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Abstract

1.

Convergent extension is a conserved mechanism for elongating tissues. In the Drosophila embryo,
convergent extension is driven by planar polarized cell intercalation and is a paradigm for
understanding the cellular, molecular, and biophysical mechanisms that establish tissue structure.
Studies of convergent extension in Drosophila have provided key insights into the force-generating
molecules that promote convergent extension in epithelial tissues, as well as the global systems

of spatial information that systematically organize these cell behaviors. A general framework

has emerged in which asymmetrically localized proteins involved in cytoskeletal tension and

cell adhesion direct oriented cell movements, and spatial signals provided by the Toll, Tartan,

and Teneurin receptor families break planar symmetry to establish and coordinate planar cell
polarity throughout the tissue. In this chapter, we describe the cellular, molecular, and biophysical
mechanisms that regulate cell intercalation in the Drosgphila embryo, and discuss how research
in this system has revealed conserved biological principles that control the organization of
multicellular tissues and animal body plans.

Convergent extension: A conserved mechanism for shaping epithelia

A conserved feature of animal development is the formation of a body axis that is elongated
from head to tail. This characteristic structure of the body plan is generated by dynamic

cell movements that cause the embryo to narrow along one axis and elongate along a
perpendicular axis, a process known as convergent extension. Convergent extension can
occur through a wide range of cell behaviors, including polarized cell divisions, stereotyped
changes in cell shape, and oriented cell movements. In particular, cell intercalation is an
essential mechanism for convergent extension during body axis elongation in frogs, fish,
flies, chicks, worms, and mice (Keller et al., 2000; Wallingford et al., 2002; Takeichi,

2014; Walck-Shannon and Hardin, 2014; Kong et al., 2017). First described in migratory
mesenchymal cells in the Xenopus embryo (Keller et al., 2000; Wallingford et al., 2002),

it is now appreciated that even highly adherent epithelial cells can dynamically remodel

to drive tissue elongation. Studies of convergent extension in Drosophila have uncovered
the force-generating machinery and tissue-wide spatial information systems that link axial
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patterning to polarized cell behavior. In this chapter, we describe the cellular, molecular,
and biophysical mechanisms that regulate epithelial cell intercalation in the Drosophila
germband, and we discuss outstanding questions in the field regarding the molecular basis
of planar symmetry breaking and how biochemical and biophysical processes converge to
control epithelial organization.

2. Cell rearrangements during convergent extension in the Drosophila

embryo

A premier model for studying convergent extension is elongation of the Drosophila
germband epithelium (Figure 1A). Pioneering mutagenesis screens carried out by Eric
Wieschaus and Christiane Nusslein-Volhard shed light on the upstream molecular cues
that pattern the germband and surrounding tissues (Nusslein-Volhard and Wieschaus,
1980; Wieschaus and Nusslein-Volhard, 2016). Since then, elegant studies by many labs
have revealed how networks of transcriptional enhancers and repressors generate complex
patterns of gene expression from relatively simple starting inputs. However, a major
challenge in the field has been to understand how these gene expression patterns induce
changes in cell shape and behavior to yield proper embryo morphology.

The germband ectoderm is a single-layered columnar epithelium on the ventrolateral surface
of the developing embryo (Figure 1A and D-F) that differentiates into a wide range of
tissues, including the nervous system, epidermis, airways, and imaginal discs. Several
characteristics make the germband ectoderm an attractive system for studying the cellular
basis of convergent extension, including 1) the relatively simple columnar organization of
the epithelium, 2) the absence of cell division during most of this process, and 3) the

ease with which cell behaviors can be visualized by microscopy. The Drosgphila germband
more than doubles in length along the AP axis over the course of approximately 2 hours
(Figure 1A), with most of this elongation achieved during an initial, 30-minute fast phase.
Time-lapse epi-illumination movies of ectodermal cells demonstrated that the fast phase of
elongation occurs primarily through cell intercalation, in which cell movements oriented
along the dorsal-ventral (DV) axis drive tissue elongation along the anterior-posterior (AP)
axis (Irvine and Wieschaus, 1994). Importantly, mutations that eliminate mesodermal cell
fates do not alter the rate or extent of elongation, indicating that axis elongation is driven
solely by cell behaviors in the ectoderm (Irvine and Wieschaus, 1994).

Direct visualization of cell shapes during germband extension using fluorescent markers
revealed several unexpected cell behaviors. Unlike mesenchymal cells, which intercalate
largely by crawling on neighboring cells using spatially regulated protrusions (see chapters
“Convergent extension in the amphibian, Xenopus laevis” by Keller and Sutherland;
“Cellular and molecular mechanisms of convergence and extension in zebrafish” by
Williams and Solnica-Krezel), intercalating epithelial cells in the germband rearrange

by remodeling cell-cell junctions in a spatially regulated manner (Figure 1B and C).
Cell-cell interfaces oriented perpendicular to the direction of tissue elongation (vertical
interfaces) contract to form four-cell vertices, which resolve to produce a new cell-cell
interface oriented parallel to the AP axis (horizontal interfaces) (Bertet et al., 2004) (Figure
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1B). During each rearrangement, a pair of adjacent cells along the AP axis becomes
separated, and two cells that were previously separated come into contact. These local cell
rearrangements are referred to as neighbor exchange events or T1 processes, following the
convention first introduced for two-dimensional foams (Weaire and Rivier, 1984).

Early models proposed that simple T1 processes within an ordered, hexagonal cell array are
sufficient to account for tissue elongation (Bertet et al., 2004). However, it is now known
that germband cells are not strictly hexagonal and display more complex behaviors (Zallen
and Zallen, 2004). In particular, germband cells assemble into multicellular rosette structures
that form and resolve directionally and are necessary for tissue elongation (Blankenship

et al., 2006). During rosette formation, connected vertical interfaces contract to bring five

or more cells into contact at a single point or vertex. This vertex then resolves in the
perpendicular direction, transforming two columns of cells into two rows of cells (Figure
1C) (Blankenship et al., 2006). Mutants that assemble fewer rosettes, with no change in the
number of T1 processes, display significantly reduced elongation, demonstrating that rosette
behaviors are required for convergent extension (Tamada et al., 2012). Since the discovery
of the rosette mechanism in Drosophila, rosette-based intercalation has now been shown

to be a general mechanism for convergent extension in flies, worms, chicks, frogs, and

mice (Nishimura and Takeichi, 2008; Chacon-Heszele et al., 2012; Lienkamp et al., 2012;
Williams et al., 2014; Lau et al., 2015; McGreevy et al., 2015; Rozbicki et al., 2015; Shah et
al., 2017; Sun et al., 2017).

3. The molecular basis of epithelial cell intercalation

Intercalary behaviors must ultimately be propelled by proteins that are asymmetrically
localized within the plane of the tissue, a property known as planar cell polarity, but

the molecular nature of these asymmetries has long been mysterious. Key findings in the
Drosophila germband demonstrate that cell intercalation is driven by a conserved set of
planar polarized cytoskeletal and junctional proteins that modulate cortical tension and cell
adhesion in distinct cellular domains (Figure 2), directly linking cellular force-generating
machineries to polarized cell behavior.

The contractile domain of intercalating cells is established by the localized recruitment of
nonmuscle myosin 11 (referred to here as myosin), a motor protein that binds to, crosslinks,
and translocates along actin filaments (Bertet et al., 2004; Zallen and Wieschaus, 2004).

In addition, a complementary adhesive domain is defined by Par-3, a PDZ protein that
associates with and stabilizes adherens junctions (Zallen and Wieschaus, 2004; Simdes et
al., 2010). The loss of either protein leads to severe defects in axis elongation, demonstrating
that these molecules are essential for polarized cell behavior (Bertet et al., 2004; Zallen

and Wieschaus, 2004; Simd@es et al., 2010). Subsequent studies revealed that these patterns
reflect a general segregation of the contractile and adhesive machinery within cells (Figure
2), as actin filaments colocalize with myosin at vertical interfaces (Blankenship et al., 2006),
and the adherens junction proteins E-cadherin, a.-catenin, and B-catenin are enriched at
horizontal interfaces (Blankenship et al., 2006; Simoes et al., 2010; Levayer et al., 2011,
Tamada et al., 2012; Levayer and Lecuit, 2013; Warrington et al., 2013). These results
suggest a model in which cell intercalation is driven by complementary cellular domains
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specialized for contraction or adhesion, a molecular framework that has now been shown to
be generalizable to many epithelial contexts.

The proof that planar polarized actomyosin contractility is necessary for cell intercalation
came from the use of laser ablation methods to analyze cortical tension (Hutson et al.,
2003; Farhadifar et al., 2007). Biophysical studies using this approach revealed that vertical
interfaces are under higher tension than horizontal interfaces, proving that planar polarized
myosin localization translates into planar polarized contractile forces (Rauzi et al., 2008;
Fernandez-Gonzalez et al., 2009). Since its discovery in Drosophila, planar polarized
actomyaosin contractility is now recognized to drive convergent extension in many tissues,
including the chick and mouse neural plate (Nishimura and Takeichi, 2008; Nishimura et
al., 2012; Williams et al., 2014), the mouse cochlea and limb bud (Chacon-Heszele et al.,
2012; Lau et al., 2015), the mouse and frog kidney (Lienkamp et al., 2012), the Xenopus
and zebrafish notochord (Shindo and Wallingford, 2014; Williams et al., 2018), the chick
primitive streak (Rozbicki et al., 2015), and the C. e/egans nervous system (Shah et al.,
2017).

The critical role of actomyaosin contractility in driving cell intercalation raises the question
of how planar polarized patterns of myosin localization and activity are established in

the tissue. The complementary distributions of contractile and adhesive proteins in the
germband are generated by a single serine-threonine protein kinase, Rho-kinase, which

is asymmetrically localized to vertical interfaces and is essential for intercalary behavior
(Simdes et al., 2010). Rho-kinase regulates planar polarity in two ways. First, Rho-kinase
phosphorylates the myosin regulatory light chain, enhancing myosin localization and
activity at vertical edges (Simdes et al., 2010; Kasza et al., 2014). In addition, Rho-kinase
phosphorylates Par-3 and inhibits Par-3 association with the cell cortex at vertical edges
(Simdes et al., 2010), likely by preventing its interaction with phosphoinositide membrane
lipids (Krahn et al., 2010). Par-3 in turn enhances cell-cell adhesion at horizontal interfaces
(Simdes et al., 2010). Thus, Rho-kinase is a critical regulator of planar polarity that has
direct, opposing effects on contraction and adhesion at vertical interfaces.

The upstream signals that regulate Rho-kinase localization during cell intercalation are less
well understood, but evidence points to an essential role for the small GTPase Rho, a
conserved activator of Rho-kinase activity and actomyosin contraction in many contexts
(Jaffe and Hall, 2005). The effects of Rho are difficult to test genetically, due to its
pleiotropic requirements in many aspects of embryogenesis, but dominant-negative Rho
abolishes planar polarity in the germband (Simdes et al., 2014) and activity probes designed
to detect active Rho are enriched at contracting cell interfaces during germband elongation
(Simdes et al., 2014; Munjal et al., 2015; Garcia De Las Bayonas et al., 2019). Elucidating
the upstream mechanisms that direct localized Rho-kinase activity to establish planar cell
polarity in the germband remains an important question in the field.

Several other mechanisms contribute to the planar polarized distribution of adhesion
complexes during cell intercalation. The Abl tyrosine kinase localizes to vertical interfaces
and enhances junctional turnover by phosphorylating p-catenin (Tamada et al., 2012). Proper
localization of E-cadherin requires the glucosyltransferase Xiantuan (Zhang et al., 2014).

Curr Top Dev Biol. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pare and Zallen

Page 5

Finally, components of the membrane trafficking machinery, including clathrin and dynamin
(Levayer et al., 2011), and the Rab GTPase Rab35 (Jewett et al., 2017), promote the
localized endocytosis of membrane and adherens junction complexes at vertical edges,
resulting in edge shortening and cell separation.

Once planar polarized contraction and adhesion are established, positive and negative
interactions dynamically reinforce planar polarity. For example, the F-actin-binding protein
Shroom is required to maintain Rho-kinase planar polarity at later stages of intercalation
(Simdes et al., 2014), and Par-3 is required for the planar polarized localization of myosin
(Simdes et al., 2010). In addition, dynamic myosin flows along the medial (apical) cell
cortex are oriented by fluctuations in E-cadherin levels (Levayer and Lecuit, 2013) and are
associated with changes in apical cell area (Fernandez-Gonzalez and Zallen, 2011; Sawyer
etal., 2011), edge contraction (Rauzi et al., 2010; Levayer and Lecuit, 2013; Munjal et

al., 2015), and new edge formation (Collinet et al., 2015; Yu and Fernandez-Gonzalez,
2016). Finally, cells that undergo changes in angular orientation as they rearrange can
reorganize Par-3 and myosin polarity to match their new orientation, revealing that planar
polarity mechanisms display an unexpected plasticity (Farrell et al., 2017). In addition,
vertex sliding (Vanderleest et al., 2018) and basolateral cellular protrusions (Sun et al., 2017)
also contribute to intercalation and may be controlled by distinct molecular mechanisms.
How these diverse cell biological processes are dynamically and coordinately controlled to
establish and maintain planar polarized behaviors in the apical and basal domains of the cell
is an important area for future study.

4. Biophysical control of epithelial cell intercalation

Epithelial cells are connected by adherens junctions that facilitate the transmission of
mechanical forces from cell to cell. Therefore, a unique feature of cell intercalation in
epithelia is that actomyosin forces generated in one cell can propagate to neighboring cells
and influence their behavior. Indeed, laser ablation studies demonstrate that germband cells
can respond to physical changes that occur several cell diameters away (Fernandez-Gonzalez
etal., 2009; Wang et al., 2017), and genetic and biophysical experiments show that cells
respond to mechanical forces generated in neighboring tissues (Collinet et al., 2015; Lye

et al., 2015). An emerging picture is that physical forces provide an additional tier of
mechanical regulation that influences cell behavior during intercalation.

Myosin dynamics are sensitive to mechanical forces in single cells (Effler et al., 2006) and
multicellular epithelia (Fernandez-Gonzalez et al., 2009; Pouille et al., 2009). During cell
intercalation, cortical myosin turnover is selectively decreased in regions of high tension,
resulting in the localized stabilization and accumulation of myosin (Fernandez-Gonzalez
et al., 2009). Moreover, an applied force can recruit myosin to the cortex within tens of
seconds (Fernandez-Gonzalez et al., 2009). These results demonstrate a positive feedback
loop in which myosin generates cortical tension, which in turn recruits and stabilizes more
myosin at the cortex. This mechanical feedback loop provides a mechanism by which
tension from neighboring cells influences myosin contractility in a non-cell-autonomous
manner, contributing to the formation of supracellular myosin cables that contract to form
rosettes (Blankenship et al., 2006; Fernandez-Gonzalez et al., 2009).

Curr Top Dev Biol. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pare and Zallen

Page 6

In contrast to the planar polarized contractile structures that mediate cell interface
contraction during intercalation, the mechanisms that control the direction of vertex
resolution to promote productive cell rearrangement are less well understood. Pulsatile
myosin flows along the medial cell surface are often observed in epithelial cells (Martin et
al., 2009), and during cell intercalation, these flows are biased along the AP axis (Rauzi

et al., 2010; Levayer and Lecuit, 2013). It has been proposed that medial myosin flows
create local, nonautonomous AP-oriented pulling forces that influence the rate and direction
of new interface formation (Collinet et al., 2015; Lan et al., 2015; Yu and Fernandez-
Gonzalez, 2016). Consistent with this possibility, regulated actomyosin activity is necessary
for directional vertex resolution (Kasza et al., 2014; Yu and Fernandez-Gonzalez, 2016),
and laser ablation experiments demonstrate that nonautonomous forces can influence the
orientation of new interface formation (Collinet et al., 2015; Yu and Fernandez-Gonzalez,
2016). These results raise the intriguing possibility that myosin-dependent mechanical forces
directly regulate multiple steps of cell intercalation.

In addition to the transmission of mechanical forces between germband cells, forces that

are transmitted between tissues can also influence cell intercalation. Notably, invagination of
the posterior midgut induces a strong pulling force in the direction of tissue extension that
contributes to elongation (Collinet et al., 2015; Lye et al., 2015), and mesoderm invagination
imparts an orthogonal pulling force that causes transient cell-shape deformations (Butler et
al., 2009; Farrell et al., 2017). Conversely, forces generated in the germband can affect cell
behaviors in surrounding tissues, such as the anisotropic apical constriction of cells in the
mesoderm (Martin et al., 2010) and the orientation of cell divisions in the mesectoderm
(Wang et al., 2017). The ability to independently modulate forces in distinct tissues using
genetic patterning mutations and laser ablation makes the Drosophilaembryo a particularly
attractive model for addressing the biomechanical relationships between cells and tissues /n
Vivo.

5. Breaking planar symmetry

Despite significant strides in understanding the cellular, molecular, and biophysical
processes that drive cell intercalation, the spatial cues that orient and coordinate planar
polarity across the hundreds of cells of the germband had long been elusive. An important
clue came from the discovery that germband extension requires inputs from the AP-
patterning system (Irvine and Wieschaus, 1994). In particular, mutants lacking transcription
factors encoded by gap or pair-rule genes exhibit a strong reduction in cell intercalation

in discrete regions where these factors are normally present (Irvine and Wieschaus, 1994).
By contrast, embryos with mutations that disrupt DV patterning, segment polarity genes
(e.g., Wingless), or classical planar cell polarity signaling (Frizzled/Van Gogh) undergo
robust cell intercalation and convergent extension (Irvine and Wieschaus, 1994, Zallen and
Wieschaus, 2004). In addition, local differences in the expression of the pair-rule genes eve
and runt are necessary and sufficient for planar cell polarity (Zallen and Wieschaus, 2004).
These results indicate that striped patterns of gene expression along the AP axis orient cell
intercalation (Wieschaus et al., 1991). However, it was two decades before the targets of the
AP patterning system that break planar symmetry and align cell polarity with the body axes
were identified.
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Studies of striped proteins in the germband, combined with genome engineering approaches
to knock out multiple genes simultaneously, revealed that two independent cell-surface
receptor systems act downstream of the pair-rule genes to direct planar polarity (Figure

3) (Paré et al., 2014, 2019). The first system consists of three members of the Toll
receptor family, Toll-2, Toll-6, and Toll-8, that direct actomyosin and adherens junction
polarity and cell intercalation throughout the germband (Paré et al., 2014). The second
system, involving the leucine-rich repeat (LRR) receptor Tartan and the teneurin Ten-m,
controls planar polarity specifically at compartment (parasegment) boundaries (Paré et al.,
2019). The discovery of these two systems has yielded a surprisingly complex answer to
how patterned gene expression organizes cell behavior during convergent extension in the
Drosophila germband.

6. Toll receptors direct planar polarity and cell intercalation

The discovery that Toll-2, Toll-6, and Toll-8 are required for planar polarity and

intercalary behavior during germband extension revealed the long-sought link between

the transcriptional events that pattern the AP axis of the embryo and the morphogenetic
processes that convert this pattern into changes in tissue structure. The absence of all three
Toll-related receptors causes strong defects in planar polarity, cell intercalation, and axis
elongation (Paré et al., 2014). This new morphogenetic role for Toll receptors in convergent
extension was subsequently shown to be conserved in other arthropods (Benton et al., 2016).
Toll family receptors are transmembrane proteins that contain extracellular LRRs and an
intracellular TIR (Toll/interleukin-1 receptor) domain that signals to downstream effectors
(Figure 3A). The founding member of this family, Toll, was originally discovered as a
critical component of the DV patterning system in Drosophila (Anderson et al., 1985a;
Anderson et al., 1985b; Hashimoto et al., 1998). This receptor family was subsequently
shown to be essential for innate immunity in Drosophila and vertebrates (Anderson, 2000).
The roles of Drosophila Toll and vertebrate Toll-like receptors in innate immunity have
been the subject of intense study (Leulier and Lemaitre, 2008; Kawasaki and Kawai, 2014),
but developmental roles of Toll family receptors, beyond DV patterning, have received
comparably less attention.

Toll-2, Toll-6, and Toll-8 are expressed in non-uniform patterns in the germband, placing
them in a position to act as the cellular symmetry-breaking molecules that organize planar
cell polarity. The Drosgphila germband is transcriptionally subdivided into a series of
repeating, double-parasegment units along the AP axis that each span approximately eight
columns of cells (Figure 3D) (Akam, 1987; Clark, 2017). 7o/l-2, Toll-6, and Tol/-8are
expressed in distinct patterns within this double-parasegment unit (Figure 3B,E) under the
control of pair-rule genes (Chiang and Beachy, 1994; Eldon et al., 1994; Paré et al., 2014;
Graham et al., 2019). 7o//-2is expressed in alternating major and minor stripes, whereas
Toll-8is expressed in fewer, broader stripes. 70//-6 has the most complex pattern, largely
overlapping with Toll-8 but with differing regions of low and high expression. Thus, every
column of cells within each double-parasegment unit has a distinct complement of Toll
receptor types and expression levels (Paré et al., 2014; Paré et al., 2019). Notably, the

loss of one or two Toll receptors disrupts planar polarity in different regions of the double-
parasegment unit, and ectopic stripes of Toll receptor expression are sufficient to induce
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myosin planar polarity (Paré et al., 2014; Paré et al., 2019). These observations suggest that
the juxtaposition of cells that express different levels or combinations of Toll receptors is a
critical symmetry-breaking event in the establishment of planar polarity.

The expression of Toll receptors in striped patterns acts as a bridge between axial patterning
information and polarized cell behavior. However, the mechanisms that convert local
differences in receptor expression into planar polarity are not known. Here we consider

two classes of models that could explain how striped Toll receptor expression leads

to planar polarity, either through interactions between different types of Toll receptors
(heterotypic models) or independent Toll receptor functions (single-component models). In
a heterotypic activation model, trans interactions between different Toll receptors expressed
in neighboring columns of cells could activate Toll receptors and myosin contractility at
vertical cell interfaces (Figure 4A). In this model, Toll receptors serve as both ligand

and receptor, eliminating the requirement for other patterned activators. Consistent with a
heterotypic activation model, cells expressing Toll-2 interact heterotypically with cultured
Drosophila cells expressing Toll-6 or Toll-8 (Paré et al., 2014). However, the heterotypic
model does not explain why receptor activation does not occur at horizontal interfaces, as
most cells in the germband express multiple receptor types and the subcelullar localization
of Toll receptors has not been determined. In addition, there is a strong genetic argument
against the heterotypic model. Namely, if heterotypic interactions are required for receptor
activity, then a double mutant lacking two Toll receptors should be just as defective as a
triple-mutant embryo lacking all three. However, triple mutants are generally more defective
than double-mutant combinations (Paré et al., 2014). Thus, although heterotypic interactions
may play some role in Toll receptor signaling during convergent extension, they cannot be
strictly required for receptor function.

By contrast, single-component models propose that each Toll receptor type functions
independently of the others. Single-component models could work in a variety of ways. In a
homotypic inactivation model, inhibitory frans interactions between Toll receptors expressed
in the same stripe could downregulate Toll receptors at horizontal cell interfaces (Figure 4B).
Alternatively, in a homotypic activation model, activating #rans interactions between Toll
receptors in the same stripe could stabilize Toll receptors at horizontal cell interfaces (Figure
4C). In both models, Toll receptors would become planar polarized through homotypic
interactions, and would go on to promote planar polarity by influencing either actomyosin
contractility (Figure 4B) or cell adhesion (Figure 4C). Finally, in a partner-patterning model,
Toll receptors could pattern the localization or activity of a ubiquitous interaction partner,
causing it to become differentially localized in Toll-expressing and Toll-nonexpressing cells
(Figure 4D). Such a mechanism was recently demonstrated for Tartan and Ten-m in the
Drosophila germband extension (see below) (Paré et al., 2019). A significant advantage of
single-component models is that they do not require pre-patterned interaction partners to
trigger planar polarity. Instead, the capacity of Toll receptors to induce planar polarity is
inherent in their striped expression patterns. Although there is currently no direct evidence
for single-component models of Toll receptor activity, genetic evidence supports the idea

of independent receptor functions (Paré et al., 2014). Insight into where Toll receptors are
localized and active within cells will help to distinguish between these models.
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Toll receptors display complex and nonuniform expression patterns in a variety of tissues
throughout Drosophila development, including the embryonic head and germband (Chiang
and Beachy, 1994; Eldon et al., 1994; Kambris et al., 2002; Paré et al., 2014) and the

wing and leg imaginal discs (Kim et al., 2006; Yagi et al., 2010). These results raise the
possibility that Toll receptors could influence cell polarity and behavior in other tissues.
Consistent with their widespread expression, Toll receptor mutants have defects in the
structure and organization of Drosophila appendages (Eldon et al., 1994; Yagi et al., 2010),
follicle cells (Kleve et al., 2006), salivary glands (Kolesnikov and Beckendorf, 2007), and
nervous system (Ballard et al., 2014; Mcllroy et al., 2013; Ward et al., 2015; Foldi et al.,
2017). In addition to their roles in development, Toll is required for wound repair in the late
embryonic epidermis (Carvalho et al., 2014), and Toll-2, Toll-3, Toll-8, and Toll-9 regulate
cell competition in wing imaginal discs (Meyer et al., 2014). A better understanding of how
Toll receptors mediate cell polarity and behavior in the germband will provide insight into
their roles in diverse biological processes involving cell and tissue remodeling.

7. Regulation of planar polarity at compartment boundaries

Compartment boundaries are physical structures that delineate distinct domains within
epithelial sheets. Originally discovered in insects (Garcia-Bellido et al., 1973; Lawrence,
1973), compartment boundaries are now recognized to be important for tissue organization
in both vertebrates and invertebrates (Dahmann and Basler, 1999; Dahmann et al., 2011;
Batlle and Wilkinson, 2012; Fagotto, 2014). These boundaries not only prevent mixing
between different cell lineages, they also provide natural, defined locations that position
the source of diffusible morphogens (Lawrence and Struhl, 1996). As a consequence,
compartment boundaries have profound effects on cell identity and tissue architecture.
Compartment boundaries between parasegments in the germband are established early in
embryogenesis (Vincent and O’Farrell, 1992), and they act as barriers to cell crossing
throughout embryonic and larval development, as cells undergo dramatic displacements
resulting from epithelial remodeling and tissue growh (Landsberg et al., 2009; Monier et
al., 2010; Scarpa et al., 2018). While the transcriptional inputs that establish compartment
boundaries have been well-characterized, the cellular mechanisms that create physical
barriers between cell populations are less well understood.

Compartment boundaries act as barriers, at least in part, by locally increasing actomyaosin
contractility to create a contractile cable that resists cell crossing (Major and Irvine, 2005;
Major and Irvine, 2006; Landsberg et al., 2009; Monier et al., 2010; Aliee et al., 2012;
Umetsu et al., 2014; Tetley et al., 2016). Myosin is still enriched at compartment boundaries
in Toll-deficient embryos, indicating that other signals regulate boundary formation in this
tissue (Paré et al., 2019). A key insight into the mechanisms that establish compartment
boundaries was the discovery that the segmentally expressed LRR protein Tartan and its
binding partner Ten-m direct planar polarity specifically at compartment boundaries in the
germband (Figure 3A,C,F) (Paré et al., 2019). Tartan influences cell shape in Drosophila
epithelial tissues (Milan et al., 2001, 2005; Krause et al., 2006; Sakurai et al., 2007; Mao et
al., 2008) and neurons (Kurusu et al., 2008), and teneurins regulate neural development in
Drosophila (Hong et al., 2009; Mosca et al., 2012; Hong and Luo, 2014; Mosca, 2015;
Baumgartner and Wides, 2019) and vertebrates (Leamey et al., 2008; Dharmaratne et
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al., 2012; Antinucci et al., 2013; Berns et al., 2018). Drosophila embryos defective for
either Tartan or Ten-m display decreased myosin and increased Par-3 levels specifically

at compartment boundaries, whereas non-boundary regions are not affected (Paré et al.,
2019). These functions appear to involve direct receptor-receptor interactions, as Tartan and
Ten-m can interact /n frans when expressed in cultured cells /n vitro, and Tartan recruits
Ten-m protein to compartment boundaries, corresponding to the borders of the Tartan
stripes, /n vivo (Paré et al., 2019). Notably, either reducing Tartan or Ten-m expression or
overexpressing either protein ubiquitously disrupts cell alignment at boundaries, indicating
that local differences in Tartan and Ten-m are important for planar polarity and boundary
structure (Paré et al., 2019).

These results identify a novel receptor interaction that regulates planar polarity at
compartment boundaries during germband extension. Tartan is expressed in even
parasegments, providing a clear source of differences in Tartan activity at compartment
boundaries (Figure 3C,F) (Chang et al., 1993; Paré et al., 2019). By contrast, the Ten-

m protein appears to be present in all cells, raising the question of how Ten-m is
specifically enriched at compartment boundaries (Paré et al., 2019). Loss- and gain-of-
function experiments show that Tartan inhibits Ten-m membrane localization when these
proteins are present in the same cell (/in7 ¢/s), but stabilizes Ten-m when these proteins are
present in neighboring cells (/n trans). These dual interactions involving cis-inhibition and
trans-activation result in the enrichment of Ten-m at the borders of Tartan stripes (Figure
3C,F) (Paré et al., 2019), and may represent a general mechanism for patterning the activity
of uniformly expressed receptors (Figure 4D). Consistent with this possibility, there is
evidence for similar mechanisms regulating Notch signaling (del Alamo et al., 2011) and the
localized activities of proteins in the Frizzled/Dishevelled planar cell polarity (PCP) system
(Peng and Axelrod, 2012; Yang and Mlodzik, 2015).

Together, the Tartan/Ten-m and Toll receptor systems represent spatially overlapping yet
independent mechanisms for establishing planar polarity in distinct regions of the germband.
However, how these signals influence actomyosin organization and cell polarity is not
known. An intriguing idea is that the downstream effectors of Toll receptors may induce
dynamic contractile structures that promote cell intercalation, whereas the effectors of
Tartan and Ten-m may confer distinct contractile and adhesive properties at compartment
boundaries that allow them to serve as stable barriers to cell crossing.

8. Control of junctional and medial myosin by G protein-coupled receptors

Apical constriction in the mesoderm, like cell intercalation in the ectoderm, relies on
actomyosin contractility to produce spatially regulated and coordinated changes in cell
shape (Figure 5A,C,D) (Sweeton et al., 1991; Dawes-Hoang et al., 2005; Gorfinkiel

and Blanchard, 2011; Kasza and Zallen, 2011; Martin and Goldstein, 2014; Munjal and
Lecuit, 2014). Recent studies demonstrate that these two cell behaviors also share common
molecular regulators. In particular, signaling through distinct sets of upstream regulators in
the G protein-coupled receptor (GPCR) and RhoGEF protein families plays a critical role
in activating apical constriction in mesodermal cells and cell intercalation in the germband.
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These studies provide insight into how myosin activity is differentially activated in the
ectoderm and mesoderm to mediate distinct cell behaviors in these neighboring tissues.

In the mesoderm, apical constriction is induced by the ventral expression of specific factors
under the control of the DV-patterning system, including the secreted ligand Fog (Costa

et al., 1994), the transmembrane protein T48 (Kdlsch et al., 2007), and the GPCR Mist
(Manning et al., 2013). Fog binds to Mist (Manning et al., 2013), and perhaps to the
ubiquitously expressed GPCR Smog (Kerridge et al., 2016), leading to activation of the

Ga protein Concertina (Parks and Wieschaus, 1991). T48 and Concertina localize to and
activate RhoGEF2 at the apical cell cortex of mesodermal cells (Rogers et al., 2004;

Kdlsch et al., 2007), and RhoGEF?2 in turn activates Rho GTPase by converting the inactive
GDP-bound form to an active, GTP-bound form (Jaffe and Hall, 2005). Rho then activates
Rho-kinase to trigger myosin contractility in the medial cell cortex, a process referred to as
radial cell polarity (Mason et al., 2013; Martin and Goldstein, 2014). Myosin contractility
decreases the apical surface area of mesodermal cells in a pulsatile fashion through physical
linkages to the actin cytoskeleton and the cellular junctions, driving mesoderm invagination
(Martin et al., 2009) (see chapter “The cellular and molecular mechanisms that establish the
mechanics of Drosophila gastrulation” by Ko and Martin).

In the germband, actomyosin networks are organized into medial and junctional myosin
populations (Rauzi et al., 2010; Levayer and Lecuit, 2013). Both populations of myosin
are responsive to GPCR signaling, but they appear to be separately controlled by Ga

and RhoGEF2 in the medial domain and by GB13F/Gy1 and the RhoGEF Dp114/Cysts

at junctions (Figure 5B) (Kerridge et al., 2016; Garcia De Las Bayonas et al., 2019).
Disruption of RhoGEF2 or the Ga. protein Concertina selectively affects medial myosin,
without altering junctional myosin (Kerridge et al., 2016; Garcia De Las Bayonas et

al., 2019). By contrast, mutations affecting Smog and Dp114/Cysts specifically reduce
junctional myosin (Kerridge et al., 2016; Garcia de las Bayonas et al., 2019). Dp114/
Cysts specifically localizes to and enhances Rho GTPase activity at adherens junctions in
response to the apical polarity protein Crumbs (Silver et al., 2019), and GB13F/Gvy1 activity
(Garcia De Las Bayonas et al., 2019). Importantly, junctional Dp114/Cysts localization is
observed in the ectoderm, but not in the mesoderm, suggesting a mechanism for restricting
junctional myosin localization to the germband (Garcia De Las Bayonas et al., 2019).

The identification of an ectoderm-specific RhoGEF that promotes junctional myosin is

a significant step forward in understanding how distinct cell behaviors are differentially
activated in the ectoderm and mesoderm. It is interesting to speculate that cell intercalation
may only occur in regions where Dp114/Cysts-mediated junctional myosin recruitment
and Toll receptor-mediated planar polarity overlap. In this model, the ectoderm-specific
junctional localization of Dp114/Cysts would render cells competent to support junctional
myosin contractility, whereas patterned Toll receptors would be the triggering event that
activates planar polarized actomyosin contractility to induce cell intercalation. Whether Toll
receptors and GPCR signaling pathways function in parallel to mediate different aspects of
cell polarity, or if these pathways converge at a molecular level to regulate Rho GTPase
signaling, remains to be determined.
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9. Current questions and future challenges

Significant advances have been made in understanding the cell behaviors, mechanical forces,
and spatial cues that control convergent extension in epithelia. Four general principles of
epithelial remodeling have emerged. First, the molecular basis of planar polarity during
cell intercalation ultimately involves the spatially regulated localization and activities of
contractile and adhesive proteins. Second, mechanical forces transmitted between cells and
tissues provide important spatial inputs that modulate protein dynamics and cell behavior.
Third, biochemical and mechanical signals are actively integrated to promote collective
cell behaviors such as rosette assembly and boundary formation that profoundly influence
tissue structure. Finally, cell polarity is oriented to the body axes by a high-resolution
network of locally acting spatial cues that establish planar polarity, position compartment
boundaries, and restrict intercalary behavior to the ectoderm. Together, these spatial cues
provide the structural foundation for multicellular organization in the Drosophila embryo,
linking intrinsic cell polarities to tissue-scale organization.

Despite significant progress, much remains to be discovered. First, the discovery that
stripes of Toll receptor and Tartan expression are necessary for planar polarity suggest

that neighboring epithelial cells compute axial patterning information by interpreting local
differences in receptor levels. While heterotypic interactions between Tartan and Ten-m
provide a plausible mechanism for demarcating compartment boundaries, the molecular
logic of the Toll receptor code is less clear. Insight into how cells detect qualitative and
quantitative receptor differences in neighboring cells will provide fundamental insights into
how patterned gene expression is converted into tissue structure.

Second, although several cell-surface receptors that regulate planar polarity have now been
identified, the molecular connections between these upstream inputs and the downstream
effectors of polarity are not understood. Many receptors, in addition to the Toll receptor
and Tartan/Ten-m systems, have been shown to induce myosin accumulation at interfaces
between cells that express different levels or types of receptors (Bielmeier, 2016). The
signaling pathways that communicate to the actomyosin cytoskeleton downstream of these
diverse receptor families are not known. How molecularly distinct classes of receptors in
the germband all converge on actomyosin contractility, yet elicit different cell behaviors in
intercalating and boundary domains, will be a fascinating avenue of further investigation.

Finally, these studies of cells in dynamically reorganizing tissues reveal that mechanical
forces play important roles in controlling contractile dynamics and cell behavior. However,
the mechanosensors that detect these forces, as well as the downstream mechanotransduction
pathways that convert mechanical forces into biochemical changes in protein localization
and activity, largely remain to be discovered. A better understanding of how mechanical
forces and biochemical signals are integrated during convergent extension will provide
insight into how cell polarity and behavior are dynamic coordinated across multicellular
tissues to produce robust and stereotyped tissue structures.
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Figure 1. Cell rearrangements during Drosophila germband extension.
(A) Convergent extension in the germband ectoderm (gray) elongates the anterior-posterior

(AP) body axis. (B) T1 processes occur through the contraction of a single vertical cell
interface. (C) Multicellular rosettes form through the contraction of 2 interfaces (for a 5-cell
rosette), 3 interfaces (for a 6-cell rosette), or 4 or more interfaces (for rosettes containing 7
or more cells). (D) The germband ectoderm is a simple columnar epithelium. (E) An en face
view of showing one hexagonal cell and its neighbors. (F) Cross-sectional view showing
different cellular domains along the apical-basal axis.
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Figure 2. Planar polarity in the Drosophila germband.
(A) Vertical cell interfaces in the germband display increased localization or activity of

proteins involved in promoting cortical tension, adherens junction turnover, and endocytosis.
(B) Horizontal interfaces are enriched for proteins involved in cell adhesion. (C) Rho-kinase
activity at vertical interfaces directs multiple aspects of planar polarity.

Curr Top Dev Biol. Author manuscript; available in PMC 2021 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Pare and Zallen

Page 22

A Toll receptors Ten-m D double-parasegment unit
Tox-GHH 2 4 6 8

LRR
repeats YD repeats
Tartan
NHL repeats
EGF repeats
TIR E

domain Toll-2 | 1 8
ron-s |
nMIjjjﬂllﬂj:

even odd
F
tartan
Wm1$8@@l.ll

even ‘ odd

Figure 3. Receptor systems mediating planar polarity in the germband.
(A) Schematics of Toll receptors, Tartan, and Ten-m (not to scale). (B) 7o//-2, Toll-6,

and 7o//-8are expressed in staggered striped patterns in the germband. C) fartan (purple)
is expressed in stripes and Ten-m protein (green) is enriched at the stripe borders. (D)
The germband is organized into double-parasegment units, each made up of seven or
eight columns of cells. Even parasegments (cells 1-4), odd parasegments (cells 5-8).
Wingless-expressing cells are shown in gray. (E) Toll receptor expression within the
double-parasegment unit. (F) Tartan expression and Ten-m localization within the double-
parasegment unit. Ten-m is enriched at compartment boundaries and is absent from the
membrane in Tartan-positive cells.
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Figure 4. Modelsfor how striped Toll receptors generate planar polarity.
(A) In a heterotypic activation model, frans interactions between cells expressing different

Toll receptors (purple and orange) in adjacent stripes could stabilize Toll receptors at
vertical interfaces. (B) In a homotypic inactivation model, frans interactions between

cells expressing the same Toll receptor type could destabilize Toll receptors at horizontal
interfaces. (C) In a homotypic activation model, #rans interactions between cells expressing
the same Toll receptor type could stabilize receptors at horizontal interfaces. (D) In a
partner patterning model, a patterned Toll receptor (purple) and an unpatterned interaction
partner (green) could undergo inhibitory cis interactions and stabilizing #rans interactions,
promoting the enrichment of the partner at vertical interfaces along the Toll stripe border.
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Figure 5. Region-specific cell behaviorsin the Drosophila embryo.

(A) Embryo schematic showing the germband ectoderm (blue) and mesoderm (yellow).

(B) GPCR signaling through the Ga. alpha subunit and RhoGEF2 activates myasin in

the medial (apical) cellular domain. GPCR signaling through the Gp/G+y subunits and the
RhoGEF Dp114/Cysts recruits myosin to adherens junctions in the ectoderm to promote cell

intercalation. (C) Schematic of intercalating cells in the ectoderm. (D) Schematic of apically
constricting cells in the mesoderm.
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