and to tissue homeostasis
and disease. Elegant studies in model organisms including flies, fish, and mice have some-
what surprisingly revealed that a small number of evolutionarily conserved behaviors that
differ only in details of execution underlies this diversity, both in different contexts within an
organism and across species. Among them are convergent extension movements, in which
cell intercalation drives the narrowing of a tissue along one axis and elongation along an-
other; epithelial fusions, in which epithelial cells often assemble a contractile actomyosin
purse string to squeeze a gap or wound closed; and variations of directed cell migration, in

which individual or groups of cells coordinate their migration toward a signal (Section 1.4).

The study of such behaviors in model morphogenetic processes, such as dorsal closure
and germband extension in Drosophila, convergent extension in the Xenopus dorsal meso-
derm, and neural tube closure in mice has yielded enormous insight into the cellular and
molecular mechanisms that drive them. Live imaging of gastrulation movements in frog,
fish, and mouse embryos is now common practice, and every day we understand the de-
tails of their regulation in finer detail. A key challenge is to now understand to what extent
these mechanisms operate outside of early development in processes of organogenesis, tis-
sue homeostasis and repair, and the etiology of disease. Although we are only beginning
to understand how different modes of collective migration are combined and tailored to
achieve diverse morphogenetic tasks throughout the life of an organism, we continue to ex-
pand our knowledge through advances in imaging modalities, methods to maintain embryos

and organs ex vwo, and techniques to visualize cells within adult animals. The picture that is
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emerging is that no single mode of cell movement characterizes tissue morphogenesis in the
increasingly complex tissue environments of late development and adulthood. Branching
morphogenesis in the Drosophila trachea or mouse mammary gland, for example, integrates
aspects of both cell intercalation and the specification of leader and follower cells character-
istic of epithelial sheet movement (Lu and Werb, 2008). Live imaging of cancer cells within
tumors in recent years has similarly revealed that cells invade adjacent tissues not as indi-
vidual cells, but as sheets or strands (Friedl et al., 2012). Understanding the variations on
conserved mechanisms of collective movement at play outside of early development is thus

vital to understanding principles of morphogenesis in complex systems.

5.1 Eyelid closure as a model system

As a model system, eyelid closure is unique in that it is a process of epithelial fusion involv-
ing a differentiating epidermis, and that it occurs late in mammalian development. It thus
has perhaps the most potential in providing insights applicable to human diseases involving
aberrant or misregulated migration. The intercalation of eyelid front cells 1s, in a way, rem-
iniscent of mesodermal tissues, raising the possibility that cells within a differentiating tissue
can be induced to adopt modes of collective migration characteristic of early development,
and that they can drive large-scale tissue movements. Eyelid closure is thus not only a con-
venient model of cell intercalation in a mammalian system, but a scenario in which basic,
highly conserved mechanisms of cell movement are re-purposed. My studies have in large
part only laid the groundwork, defining the basic players of the system and the extent of
their reliance on integrin- and cadherin-based adhesion. With live imaging techniques and
lentiviral tools now in place, deciphering the pathways that control cell intercalation in this
system and uncovering novel regulators of collective migration should be well within reach.

Among the defining features of eyelid closure are a transformation of epidermal cells
to a motile fate, which involves the acquisition of a highly elongated, bipolar morphol-

ogy, a shift in integrin and keratin expression, and intercalation perpendicular to the axis
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of closure. Whereas the formation of the migratory eyelid front appears to be mediated
by Wnt/ 3-catenin signaling, cell intercalation itself appears to be controlled separately by
the non-canonical Wnt/PCP pathway. This may represent a general strategy of collective
movement in late development and adulthood, as differentiating tissues such as the skin
must simultaneously maintain a stable epidermal barrier and mobilize cells to heal wounds
or regenerate epidermal structures. Specifying a small region of active cell migration or cell
intercalation enables substantial, directional tissue movement without altering the properties

of the majority of cells.

In addition to eyelid closure, such a mechanism appears to be at play in embryonic
wound healing, recently shown to require PCP (Caddy et al., 2010). However, in this sce-
nario, it 1s unclear if PCP mediates the formation of a contractile actomyosin cable, as ob-
served in the chick wing bud, polarization of keratinocytes at the leading edge, shown to be
regulated by PCP in tissue culture (Caddy et al., 2010; Dow et al., 2007), or cell intercalation.
Similarly, wound healing in adult skin is thought to occur by the crawling of keratinocytes
over an interstitial ECM and contraction of the wound bed (Martin, 1997), a process in
which canonical Wnts are known to be important but in which the role of PCP has not yet
been explored. Thus, to what extent a combination of canonical and non-canonical Wnt
signaling is involved in specifying an active tissue region to achieve a morphogenetic task is
ripe for future study both in the eyelid and in other systems. It will be particularly interest-
ing to learn whether cell intercalation is involved in other processes, as it may represent an
under-appreciated mechanism of epithelial sheet movement and fusion. In some scenarios,
specifying a region of active cell intercalation may be preferable to a contractile actomyosin
cable or directed migration, as it potentially allows a fine-tuning of tissue compression and

extension, enabling varying degrees of tissue pulling, spreading and thinning, or thickening;
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5.2 Cell intercalation in eyelid closure

The requirement of integrin—fibronectin adhesion in eyelid closure is intriguing not for its
role in cell intercalation per se, but for its necessity in a case of epithelial intercalation. Cell
intercalation is typically classified as being either epithelial, which involves the polarized,
myosin II-dependent remodeling of apical junctions, or mesodermal, which involves polar-
ized cell movements. Whereas the expectation is that epithelial cells depend predominantly
on cadherins and mesodermal cells on integrins, the situation is significantly more complex
than this. Mesodermal cells also require some degree of cadherin-based adhesion—either
too much or too little results in defective convergent extension—and it turns out the same
may be true of integrins and epithelial cells. Integrin- and cadherin-based adhesion are
also highly interdependent, sharing a number of effectors, including the Rho GTPases, and
links to the actin cytoskeleton, including vinculin and VASP (Harris and Tepass, 2010). In
some contexts, they are antagonistic, as in processes of EMT (Thiery et al., 2009), but in
other cases they appear to reinforce each other, likely by transmitting tension through the
cytoskeleton (Dzamba et al., 2009). It is thus not surprising that integrin and cadherin-based
adhesion cooperate in processes of cell intercalation.

In eyelid closure, this balance is heavily tilted in the direction of integrin adhesion. Al-
though cadherins are required insofar as they maintain epidermal cohesion, the process of
intercalation itself appears to rely directly on a5 integrin and fibronectin, perhaps as a means
for cells to gain traction on one another. This i1s somewhat surprising, because although they
acquire some “mesenchymal” features and intercalate in the manner of mesodermal cells,
eyelid front cells are nevertheless epidermal. This suggests that, regardless of cell type, there
1s some plasticity in the mode of cell intercalation employed. Indeed, a somewhat less appre-
ciated mode of cell intercalation that occurs in the dorsal epidermis of C. elegans and in the
notochord of ascidians and fish, which in these organisms is epithelial, involves basolateral
protrusive activity leading to the wedging of cells between each other (Heid et al., 2001). In

this scenario, protrusive activity likely represents a dynamic remodeling of cell-cell junctions
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rather than a process of cell migration, similar to what occurs in the early stages of adherens
junction formation (Vasioukhin et al., 2000). Thus, the directed actin polymerization that in
some contexts leads to the zippering of cell membranes and the formation of stable junctions

may mediate cell intercalation situations where cell—cell adhesion is fundamentally weaker.

Recent studies in Xenopus and mice further suggest that epithelial and mesodermal modes
of cell intercalation are not mutually exclusive. In the Xenopus mesoderm, it was discovered
that PCP can direct the myosin II-dependent remodeling of D—V-oriented junctions, driving
intercalation by a T'1 process as observed in the Drosophila germband (Shindo and Walling-
ford, 2014). This occurs concomitantly with mediolaterally-oriented protrusive activity, and
it 1s unclear to what extent either or both are necessary for convergent extension. Mouse
neural tube closure is similarly thought to involve a process of epithelial intercalation that
generates anisotropic tension in the neuroectoderm, both narrowing the tissue and bending
it to form a tube (Nishimura et al., 2012). However, a recent study documents both apical
junction remodeling and basolateral protrusive activity that can independently form mul-
ticellular rosettes (Williams, et. al., in press). These appear to contribute equally to neural
tube closure, suggesting that both cell protrusive activity and apical junction remodeling can
simultaneously play a role in cell intercalation. Just as integrin- and cadherin-based adhe-
sion can be thought of as manifestations of the same basic process, with the prevalence of one
over the other depending on context, it appears that the two modes of cell intercalation may
represent a common process and simply reflect differences in the local tissue environment

or physical properties of cells.

The reliance of cell intercalation in the eyelid on integrins over cadherins implies that
it 1s fundamentally a process of polarized motility, as originally proposed for mediolateral
intercalation in mesodermal tissues. Such a process could, in theory, utilize only integrin—
fibronectin adhesion. However, a detailed analysis of individual cell behaviors in the eyelid
remains to be performed. It will be interesting to see how PCP is involved and whether

it cooperates with integrin adhesion to orient cell protrusive activity, localizes myosin II to
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shrink specific cell junctions, or both. Eyelid closure may thus prove to be a useful model
not only for understanding how modes of collective movement are integrated to achieve a
complex morphogenetic process, but how the basic cellular behaviors underlying them are

regulated.

5.3 Beyond eyelid closure

Fully understanding a morphogenetic process requires probing the dynamics of cells at mul-
tiple levels of detail. Cell movement, proliferation, and shape change can all contribute in
various ways and at different times. Live imaging techniques and computational analyses
thus form a major part of the modern developmental biologist’s toolbox. For the analy-
sis of eyelid closure, I utilized a combination of H2B-GFP—expressing embryos to visualize
and track global cell movements, sparse-labeling of cells with membrane-targeted GFP by
lentiviral injection to visualize individual cell dynamics, and a combination of lentivirally-
expressed shRINAs and conditional knockout mice for loss-of-function studies. In combina-
tion with live imaging techniques and quantitative image analysis, this constitutes a powerful
set of tools that can easily be adapted to the study of any morphogenetic process in the skin.
In addition to establishing eyelid closure as a model of epithelial fusion in the mouse and
setting the stage for the future study of PCP in regulating cell intercalation, it is hoped that
the work presented here will facilitate the study of other dynamic processes in the skin, in-
cluding early hair follicle morphogenesis and asymmetric cell division in early epidermal
stratification.

One relatively unexplored aspect of eyelid closure 1s the full set of transcriptional changes
that accompany the transition of front cells to a motile fate. Although the process in general
falls within the realm of EMT, characterized by the upregulation of integrins and fibronectin
and downregulation of E-cadherin, classical markers such as vimentin are not obviously
present. It is possible that front cells undergo an EMT to carry out eyelid closure and an

MET subsequently to maintain a continuous epidermal seam, but more likely is that the
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CHAPTER 5. SUMMARY AND PERSPECTIVES

acquisition of motile properties by the skin takes a slightly different form. Transcriptional
profiling to better characterize this transition would be extremely informative in light of
the extensive data our lab has acquired about the downgrowth and cycling of hair follicles,
which have many features in common with eyelid front cells.

The genome-wide transcriptional profiling of even small numbers of cells is becoming
routine with low-input amplification methods. Our lab has had success performing Illumn-
ina sequencing starting with as little as 500 pg mRNA (from ~500 FACS purified cells). This
level of sensitivity would allow profiling cells both prior to eyelid closure to understand the
transcriptional changes required for formation of the eyelid front, and during eyelid closure
to understand those required for cell migration. This has enormous potential for uncovering
novel regulators not only of cell motility, collective migration, and intercalation, but path-
ways mediating the acquisition of motile or invasive properties. In this way, eyelid closure

could have relevance beyond the closing of eyelids and into the realm of human health.
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