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Abstract

In epithelial cells, establishment of apical-basal polarity and specification of distinct
membrane domains, such as cell-cell contacts, are fundamental processes during organogenesis. Polarised epithelial morphogenesis relies on a set of conserved polarity factors,
namely Cdc42-Par6-aPKC-Baz/Par3 (the Par complex) and Crumbs-Stardust-Patj (the
Crumbs complex). My work addresses how these two complexes cooperate in specifying
and developing the apical membrane and epithelial cell contacts. Within the Par complex, Par6 is an effector of the small GTPase Cdc42 and is thought of as a regulatory
unit for aPKC, which is the signalling component of the complex. My work indicates
that in epithelial cells, Par6 assumes a novel and essential role in coupling cortical
polarity with membrane delivery to drive epithelial morphogenesis. More specifically,
Par6 binding to Cdc42 directs the assembly of the Par complex and enables the apical
localisation of Par6-aPKC. In addition, Cdc42 enables apical retention of Par6-aPKC
through promoting Par6 binding to Crumbs, which defines the boundaries of epithelial
cell contacts. During this process, a link between the Par complex and the exocyst, couples polarity at the apical cortex with cargo delivery, including Crumbs. This coupling
between Par6 and Crumbs defines a feedback loop that drives apical membrane and
epithelial cell contact morphogenesis. In parallel, another Cdc42 effector, Mbt/Pak4,
regulates the accumulation of junctional proteins at the cell contacts and enables a retention mechanism for Baz/Par3 that prevents ectopic Par complex assembly at the
lateral cortex. Altogether, my work elucidates how two Cdc42 effectors, Par6 and Mbt,
coordinate the specification and maturation of the apical membrane and cell contacts,
via exocyst-dependent membrane delivery and multiple retention mechanisms.
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Impact Statement

Epithelial tissues are an essential component of the human body, lining both the inside
and outside of our organs. It is crucial that epithelial tissues maintain a well-established
architecture in order to contribute to the accurate development and homeostasis of the
human body. The establishment and maintenance of apical-basal polarity plays a central
role in supporting epithelial tissue architecture. Therefore, it is not surprising that loss of
apical-basal polarity is a hallmark of cancer, particularly considering that most cancers
have an epithelial origin. Model organisms such as Drosophila melanogaster have been
widely used to study the mechanisms that regulate apical-basal polarity. A detailed
comprehension of how these apical-basal polarity mechanisms regulate normal tissue
organisation is essential to understand how tissue architecture is lost during cancer
progression.
The work I have developed during my PhD contributes to the understanding of the basic
mechanisms that regulate apical-basal polarity and tissue architecture. In particular, my
work has shed new light on how epithelial cells generate and spatially separate distinct
membrane domains. Two chapters of this thesis focus on Par6 and present evidence
that it coordinates polarity at the cell cortex and regulates plasma membrane delivery,
therefore promoting apical membrane and cell-cell contact morphogenesis. Interestingly,
Par6 overexpression has been observed in multiple cancer patients, such as breast and
liver cancer patients (Nolan et al., 2008, Zhang et al., 2016). In addition, Par6 is a
regulator of aPKC, a kinase that is a well known proto-oncogene (Lee and Vasioukhin,
2008). Understanding novel roles for Par6 in epithelial cell polarity will enable the launch
of more applied studies with the aim of circumventing Par6-related polarity deficiencies
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observed in many cancers.
In addition, my PhD work further elucidates how epithelial cells establish cell-cell contacts and clearly separate these contacts from the apical and basolateral domains. The
formation of these intercellular contact sites is essential for the development of epithelial tissues in order to maintain their integrity, and is in part controlled by intracellular
polarity regulators. Importantly, loss of key components of these contact sites is known
to occur at later stages of cancer progression and is thought to be involved in epithelialmesenchymal transition (EMT) and consequent metastasis (Royer and Lu, 2011).
My work helps understanding the basic mechanisms of apical-basal polarity. New research in this field is essential to understand the mechanisms that regulate apical-basal
polarity and their role in tissue architecture, as well as during cancer progression. This
knowledge will be the starting point for groundbreaking applied research and subsequent
clinical experiments towards the development of novel cancer therapies.
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Chapter 1

Introduction
Polarity is defined in the Oxford English Dictionaries as “the tendency of living organisms or parts to develop with distinct anterior and posterior (or uppermost and
lowermost) ends, or to grow or orientate in a particular direction” (n.d. Oxford English Dictionaries. Retrieved April 16, 2018, from https://en.oxforddictionaries.com).
In other words, in cells, polarity can be described as the generation of cell asymmetry,
which is translated by a different structure, composition or function between at least
two poles of the cell (Chen and Zhang, 2013). Most cells are polarised, from simple
unicellular organisms, such as bacteria or budding yeast, to the more complex multicellular invertebrates and vertebrates (Figure 1.1) (Nelson, 2003). In all of these different
organisms, cell polarity is required to perform a variety of cellular functions, such as
growth of budding yeast, cell division, cell migration, vectorial transport of molecules
across epithelial cell layers and long-range transmission of nerve impulses (Assémat et al.,
2008, Mellman and Nelson, 2008). Such a diverse range of cell types and functions suggests that the regulatory mechanisms that establish cell polarity have evolved differently
amongst different organisms. However, from budding yeast to epithelial tissues, the basic mechanisms and regulators that generate polarity are highly conserved in both their
structure and function (Nelson, 2003). In this chapter, I will give an overview of the
mechanisms that regulate cell polarity, with a particular focus on epithelial tissues in
Drosophila.
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1.1

Polarity in epithelial cells

Polarity is a feature of a variety of cell types and plays distinct roles in many cellular
functions. There are a number of well-defined examples of polarised cells that offer an opportunity to study the mechanisms that regulate cell polarity (Figure 1.1). Within these
different cell types, cell polarity can be further designated as apical-basal polarity in epithelial cells, planar cell polarity (PCP) during tissue morphogenesis, anterior-posterior
polarity in the Caenorhabditis elegans embryo or transient polarity in migrating cells
(Figure 1.1) (Chen and Zhang, 2013).
A classical example of polarised cells is found in epithelia, which line the surface of a
variety of organs in our body (e.g. in the respiratory, digestive and urinary systems).
Epithelial cells are the most common cell-type in multicellular organisms and provide
a diffusion barrier between the interior and exterior surfaces of our body (Chen and
Zhang, 2013). These cells are closely packed together, forming an impermeable sheet
of epithelial cells. Adherens Junctions (AJs), the cell-cell contact regions that provide
a mechanical and signalling link to neighbouring cells, play a key role in maintaining
tissue architecture, while Tight Junctions (TJs) (Septate Junctions (SJs) in Drosophila)
act as paracellular diffusion barriers (Figure 1.2) (Chen and Zhang, 2013). Additional
cell-cell junctions include gap junctions, which form intercellular channels that allow
the exchange of small molecules between neighbouring cells, and desmosomes, which
provide a link to the intermediate filament cytoskeleton and are absent in Drosophila
(Tepass et al., 2001). Importantly, epithelial cells are highly polarised along an apicalbasal axis, which allow the vectorial transport of molecules between opposite sides of
the epithelium, thus regulating compartment composition and the function of different
organs (Tepass, 2012).
Polarity in epithelial cells results in the establishment of at least two distinct membrane
domains that are physically separated by the Zonula Adherens (ZA), the intercellular
signalling and adhesion belt of AJs that maintains cells together. These two domains
are the apical surface, facing the lumen or the external free surface, and the basolateral
surface, which is in contact with the neighbouring cells, as well as with the basement
membrane (Figure 1.2). The formation of these domains (i.e. apical domain, ZA and
basolateral domain) is highly conserved amongst metazoans. However, the paracellular
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Figure 1.1: Cell polarity in different organisms. Budding yeast (Saccharomyces cerevisiae)
is a simple and well-studied example of a cell that grows isotropically until it forms a polarised
bud and undergoes cell division (Pruyne et al., 2004). The C. elegans one-cell embryo divides
asymmetrically along the anterior-posterior axis, to generate two distinct cells that will give rise
to different founder cells (Johnston and Ahringer, 2010). Migrating fibroblasts are polarised
along the direction of migration, developing two distinct membrane domains at the front and
rear ends of the cell (Watanabe et al., 2005). Neurons are highly polarised cells that transmit
a unidirectional signal from their dendrites along their axon (Arimura and Kaibuchi, 2007).
Epithelial cells are polarised along two axes: proximal-distal and apical-basal axes. In the
Drosophila wing, planar cell polarity (PCP) regulates epithelial cell polarity within the plane
of the epithelium, giving cells a sense of direction that properly orients the bristles in the fly
wing (Diaz de la Loza and Thompson, 2017). Epithelial cells are also polarised along an apical
(top)-basal (bottom) axis, which allows these cells to develop into a continuous sheet of cells
that forms a barrier between two different compartments within an organism (Assémat et al.,
2008). Different colours (red/blue) represent distinct membrane domains.

barriers between cells differ between some organisms. For instance, vertebrate epithelial
cells contain TJs, which localise apical to the AJs (Chen and Zhang, 2013). On the
other hand, Drosophila epithelial cells do not have TJs, but have a functionally similar structure, the SJs, which localise basal to the AJs (Figure 1.2) (Chen and Zhang,
2013).
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Figure 1.2: Drosophila and vertebrate epithelial cells. In all organisms, epithelial cells
are physically linked to the neighbouring cells. Amongst different types of cell-cell junctions,
the AJs (green) form a circular adhesive belt (the ZA) that maintains tissue integrity. The ZA
separates the apical (red) from the basolateral domain (blue). Paracellular barriers are known
as TJs (purple) in vertebrates or SJs (yellow) in Drosophila and localise apical or basal to the
AJs, respectively.

1.2

Drosophila melanogaster as a model system

The fruit fly Drosophila melanogaster was initially used as a tool to study genetics
at the early stages of the 20th century. However, its extensive number of appealing
characteristics (e.g. low cost maintenance, rapid generation time and easily genetically
modifiable), soon elected Drosophila as one of the most commonly used model systems
in multiple areas of biology.
At 25 ◦ C, fruit flies take approximately 10 days to develop from eggs into adults.
Drosophila epithelia can derive from the blastoderm or from Mesenchymal-Epithelial
Transition (MET) (Tepass et al., 2001). In the wake of fertilisation, the embryo follows
a series of 13 nuclear divisions without cytokinesis (Tepass et al., 2001). With thousands of nuclei aligned at the surface of the one-cell embryo, at cell cycle 14, a process
termed “cellularisation” occurs, in which the plasma membrane invaginates surrounding
each nucleus and forming a sheet of individual epithelial cells (Tepass et al., 2001). At
this stage (i.e. 4h post-fertilisation), the Drosophila blastoderm contains approximately
6,000 cells (Gilbert, 2000). During gastrulation, the blastoderm is re-organised into the
three germ layers ectoderm, mesoderm and endoderm (Gilbert, 2000). One day after
egg laying, larvae hatch and undergo three moulting stages known as instar stages that
take approximately 4 days in total. During these three larval stages, the imaginal discs
originate from the ectoderm, forming groups of undifferentiated cells that will undergo

20

1. INTRODUCTION
metamorphosis and develop into different adult structures, such as the wings, legs or the
fly head, among others (Müller, 2000). At conclusion of the third instar stage, larvae
enter a metamorphic state known as pupation. Nearly 5 days after entering pupation,
adult flies emerge. Within 10-12h the adults are sexually mature and able to initiate a
new cycle.
Drosophila’s genome is distributed over four pairs of chromosomes: a pair of sex chromosomes and three pairs of autosomes (i.e. 2nd, 3rd, and 4th chromosomes). Its
small sized, fully sequenced genome and low gene redundancy allow the development
of powerful genetic tools and large-scale genetic screens. Importantly, many proteins in
Drosophila are evolutionarily conserved in higher organisms, in both their structure and
function. In fact, Drosophila’s genome encodes for more than 75% of the proteins involved in human diseases, thus making Drosophila a very powerful tool to study human
disease (Reiter et al., 2001).
There are many epithelia in Drosophila that can be used as models in the study of cell
polarity, from simple undifferentiated epithelia (e.g. embryo, larval imaginal discs and
follicular epithelium) to differentiated specialised tissues (e.g. pupal and adult retina)
(Tepass, 2012).

1.2.1

The Drosophila photoreceptor

In Drosophila, the adult retina follows an extremely organised pattern, with repetitions
of nearly 750 hexagonal subunits called ommatidia. Similarly to many other structures in
flies, the retina develops from a simple monolayer epithelium, the eye-antennal imaginal
disc.
Each ommatidium is organised as an hexagonal cluster with the 8 photoreceptors organised as a circular cluster within each ommatidium. The photoreceptors R1 to R7
form this circular cluster, with R8 sitting beneath R7 (Figure 1.3A-B). During pupal
development, photoreceptors undergo extensive remodelling. At the initial stages of
development, the apical-basal axis is aligned with the proximal-distal axis of the retina
(Figure 1.3C). However, during pupal stage, the photoreceptors undergo a 90◦ rotation
at the apical side towards the centre of the cluster, which establishes a new asymmetry axis (Figure 1.3C). At this stage, the photoreceptors become re-arranged with their
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Figure 1.3: The Drosophila developing photoreceptor. (A and B) Schematic representation of a developing ommatidium at midpupal (A) and adult (B) stages. Confocal image of a
wild-type ommatidium at midpupal stage (A) stained for aPKC (red) and Arm (green). Electron micrograph of a wild-type ommatidium at adult stage (B). (C) Developing photoreceptor
from larval stage (left) to adult stage (right). During pupal stage, there is a 90◦ rotation of
the photoreceptor polarity axis followed by its elongation. The axon (black line) projects to the
optic lobe. From A to C, distinct membrane domains are represented in different colours: ZA in
green, apical membrane (marginal zone) in red, rabdomeres in yellow and basolateral membrane
in blue. Adapted from Walther et al. (2016).

apical membrane facing the centre of the cluster, which is followed by expansion of the
membrane along the proximal-distal axis until it reaches the floor of the retina (Figure
1.3A-C). This is a remarkable morphogenetic step, as the apical membrane of the photoreceptors expands from a few μm to nearly 100 μm in length (Tepass and Harris, 2007).
Concurrently, at the centre of the photoreceptor cluster, the apical membranes create a
luminal space and differentiate to form the light-sensing, microvilli-rich structures called
rhabdomeres (Figure 1.3B) (Tepass and Harris, 2007). Therefore, at the adult stage,
the apical membrane of the photoreceptors is made up of the rhabdomere and a portion
of subapical plasma membrane, the stalk membrane, that connects the rhabdomere to
the ZA (Figure 1.3B) (Tepass and Harris, 2007).
The developing Drosophila photoreceptor has been extensively used as a model tissue to
investigate the regulatory events involved in epithelial cell polarisation and membrane
morphogenesis (Pichaud, 2018). There are two main reasons why the retina is widely

22

1. INTRODUCTION
used for these studies. Firstly, it allows the study of embryonic lethal mutations in vivo,
as the eye is not essential for the fly survival (Walther and Pichaud, 2006). Secondly,
it allows the imaging in the xy axis of the clearly separated distinct plasma membrane
domains (Walther et al., 2018).

1.2.2

The Drosophila follicular epithelium

The Drosophila follicular epithelium (FE) is an example of an epithelium that is generated from MET. In female flies, each ovary contains approximately 15 ovarioles, which
consist of a series of progressively older egg chambers, reflecting the multiple stages of
oogenesis (Figure 1.4) (Wu et al., 2008). At the anterior end of the germarium, a pair of
germline stem cells undergo 4 mitotic divisions, forming a 16-cell cyst (Wu et al., 2008).
From these 16 cells, one will become the oocyte, while the remaining will become nurse
cells (Wu et al., 2008). In the middle region of the germarium, follicle stem cells form
precursor follicle cells (FCs) that migrate towards the posterior region of the germarium and surround the 16-cell cyst, creating an epithelial monolayer around the germline
cells (Figure 1.4) (Margolis and Spradling, 1995). The newly formed egg chamber leaves
the germarium, while remaining connected to the neighbouring egg chambers through
a stalk of 5-8 FCs (Figure 1.4) (Margolis and Spradling, 1995).
At the initial stages of oogenesis, the FCs form a cuboidal epithelium; however, between
stages 8 and 10, the FCs start migrating towards the posterior pole of the egg chamber,
forming a columnar epithelium at the posterior pole (i.e. around the oocyte) and a
squamous epithelium at the anterior pole (i.e. around the nurse cells) (Figure 1.4) (Wu
et al., 2008). From stage 10B to 14, the nurse cells deposit their cytoplasmic content
in the oocyte, while the FCs secrete the vitelline membrane around the oocyte (Wu
et al., 2008). Ultimately, as oocyte maturation is complete, both nurse cells and FCs
undergo appoptosis (Wu et al., 2008). Similarly to the fly photoreceptor, FCs are highly
polarised along an apical-basal axis, with an apical membrane facing the inner cyst and
a basal membrane facing the outer region of the egg chamber (Figure 1.4).
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Figure 1.4: Structure of the Drosophila ovariole. At the anterior end, the germarium
contains germline stem cells (brown) and follicle stem cells (dark green), which will form the
different egg chambers, each including 15 nurse cells (yellow) and one oocyte (grey) surrounded
by FCs (light green). FCs are initially cuboidal, but at stage 9 form a columnar epithelium at
the posterior end and a squamous epithelium at the anterior end of the egg chamber. FCs are
highly polarised along an apical-basal axis, displaying an apical membrane in contact with the
inner cyst and a basal membrane facing the exterior of the egg chamber.

1.3

Epithelial polarity determinants

When forming an epithelium, cells are thought to start by sensing their environment
in order to properly orientate their polarity. This is based on the communication not
only with the extracellular matrix (ECM) (e.g. through integrins), but also with neighbouring cells (e.g. via cadherins) (Bryant and Mostov, 2008). Additionally, cells need
to polarise protein complexes to specific cortical and membrane domains, which creates
the asymmetry axis. This process is highly dependent on the polarisation of two cell
machineries: the cytoskeleton and vesicle-trafficking (Bryant and Mostov, 2008).
Extensive work mainly in C. elegans and Drosophila strongly contributed to the discovery of the main regulators of epithelial cell polarity. These regulators are usually grouped
into three main protein complexes, the Partitioning-defective (Par) protein complex, the
Crumbs (Crb) complex and the Scribble (Scrib) complex, as in Table 1.1.
The par genes were first identified in the nematode C. elegans and encode six different
proteins, from PAR-1 to PAR-6 (Kemphues et al., 1988, Watts et al., 1996). Together
with the serine/threonine kinase aPKC ortholog, PKC-3, these proteins are key regula24

1. INTRODUCTION
Table 1.1: Polarity protein complexes. The three main protein complexes that regulate
cell polarity are: (1) the Par complex that consists of Cdc42, Par6, Atypical Protein Kinase C
(aPKC) and Bazooka (Baz) (Par3 in vertebrates); (2) the Crb complex with the proteins Crb
(Crb1-3 in vertebrates), Stardust (Sdt) (PALS1 in vertebrates), Protein associated with tight
junction (Patj) and Lin-7; and (3) the Scrib complex containing Scrib, Lethal giant larvae (Lgl)
and Discs large (Dlg).

Complex

Drosophila

Vertebrates

Cdc42

Cdc42

Par6

Par6

aPKC

PKCζ, PKCλ/ι

Baz

Par3

Crb

Crb1-3

Sdt

PALS1

Patj

Patj

Lin-7

Lin-7

Scrib

Scrib

Lgl

Lgl

Dlg

Dlg

Par complex

Crb complex

Scrib complex

tors of cell polarity in the C. elegans embryo (Tabuse et al., 1998). During C. elegans
embryogenesis, the zygote undergoes a series of five asymmetric cell divisions that give
rise to the six founder cells of the embryo (Gotta and Ahringer, 2001). During the first
division, a specific set of PAR proteins localise asymmetrically, as PAR-3, PAR-6 and
PKC-3 are restricted to the anterior pole, whereas PAR-1, PAR-2 and LGL-1 localise to
the posterior pole of the one-cell embryo (Gotta and Ahringer, 2001). This segregation
of PAR proteins defines the anterior-posterior axis of the zygote. In this system, the
small GTPase CDC-42 maintains cell polarity by activating PKC-3, which then phosphorylates and restricts PAR-1, PAR-2 and LGL-1 to the posterior pole (Hao et al.,
2006, Rodriguez et al., 2017). Similarly, PAR-2 and PAR-1 prevent the accumulation
of anterior PARs at the posterior pole of the zygote (Hao et al., 2006). This recip-
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rocal inhibition creates a mutually antagonistic regulatory mechanism responsible for
maintaining polarity in the one-cell embryo.
The Par complex (Cdc42-Par6-aPKC-Par3) and its mutual antagonism with proteins
such as Par1, were later on shown to be conserved in multiple organisms, playing a
key role in polarity establishment, from Drosophila neuroblasts (Huynh et al., 2001), to
Xenopus laevis oocytes (Nakaya et al., 2000), and importantly in the establishment of
apical-basal polarity in epithelial cells (Benton and Johnston, 2003b). While the precise mechanisms may vary between different organisms or even between tissues, in most
cases, the Par complex polarises at one side of the cell to drive asymmetry of its downstream effectors (Johnston and Ahringer, 2010, Rodriguez et al., 2017). In epithelial
cells, while the Crb and Par complexes are restricted to the apical membrane, the Scrib
complex, as well as the kinase Par1, are specific to the basolateral membrane (Tepass,
2012). The interactions between proteins of these different complexes are quite complex, yet highly conserved (Table 1.2). Importantly, the apical Par and Crb complexes,
the basolateral Scrib complex and the kinase Par1 regulate each other in a mutually
antagonistic manner, such as previously described in the C. elegans embryo.
Although most polarity proteins mentioned above are grouped into different complexes,
in reality, the interaction between these proteins is extremely dynamic, potentially presenting varying stoichiometry (Figure 1.5 and Table 1.2). These dynamic interactions
may be regulated tissue-specifically, during developmental time, or in response to environmental cues, increasing the complexity of polarity establishment and maintenance
(Pires and Boxem, 2017). A very good example is the adaptor protein Par6, which
is part of the Par complex where it binds Cdc42, aPKC and Baz/Par3 (Betschinger
et al., 2003, Hutterer et al., 2004, Joberty et al., 2000, Lin et al., 2000, Petronczki and
Knoblich, 2001, Qiu et al., 2000); however, it can also bind to Crb, Sdt/Pals1 and Patj
at the apical side (Hurd et al., 2003, Kempkens et al., 2006, Lemmers et al., 2004, Nam
and Choi, 2003, Wang et al., 2004), as well as to the basolateral protein Lgl (Betschinger
et al., 2003, Plant et al., 2003, Yamanaka et al., 2003). Therefore, to fully understand
how polarity regulators cooperate to establish and maintain epithelial cell polarity, we
require a detailed knowledge of the structure of all these proteins, the detail of these
molecular interactions and of the underlying genetic interactions. For the remainder of
this subsection of my introduction, I will give an overview of these proteins that reg26
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Table 1.2: Protein-protein interactions between polarity determinants. The different
references that biochemically support these direct interactions in both Drosophila and vertebrates
are listed following to the proteins involved. Proteins in blue mean that the kinase has been
shown to phosphorylate its binding partner, which is shown in the references in blue.
Protein interactions

Drosophila

Vertebrates

Par6-aPKC

Betschinger et al. (2003)

Joberty et al. (2000), Lin et al.
(2000), Qiu et al. (2000)

Par6-Cdc42

Hutterer et al. (2004)

Joberty et al. (2000), Lin et al.
(2000), Qiu et al. (2000)

Par6-Baz/Par3

Petronczki and Knoblich (2001)

Joberty et al. (2000), Lin et al.
(2000), Qiu et al. (2000)

Par6-Crb

Kempkens et al. (2006)

Lemmers et al. (2004)

Par6-Sdt/Pals1

Kempkens et al. (2006)

Hurd et al. (2003), Wang et al.
(2004)

Par6-Patj

Nam and Choi (2003)

Par6-Lgl

Betschinger et al. (2003)

Plant et al. (2003), Yamanaka
et al. (2003)

aPKC-Crb

Sotillos et al. (2004)

aPKC-Baz/Par3

Morais-de Sá et al. (2010),

Izumi et al. (1998), Lin et al.

Walther and Pichaud (2010)

(2000), Nagai-Tamai et al. (2002)

Betschinger et al. (2003)

Plant et al. (2003), Yamanaka

aPKC-Lgl

et al. (2003)
aPKC-Patj

Sotillos et al. (2004)

Crb-Sdt/Pals1

Bachmann et al. (2001), Hong

Roh et al. (2002)

et al. (2001)
Sdt/Pals1-Patj

Bulgakova et al. (2008)

Sdt/Pals1-Baz/Par3

Krahn et al. (2010a)

Sdt/Pals1-Lin-7

Bachmann et al. (2004)

Par1-Baz/Par3

Benton and Johnston (2003b)

Roh et al. (2002)

ulate the establishment, remodelling and maintenance of epithelial cell polarity, more
specifically in Drosophila epithelial cells.
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Figure 1.5: Structure and interactions of proteins that regulate epithelial cell polarity in Drosophila. Polarity determinants are shown in their respective domain at the cell
cortex: apical (red), ZA (green) and basolateral (blue). Direct protein-protein interactions are
shown with a dashed grey line, while grey arrows indicate protein phosphorylations. Abbreviations: CRIB, Cdc42/Rac-interactive-binding; ECR, evolutionary conserved region; EGF, epidermal growth factor; FDB, FERM domain binding; FERM, four-point-one, ezrin, radixin, moesin;
GUK, guanylate-kinase; L27, Lin2/Lin7; LamG, Laminin-A globular domain; LRR, leucine-rich
repeats; OD, oligomerization domain; PB1, Phox/Bem1; PDB, PDZ domain binding; PDZ,
PSD95/Discs-large/ZO1; SH3, Src homology 3; UBA, ubiquitin-associated.
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1.3.1

The small GTPase Cdc42

Cdc42 belongs to the Rho family (Ras superfamily) of small GTPases (Etienne-Manneville,
2004). This evolutionarily conserved protein is considered a master regulator of cell polarity, from yeast to more complex multicellular organisms (Etienne-Manneville, 2004).
Like other Rho GTPases, Cdc42 cycles between an active, GTP-bound state and an
inactive, GDP-bound state (Figure 1.6) (Etienne-Manneville and Hall, 2002). This cycle is regulated by three types of proteins: guanine nucleotide exchange factors (GEFs)
activate Cdc42, while GTPase activating proteins (GAPs) and guanine nucleotide dissociation inhibitors (GDIs) inactivate this GTPase by hydrolysing GTP to GDP or by
sequestering Cdc42 in the cytosol, respectively (Figure 1.6) (Etienne-Manneville, 2004).
When in the GTP bound state, Cdc42 can activate a large set of downstream effectors, which generate a variety of cellular responses, mainly linked to the regulation of
the actin cytoskeleton (Etienne-Manneville and Hall, 2002). Cdc42 is known to interact
with proteins that contain the conserved Cdc42/Rac-interactive-binding (CRIB) domain
in a GTP-dependent manner (Burbelo et al., 1995).
While being a key regulator of the actin cytoskeleton, Cdc42 has been linked to many
cellular functions, including the regulation of cell polarity. The first link between Cdc42
and cell polarity came from studies in budding yeast, which showed that Cdc42p localises
to the bud site at the early stages of cell cycle, being required for polarised growth (Ziman
et al., 1993). In these unicellular organisms, lack of Cdc42p leads to isotropic growth
and failure to establish a bud site (Adams et al., 1990). Since these studies, Cdc42 has
been shown to be a master regulator of cell polarity in a variety of other organisms and
cell types, from the C. elegans embryo, to the Drosophila neuroblast, and importantly,
in all epithelial cells (Etienne-Manneville and Hall, 2002).
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Figure 1.6: The Cdc42 GTPase cycle. Cdc42 cycles between an active, GTP-bound state
and an inactive, GDP-bound state. This cycle is regulated by GEFs, which activate Cdc42, or by
GAPs and GDIs, which inactivate this GTPase by hydrolysing GTP to GDP or by sequestering
Cdc42 in the cytosol, respectively. Cdc42-GTP can activate a large set of downstream effectors.

Effectors of Cdc42 in epithelial cells
Cdc42 is mostly known for its role in the regulation of the actin cytoskeleton. In fact,
activation of Cdc42 is mostly associated with the formation of actin protrusions known
as filopodia (Nobes and Hall, 1995). Within Cdc42 numerous effector proteins that
are known to regulate actin dynamics, the Wiskott-Aldrich Syndrome protein (WASp)
family is of a particular interest, as WASp proteins bind to Cdc42 but not to other Rho
GTPases (Symons et al., 1996). Binding to GTP-bound Cdc42 releases WASp proteins
from their autoinhibition, which results in the activation of the Arp2/3 actin-nucleating
complex, therefore promoting Arp2/3-dependent actin polymerisation (Kim et al., 2000,
Rohatgi et al., 1999).
Another protein family that mediates Cdc42 activity towards regulating the actin cytoskeleton is the p21-activated kinase (Pak) family of serine/threonine kinases. Pak
proteins can be divided into two groups: the type I Pak1-3 and the type II Pak4-6,
which are regulated by different mechanisms (Arias-Romero and Chernoff, 2008). In
type I Pak proteins, binding of Cdc42-GTP to their CRIB domain dissociates the autoinhibitory domain from their catalytic domain (Lei et al., 2000). In turn, this allows the
autophosphorylation of type I Pak proteins, which is required for their kinase activity
(Gatti et al., 1999). On the other hand, binding of type II Pak proteins to Cdc42-GTP
does not enhance their kinase activity and is thought to be involved in the regulation of
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their subcellular localisation (Ha et al., 2015). Pak4, or Mushroom bodies tiny (Mbt) in
flies, is a particularly relevant Pak for this thesis, due to its role in the regulation of cell
adhesion (Menzel et al., 2008, Schneeberger and Raabe, 2003). The role of Mbt/Pak4
in cell adhesion is further reviewed in subsection 1.4.2.
During epithelial morphogenesis, Cdc42 binds to Baz/Par3-Par6-aPKC, thus forming
the quaternary Par complex that localises at the apical domain of epithelial cells (Hutterer et al., 2004, Joberty et al., 2000, Lin et al., 2000). Cdc42 is required for the
recruitment of Par6-aPKC to the apical cortex of epithelial cells in the Drosophila embryo (Hutterer et al., 2004). In vertebrates, upon binding to Par6, Cdc42 has been
shown to generate a conformational change in Par6 (Garrard et al., 2003). This conformational change has been suggested to relieve the inhibitory effect of Par6 on aPKC,
therefore enhancing the kinase activity of aPKC and promoting the phosphorylation
of its substrates, such as Crb, Baz and Lgl, therefore contributing to apical membrane
differentiation (Garrard et al., 2003, Yamanaka et al., 2001). As discussed in more detail
in the following subsections, in Drosophila photoreceptors, Cdc42 is necessary for the
apical localisation of the transmembrane protein Crb, which in turn is required for the
apical exclusion of Baz and consequent ZA morphogenesis (Walther and Pichaud, 2010).
Altogether, Cdc42 seems to be required in epithelial cells, where it promotes both apical
and ZA morphogenesis via its effector Par6.
In addition to the regulation of the actin cytoskeleton, cell adhesion and cell polarity,
Cdc42 is also known to regulate cellular trafficking. In fact, extensive work from yeast to
mammalian cells has shown that the polarisation of the trafficking machinery is essential
to establish and maintain cell polarity and Cdc42 plays a key function in this process
(Harris and Tepass, 2010). This role of Cdc42 in the regulation of different trafficking
events is discussed in more detail in section 1.5.

Cdc42 activation and symmetry breaking
Since Cdc42 regulates such a wide range of cellular functions, its activation must be
tightly restricted, in both time and space. A current challenge is to understand how
Cdc42 is recruited and/or activated at the correct domain to activate the appropriate
effectors. For instance, at the four-cell stage of C. elegans embryonic development,
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CDC42 activation is spatially regulated by a distinct localisation of its GEF and GAP.
In this system, CDC42 activation is restricted to the contact-free surface by the GEF
ECT-2, while the GAP PAC-1 inactivates CDC42 at the cell-cell contacts (Anderson
et al., 2008, Chan and Nance, 2013). A similar mechanism might presumably operate
in Drosophila epithelial cells, however, the exact mechanism that spatially regulates the
activation of Cdc42 is less understood in these cells. A system of positive feedback loops
has been identified in budding yeast to regulate and amplify the activation of Cdc42.
For example, during the polarised division of budding yeast, local activation of Cdc42
by its GEF Cdc24 recruits the scaffolding protein Bem1, which in turn recruits the GEF
Cdc24 and generates more active Cdc42 (Butty et al., 2002). In this positive feedback
loop, active Cdc42 promotes its activation via recruiting its own GEF, therefore locally
increasing the pool of Cdc42-GTP. Recent work in yeast examined how many feedback
loops are required for symmetry breaking and found that a single positive feedback loop
is not sufficient to polarise cells, instead multiple feedback loops that are converging or
cooperating are required (Goryachev and Leda, 2017). An example of such feedback
loops includes a scenario where active Cdc42 recruits a Cdc42 GEF, which in turn
recruits Cdc42-GDP and activates it (Goryachev and Leda, 2017). Previous work in
yeast suggests that polarity establishment requires local activation of Cdc42, rather
than local delivery (Woods et al., 2015).
Although positive feedback loops play an important role in amplifying Cdc42-dependent
cell polarity, a key question in the field of cell polarity is which event creates the initial asymmetry that polarises cells. In the particular case of budding yeast, symmetry
break is set by internal cues. While diploid yeast cells bud from their poles, haploid
yeast cells rely on cues provided from the previous bud site (Pruyne et al., 2004). In
the C. elegans oocyte, polarity cues are provided by the sperm centrosome at the posterior pole of the cell (Johnston and Ahringer, 2010). This symmetry breaking event
initiates an actomyosin cortical flow that localises anterior PAR proteins at the anterior pole, while promoting the microtubule-dependent loading of PAR2 at the posterior
pole (Goehring et al., 2011, Motegi et al., 2011, Munro et al., 2004). In unicellular
organisms polarity can be stochastically generated or determined by intrinsic cues and
amplified by a positive feedback loop, however, in multicellular organisms polarity is
dictated initially by external cues, via contact regions with the basement membrane
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and neighbouring cells. The symmetry breaking step is less understood in epithelial
cells, as it also differs according to tissue type and context (Johnston and Ahringer,
2010). Our current knowledge of this process relies mostly in experimental studies from
Madin-Darby canine kidney (MDCK) cells in culture, which revealed that polarisation
of these cells requires cadherin-dependent cell-cell adhesion and integrin-mediated cellECM adhesion (Balcarova-Ständer et al., 1984, Johnston and Ahringer, 2010, Vega-Salas
et al., 1987, Wang et al., 1990, Yeaman et al., 1999). In MDCK cells, impaired cellcell adhesion results in the random accumulation of basolateral determinants at the cell
surface, despite cell-ECM adhesion (Vega-Salas et al., 1987, Yeaman et al., 1999). In
fact, cell-ECM adhesion is not sufficient to polarise MDCK cells, emphasising the role of
cadherin-dependent cell-cell adhesion in symmetry break (Wang et al., 1990). Further
investigation is required to uncover the detailed symmetry breaking mechanisms, as well
as which GEFs and GAPs regulate Cdc42 in Drosophila epithelial cells.

1.3.2

The Par complex

Par6-aPKC
The par6 gene is located on the X chromosome in Drosophila and encodes for a small
adaptor protein of approximately 38 kDa. This protein contains three conserved domains: a Phox/Bem 1 (PB1), a semi-CRIB and a PSD95/Discs-large/ZO1 (PDZ) domain (Figure 1.5). At the N-terminus, the PB1 domain is known to bind the PB1 domain
of aPKC (Betschinger et al., 2003). Par6 also interacts with the small GTPase Cdc42,
when in its active GTP-bound conformation (Hutterer et al., 2004). Cdc42 is known to
interact with proteins that contain the conserved CRIB domain in a GTP-dependent
manner (Burbelo et al., 1995). Interestingly, the CRIB domain of Par6 is incomplete
and lacks two conserved histidines at the C-terminus (Joberty et al., 2000). As a result,
this semi-CRIB domain is not sufficient to bind to Cdc42-GTP and instead requires
the adjacent PDZ domain to establish the interaction with Cdc42-GTP (Joberty et al.,
2000, Lin et al., 2000). In addition, the PDZ domain of Par6 is also known to interact
with multiple proteins, such as Baz, Crb, Sdt, Patj and Lgl (Figure 1.5 and Table 1.2)
(Betschinger et al., 2003, Kempkens et al., 2006, Nam and Choi, 2003, Petronczki and
Knoblich, 2001).
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aPKC is a serine/threonine kinase and is considered the active component of the Par
complex. The kinase activity of aPKC has been shown to play a key role in the establishment of epithelial cell polarity. Reducing aPKC activity leads to severe defects,
such as loss of Crb and Patj from the membrane and apical expansion of basolateral
proteins (Sotillos et al., 2004). Furthermore, ectopic expression of aPKC recruits other
apical determinants, such as Crb, Patj and Baz, to the basolateral membrane (Sotillos
et al., 2004). Importantly, this kinase-dependent role of aPKC during epithelial polarity
establishment is conserved in vertebrates (Suzuki et al., 2001).
aPKC is known to phosphorylate various polarity proteins, such as Baz/Par3, Crb and
Lgl (Figure 1.5 and Table 1.2). aPKC can phosphorylate Baz/Par3 at a conserved
serine residue, S980 in flies or S827 in mammals, which excludes Baz/Par3 from the
apical domain of epithelial cells and promotes its localisation at the developing ZA (Lin
et al., 2000, Morais-de Sá et al., 2010, Nagai-Tamai et al., 2002, Walther and Pichaud,
2010). This is a critical event in both apical and ZA morphogenesis. On the other
hand, Lgl phosphorylation promotes its dissociation from Par6-aPKC and restricts Lgl
localisation to the basolateral membrane (Betschinger et al., 2003, Plant et al., 2003).
As a result, Lgl activity is restricted to the basal cortex. Lastly, aPKC is also known to
phosphorylate the cytoplasmic tail of the transmembrane protein Crb at two conserved
threonine residues, T6 and T9 (Sotillos et al., 2004). Although the in vivo role of this
phosphorylation requires further study, it has been proposed that the phosphorylation of
Crb by aPKC is important for Crb function, as the gain-of-function phenotype observed
upon overexpressing the intracellular domain of Crb is decreased by reducing aPKC
activity (Sotillos et al., 2004).
Generally, Par6 is thought of as a small adaptor protein that is essential to allow the
interaction between aPKC and its phosphorylation targets (Table 1.2). However, there is
also evidence that Par6 regulates the localisation of aPKC, as well as its activity. While
Par6 has been suggested to negatively modulate aPKC activity (Atwood et al., 2007),
par6 loss-of-function does not show any aPKC hyper-activation phenotype (Petronczki
and Knoblich, 2001, Wodarz et al., 2000). Instead, it presents an aPKC loss-of-function
phenotype, thus indicating that Par6 mainly regulates aPKC localisation (Petronczki
and Knoblich, 2001, Wodarz et al., 2000). The apical localisation of Par6-aPKC depends
on Cdc42-GTP (Atwood et al., 2007); however, the mechanisms that recruit and activate
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Cdc42 apically in Drosophila epithelia are still not clear. In addition, the initial apical
recruitment of Par6-aPKC requires the assembly of the Par complex, which occurs with
Par6-aPKC binding to Baz (Harris and Peifer, 2005).

Bazooka
Baz/Par3 is a scaffolding protein that, together with Par6, aPKC and Cdc42, forms the
Par complex. Vertebrate work has shown that Baz/Par3 binds aPKC via its C-terminal
region and binds Par6 via two of its three PDZ domains: PDZ1 or PDZ3 (Izumi et al.,
1998, Renschler et al., 2018). Further work in flies has shown that the recruitment of
Baz to the cell cortex is independent of Par6-aPKC (Harris and Peifer, 2005, Nam et al.,
2007). Its localisation at the apical cortex requires its self-association, via the N-terminal
oligomerisation domain (OD) (Benton and Johnston, 2003a, Feng et al., 2007), as well as
binding to phosphoinositide lipids via its C-terminal region (Krahn et al., 2010b).
Baz is not always observed co-localised with the remaining proteins of the Par complex.
While Par6 and aPKC are restricted to the apical domain of polarised Drosophila epithelial cells, Baz has been shown to localise in a more basal position, at the level of the
ZA (Johnston and Ahringer, 2010). This dissociation of the Par complex is triggered by
aPKC phosphorylation of Baz at S980 (Morais-de Sá et al., 2010, Walther and Pichaud,
2010). Furthermore, this phosphorylation event dissociates Baz from Sdt, contributing
to the assembly of the Crb complex (Krahn et al., 2010a). In mammalian cells, Par3 has
been observed to reduce the kinase activity of aPKC, which could prevent its ectopic activation until the Par complex is properly assembled (Henrique and Schweisguth, 2003,
Lin et al., 2000). Baz junctional localisation is also regulated by the kinase Par1, which
phosphorylates Baz at two conserved serines, S151 and S1085 in flies, and prevents both
Baz oligomerisation and binding to aPKC at the basolateral domain in various cell types
(Benton and Johnston, 2003b, Walther et al., 2016).
Baz is required to assemble the Par complex and recruit Par6-aPKC to the apical domain; however, ZA assembly depends on Baz apical exclusion. At the developing ZA,
phosphorylated Baz (P-Baz) plays a key role in promoting cell-cell adhesion, presumably
by recruiting multiple proteins via its PDZ domains. In particular, at the ZA, Baz is
able to bind to the β-catenin Drosophila orthologue Armadillo (Arm), as well as to the
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Drosophila nectin, the transmembrane protein Echinoid (Ed) (Wei et al., 2005). This
is thought to cluster both Cadherin and Ed adhesion complexes, to promote AJ morphogenesis. Similarly, in vertebrates, P-Par3 is able to bind JAM1-3 and nectin, thus
promoting tight junction maturation (Ebnet et al., 2001, Itoh et al., 2001, Takekuni
et al., 2003).
Lastly, Baz is also known to bind to the lipid phosphatase PTEN via its PDZ domains,
which is required for PTEN localisation (Pinal et al., 2006, Stein et al., 2005). PTEN
dephosphorylates phosphatidylinositol (3,4,5)-triphosphate (PIP3 ) to phosphatidylinositol (4,5)-biphosphate (PIP2 ). Both these phospholipids have been shown to regulate
apical-basal polarity, as PIP2 promotes apical membrane morphogenesis, while PIP3
promotes basolateral membrane identity (Tepass, 2012). In fact, the addition of exogenous PIP3 to the apical domain of MDCK cells leads to its transformation into a
basolateral membrane, with accumulation of basolateral proteins at the apical side of
these cells (Gassama-Diagne et al., 2006). Similarly, the addition of ectopic PIP2 to
the basolateral domain causes mistargeting of apical proteins to the basolateral surface
(Martin-Belmonte et al., 2007). This suggests that Baz might play a role in establishing
this PIP2 /PIP3 asymmetry, which in turn is key for the differentiation of the plasma
membrane into distinct domains.

1.3.3

The Crumbs complex

In addition to the Par complex, another evolutionarily conserved group of proteins forms
at the apical membrane: the Crb complex. Its core components are the transmembrane
protein Crb, the scaffolding protein Sdt, Patj and Lin-7 (Table 1.1) (Bulgakova and
Knust, 2009). However, besides these core components, additional proteins can associate with this complex, contributing to the complexity and flexibility of this protein
complex. In particular, there is an evident cross-talk between members of the Par and
Crb complexes; however, further studies are required to understand the functional role
of these interactions.
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Crumbs
Crb is a type-I transmembrane protein that contains a very large extracellular domain
composed of 29 epidermal growth factor (EGF)-like repeats and 4 laminin-A globular
domains, as well as a small cytoplasmic tail with 37 amino acids that includes a fourpoint-one, ezrin, radixin, moesin (FERM)-binding domain and a PDZ-binding motif
(ERLI) (Figure 1.5) (Bulgakova and Knust, 2009). Being a key regulator of apical
epithelial cell polarity, in flies, crb mutant cells lose their apical-membrane identity,
while cells overexpressing Crb show an increased apical domain at the expense of the
basolateral domain (Pellikka et al., 2002, Tepass, 2012). Moreover, crb mutant cells
show abnormally longer AJ domains (Izaddoost et al., 2002). In vertebrate cells, CRB3
localises to TJs and its overexpression delays the formation of these paracellular barriers
(Lemmers et al., 2004, Roh et al., 2003).
The short intracellular domain is essential for Crb function, as a premature stop codon
eliminating the last 23 amino acids leads to the same phenotype as crb null mutants
(Knust et al., 1993, Wodarz et al., 1993). In addition, overexpression of the intracellular
domain of Crb (Crbintra ) has the same phenotype as overexpressing the full-length protein, and crb mutant fly embryos are equally rescued with Crb full-length and Crbintra
(Wodarz et al., 1995). As previously mentioned, the intracellular region of Crb comprises a FERM-binding and a PDZ-binding domain. The FERM-binding domain binds
directly to Yurt, which negatively regulates Crb and limits the growth of the apical
membrane (Laprise et al., 2006). The C-terminal ERLI motif binds to the PDZ domains of Sdt or Par6 (Table 1.2 and Figure 1.5). In addition, Crb is a substrate of the
kinase aPKC, being phosphorylated at two conserved threonine residues, T6 and T9
(Sotillos et al., 2004). Importantly, this phosphorylation has been proposed to maintain
Crb at the membrane, as reduced aPKC activity causes loss of Crb from the plasma
membrane (Sotillos et al., 2004). Also, reducing aPKC activity suppresses the effect of
Crbintra overexpression, suggesting that aPKC regulates Crb function (Sotillos et al.,
2004).

37

1. INTRODUCTION
Stardust
Sdt is a membrane-associated guanylate kinase (MAGUK) protein that includes two
evolutionary conserved regions (ECRs), two Lin-2/Lin-7 (Lin27) domains, a PDZ domain, a Src homology 3 (SH3) domain and a guanylate kinase (GUK) domain (Figure
1.5) (Bulgakova and Knust, 2009). Sdt functions as a scaffolding protein, binding to the
C-terminal ERLI domain of Crb via its PDZ domain and binding to both Patj and Lin-7
with its two Lin27 domains (Bachmann et al., 2001, 2004, Bulgakova et al., 2008). The
ECR1 of Sdt can also interact with the PDZ domain of Par6, which prevents Sdt binding
to Patj (Kempkens et al., 2006, Wang et al., 2004). In addition, the PDZ domain of Sdt
binds to Baz and, as mentioned earlier, this binding is regulated by phosphorylation of
Baz S980 (Krahn et al., 2010a).
The Baz-Sdt interaction is required for Sdt localisation at the membrane in the absence
of Crb (Krahn et al., 2010a). In the Drosophila embryo, Crb staining is not detected at
the early stages of embryonic development; however, Sdt can be previously visualised colocalising with Baz at the ZA (Krahn et al., 2010a). In fact, after Crb expression onset,
Sdt is observed mainly co-localising with Crb in wild-type cells, while co-localising with
Baz in crb mutant cells and is not detected at all in baz mutant cells, which reinforces
the role of Baz in the localisation of Sdt in this tissue (Krahn et al., 2010a). Interestingly, Bachmann et al. (2001) had previously shown that in the fly embryo, although
at later stages of embryonic development, Sdt is completely lost from the membrane in
crb mutant cells. This suggests that there are different regulatory mechanisms through
developmental time, which has also been observed in other tissues, such as the fly retina
(Nam and Choi, 2003). More specifically, in Drosophila photoreceptors, Patj and Sdt
mislocalisation in crb mutant cells is age-dependent and occurs from 35 % After Puparium Formation (APF) (Nam and Choi, 2003). Altogether, previous work in both the
fly embryo and retina suggests that Sdt localisation requires Baz at the initial stages of
development, while binding to Crb is required for Sdt apical membrane localisation at
later developmental stages.
After addressing the dependence of Sdt on Crb, another important question that is not
very clear is how Sdt affects Crb localisation. Krahn et al. (2010a) have shown that
Crb is mislocalised in sdt mutant cells of the Drosophila embryo, subsequent to the
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onset of Crb expression (Krahn et al., 2010a). However, additional studies in the fly
retina show that, in sdt mutant photoreceptors, Crb is properly localised although its
levels are strongly decreased (Walther and Pichaud, 2010). In fact, further studies in
the fly retina support that Crb and Sdt might act independently, being required only in
a specific subset of photoreceptors (Hwa and Clandinin, 2012). While Crb is essential in
R2 and R4 cells and mostly dispensable in the remainder photoreceptors, Sdt is mostly
required in R3 and R4 during apical membrane morphogenesis (Hwa and Clandinin,
2012). In addition, during midpupal stage, both Crb and Sdt appear to be expressed
at higher levels in photoreceptors that have a longer stalk membrane (i.e. R2, R4, R5
and R7) (Hwa and Clandinin, 2012). In vertebrate cells, a western blot analysis shows
that CRB3 levels are maintained in the presence and absence of Sdt (Straight et al.,
2004). The mutual dependence of Crb and Sdt is not clear, being a subject that requires
further investigation in different model tissues.

Patj
Fly Patj is a PDZ-domain protein composed of four PDZ domains in addition to a single
N-terminal Lin27 domain (Figure 1.5) (Nam and Choi, 2006). In flies, the third PDZ
of Patj binds to the PB1 domain of Par6 (Nam and Choi, 2003), which suggest that
Par6 might be able to link Sdt and Patj. Altogether, this means that Crb could theoretically be found in multiple different complexes, besides the canonical Crb-Sdt-Patj
complex, such as Crb-Sdt-Par6, Crb-Par6-aPKC, Crb-Par6-Patj and Crb-Sdt-Par6-Patj
(Bulgakova and Knust, 2009). However, further studies are necessary to confirm if all
these interactions occur in vivo and what their role is during epithelial morphogenesis.
In Drosophila, patj null mutants are lethal during the second instar stage of larval development (Nam and Choi, 2006). In more detail, analysis of patj mutant photoreceptors
shows that, while the N-terminal region of Patj is required for fly viability and photoreceptor morphogenesis, the C-terminal region (i.e. from PDZ2 to PDZ4) is not essential
for development and is required to prevent late-onset retinal degeneration (Nam and
Choi, 2006). In addition, these studies suggest that Patj is required for stabilising the
Crb complex, as in a patj mutant background, the levels of both Crb and Sdt are greatly
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reduced (Nam and Choi, 2006). Complementary studies in the fly embryo suggest that
Patj is not required for the establishment of apical-basal polarity in this tissue and that
its loss results in lethality during early pupal stages (Sen et al., 2012). However, in
the FE, loss of Patj also resulted in weaker accumulation of Crb and Sdt, as in the fly
retina (Nam and Choi, 2006, Sen et al., 2012). Overall, these studies in patj mutant
cells suggest that Patj might have a different role in distinct cell types.

Lin-7
Lin-7 is a small protein that includes a Lin27 domain at the N-terminus and a single
PDZ domain at the C-terminus (Figure 1.5) (Bachmann et al., 2004). Mutations in
lin-7 do not seem to affect the localisation of the remaining core components of the
Crb complex and results in viable animals (Bachmann et al., 2008). However, Lin-7 is
lost in crb, sdt and patj mutants (Bachmann et al., 2008). In addition, overexpression
of Lin-7 does not affect the distribution of the remaining polarity proteins (Bachmann
et al., 2008). Further studies in the fly retina suggest that Lin-7 is required to prevent
light-dependent retinal degeneration, similarly to Crb (Bachmann et al., 2008).

1.3.4

The Scribble complex

The Scrib complex includes the proteins Scrib, Lgl and Dlg (Table 1.1). Localised at the
the lateral membrane (more specifically, at the SJs), the Scrib complex excludes the Par
and Crb complexes from the lateral domain, restricting their localisation to the apical
domain of epithelial cells (Assémat et al., 2008, Johnston and Ahringer, 2010). So far,
there is no evidence for a direct physical interaction between the different components
of the Scrib complex (Johnston and Ahringer, 2010). However, their strong functional
and genetic interaction, i.e., their co-localisation and their similarity in terms of mutant
phenotype, groups these proteins in the same complex (Henrique and Schweisguth, 2003,
Johnston and Ahringer, 2010).

40

1. INTRODUCTION
Scribble
Scrib is a scaffolding protein that contains 16 LRRs and four PDZ domains (Figure 1.5).
In Drosophila, scrib mutant cells show ectopic localisation of apical and junctional markers, such as Crb, Arm and the transmembrane adhesion molecule E-cadherin (E-cad)
at the lateral membrane (Bilder and Perrimon, 2000). The localisation of basolateral
markers, such as Coracle, is not affected in scrib mutants (Bilder and Perrimon, 2000).
Therefore, Scrib plays an important role in restricting apical proteins to the apical
domain of epithelial cells, segregating them from the basolateral domain and thus contributing to the accurate placement of the ZA. However, the exact mechanism by which
Scrib confines apical proteins to their respective domain is not clear.

Dlg
Dlg is a MAGUK protein that contains a Lin27 domain, three PDZ domains, an SH3
domain and a GUK domain (Figure 1.5). dlg mutant larvae die before reaching pupal
stage due to overgrowth of their imaginal discs (Perrimon, 1988). Dlg seems to play an
important role in maintaining the asymmetric distribution of PIP2 and PIP3 in epithelial
cells. In mammalian cells, the second PDZ domain of Dlg binds to the phosphatase
PTEN and this binding is disrupted upon phosphorylation of PTEN (Adey et al., 2000,
Assémat et al., 2008). In addition, phosphorylation of Dlg negatively regulates its
binding to phosphatidylinositol 3-kinase (PI3K) in mammalian cells (Laprise et al.,
2004). Further studies are necessary to reveal which kinases regulate the binding of
Dlg to both PTEN and PI3K in epithelial cells, possibly revealing a role for Dlg in the
regulation of PIP2 /PIP3 levels at the lateral membrane.

Lgl
Lgl is a tumour suppressor protein that plays an essential role in cell proliferation, polarity and growth (Tanentzapf and Tepass, 2003). The basolateral localisation of Lgl
is regulated by aPKC, which prevents Lgl apical accumulation by phosphorylating 3
conserved residues in Lgl (Betschinger et al., 2003, Yamanaka et al., 2003). In both
Drosophila neuroblasts and mammalian cells, Lgl competes with Par3 to form a tran-
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sient complex with Par6-aPKC (Betschinger et al., 2003, Yamanaka et al., 2003). This
complex is disrupted upon Lgl phosphorylation by aPKC (Betschinger et al., 2003, Yamanaka et al., 2003). In addition to the Par complex, lgl genetically interacts with crb,
as these two pathways compete to define the apical and basolateral domains of epithelial
cells (Tanentzapf and Tepass, 2003).

1.3.5

Par1

In addition to the Scrib complex, the serine/threonine kinase Par1 also plays a key role
as a lateral determinant. Similarly to Lgl, at least in vertebrates, the localisation and
activity of Par1 is also regulated by the kinase aPKC (Hurov et al., 2004). Importantly,
the phosphorylated residue (T564 in Par1a and T595 in Par1b), is also conserved in both
Drosophila and C. elegans, suggesting a similar regulatory mechanism in these organisms
(Doerflinger et al., 2010, Hurov et al., 2004). In fact, expression of a version of Par1
that escapes aPKC phosphorylation displays an ectopic localisation at the apical domain
(Doerflinger et al., 2010). Par1 localisation to the lateral membrane is essential during
polarity establishment, as in turn Par1 has been shown to regulate the localisation of
other proteins, such as Baz (Benton and Johnston, 2003b). As previously mentioned,
Par1 is known to phosphorylate Baz at two conserved serine residues, S151 and S1085 in
flies, which prevents Baz accumulation at the basolateral domain (Benton and Johnston,
2003b, Sotillos et al., 2004, Walther et al., 2016). In both FCs and photoreceptors,
mutation of the Par1 phosphorylation sites of Baz cause a lateral displacement of Baz
(Benton and Johnston, 2003b, Walther et al., 2016). Despite Par1’s role in Baz lateral
exclusion, at least in the fly retina, par1 mutants display a mild phenotype (Walther
et al., 2016), suggesting that other mechanisms operate in parallel to Par1 towards
promoting the lateral exclusion of Baz.

1.4

Zonula Adherens morphogenesis

The organisation of distinct apical and basolateral membrane domains is marked by the
establishment and positioning of the ZA. The ZA is the circular adhesive and intercellular
signalling belt that maintains epithelial cell contact, while providing cells with spatial
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cues during tissue morphogenesis (Bryant and Mostov, 2008). The establishment of the
ZA requires both aPKC and Crb, with subsequent exclusion of Baz from the apical
domain (Morais-de Sá et al., 2010, Walther and Pichaud, 2010). A prevalent model is
that the Par complex assembles at the apical domain of epithelial cells. This cortical
recruitment and assembly of the Par complex has been shown to require GTP-bound
Cdc42, as well as Baz (Atwood et al., 2007, Harris and Peifer, 2005, Hutterer et al., 2004).
Upon Par complex assembly, aPKC phosphorylates Baz at S980, which dissociates Baz
from both Sdt and Par6-aPKC (Krahn et al., 2010a, Morais-de Sá et al., 2010, Walther
and Pichaud, 2010). This dissociation of Baz from Sdt contributes to the assembly of
the Crb complex (Krahn et al., 2010a). Importantly, Crb is required in this process
to prevent the interaction between Par6 and Baz, thus acting together with aPKC
towards excluding Baz from the Par complex (Morais-de Sá et al., 2010, Walther and
Pichaud, 2010). aPKC and Crb-dependent apical exclusion of Baz re-positions this
protein at the boundary between the apical and basolateral domains (Morais-de Sá
et al., 2010, Walther and Pichaud, 2010). In the fly embryo, microtubules and the
motor protein Dynein position Baz clusters at the apico-lateral domain (Harris and
Peifer, 2005). These Baz clusters establish the positioning of the ZA by recruiting AJ
material, namely Arm (Drosophila β-catenin) and Ed (the fly nectin). Concurrently, a
lateral displacement of Baz is prevented by Par1 (Benton and Johnston, 2003b). The
kinase Par1 phosphorylates Baz at two serine residues, S151 and S1085, which prevents
both Baz oligomerisation and binding to aPKC at the basolateral membrane (Benton
and Johnston, 2003b).
The sequence of events that regulate the apical recruitment of Par6-aPKC via Cdc42,
Baz and how Par6-aPKC is then transferred onto the Crb complex is not well understood. Answering these questions is necessary to understand the molecular basis of
polarity establishment, as well as how this leads to the differentiation of specialised
membrane domains such as the ZA.

1.4.1

Adherens junction components

The core components of the AJs are known as Cadherins. Classic cadherins, such as
E-cadherin (E-cad, also known as DE-cadherin or shotgun in Drosophila), are Ca2+ -
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Figure 1.7: Cell-cell adhesion molecules in Drosophila epithelial cells. E-cad and Ed
establish homophilic interactions with neighbouring cells, both contributing to cell-cell adhesion.
E-cad binds β-catenin/Arm, which binds α-catenin to establish the link to the actin cytoskeleton.
E-cad is also linked to microtubules via p120-catenin. β-catenin/Arm can also link the cadherincatenin complex to other proteins, such as Baz and Mbt. Similarly, Ed is associated with the
actin cytoskeleton via the protein Cno. Ed binding to both Cno and Baz is mutually exclusive.

dependent adhesion molecules that contain essentially three domains: an extracellular
domain that establishes adhesion with neighbouring cells via homophilic interactions, a
transmembrane domain, and an intracellular domain that links to the actin cytoskeleton
(Harris and Tepass, 2010, Kemler, 1992, Tepass and Harris, 2007). The cytoplasmic
domain of cadherins is highly conserved and binds to catenins, in particular to Arm/βcatenin and to p120-catenin (Figure 1.7) (Aberle et al., 1994, Kemler, 1992).
In MDCK cells, E-cad binding to β-catenin has been shown to occur in the endoplasmic
reticulum (ER) and is coupled to an efficient exit from the ER and delivery to the
plasma membrane (Chen et al., 1999). At the plasma membrane, β-catenin recruits
α-catenin, which enriches α-catenin at the AJs (Aberle et al., 1994, Harris and Tepass,
2010). Importantly, α-catenin is also able to bind F-actin directly or via actin-binding
proteins, such as α-actinin, formin or afadin (Harris and Tepass, 2010). However, the
formation of a stable cadherin-catenin-F-actin complex requires tension, which causes
a force-driven conformational change on α-catenin that allows the link of the cadherincatenin complex to the actin cytoskeleton (Buckley et al., 2014). In turn, p120-catenin
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links cadherins to microtubules and has been shown to increase the amount of E-cad
at the plasma membrane by preventing its endocytosis and degradation (Davis et al.,
2003, Harris and Tepass, 2010).
In the fly embryo, the positioning of the cadherin-catenin complex at the apico-lateral
border is regulated by Baz (Harris and Peifer, 2005). Work in the fly embryo suggests
that distinct clusters of Baz and E-cad/Arm are formed independently in epithelial
cells, presumably based on Baz oligomerisation and E-cad homophilic interactions, respectively (Benton and Johnston, 2003b, Kemler, 1992, McGill et al., 2009). Baz clusters
position the E-cad/Arm clusters at AJ sites, via the Baz-Arm interaction (McGill et al.,
2009). In baz mutant embryos, E-cad/Arm clusters fail to localise to the developing
AJs, which leads to a loss of epithelial tissue integrity (McGill et al., 2009).
In addition to the cadherin-catenin complex, another adhesion complex has been identified at the AJs: the Ed-Canoe (Cno) complex in Drosophila or Nectin-Afadin in vertebrates. Ed is an immunoglobulin domain-containing adhesion protein that cooperates
with E-cad towards promoting cell adhesion. Ed is known to bind Baz via its C-terminal
PDZ domain, and to bind Cno, which links Ed to the actin cytoskeleton (Figure 1.7)
(Tepass and Harris, 2007, Wei et al., 2005). Both adhesion complexes can signal through
Rho GTPases to further regulate the cell cytoskeleton (Harris and Tepass, 2010).

1.4.2

Mbt as a regulator of AJ morphogenesis

The apical exclusion of Baz sets the positioning of the ZA by recruiting the AJ proteins
Arm and Ed. However, baz mutant cells still accumulate these adhesion molecules,
suggesting that other baz-independent mechanisms might operate in epithelial cells to
assemble AJs (Shahab et al., 2015, Walther and Pichaud, 2010, Wei et al., 2005).
One possible mechanism could involve the Pak, Pak4, or Mbt in flies, which has been
shown to regulate cell adhesion and photoreceptor morphogenesis in Drosophila (Menzel
et al., 2008). Pak4/Mbt is a serine/threonine kinase and an effector of the GTPase
Cdc42 (Schneeberger and Raabe, 2003). In the fly photoreceptor, Mbt has been shown
to localise at the developing ZA (Menzel et al., 2008, Schneeberger and Raabe, 2003).
Moreover, Mbt phosphorylates Arm in vitro at the serine residues S561 and S688, which
has been proposed to inhibit Arm binding to E-cad and ultimately to decrease E-cad45
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mediated cell adhesion (Menzel et al., 2008). In mice, loss of Pak4 results in embryonic
lethality; however, its conditional deletion correlates with a failure to assemble AJs in
neuroepithelial cells (Tian et al., 2011). In human bronchial cells, Pak4 also promotes AJ
assembly and maturation (Wallace et al., 2010). Interestingly, in these cells, the initial
recruitment of Pak4 to nascent AJs is Cdc42-dependent, but its maintenance during AJs
maturation requires Par6B-aPKC, suggesting a cross-talk between the Par complex and
Pak4 (Wallace et al., 2010). Additional studies are required to further investigate the
functional link between Pak4/Mbt and AJ morphogenesis, in the context of epithelial
cell polarity.

1.5

Trafficking

Tissue morphogenesis highly depends on vesicle-trafficking. For example, recent studies
show that E-cad maintains a high turnover at the AJs, requiring a highly regulated
balance between its membrane delivery and endocytosis (Beco et al., 2009). This is
crucial not only to maintain tissue integrity, but especially to facilitate epithelial tissue
remodelling (Baum and Georgiou, 2011).
In most polarised epithelial cells, proteins and lipids are produced in the ER and directly
sorted in the trans-Golgi network (TGN) to their final membrane domain (Griffiths and
Simons, 1986, Keller et al., 2001). For example, in Drosophila photoreceptors, Rab11
promotes the delivery of Rhodopsin-1 (Rh1) from the TGN to the very apical membrane comprised of thousands of microvilli known as the rhabdomere (Satoh et al.,
2005). This direct route to the apical surface ensures that Rh1 is properly delivered
to the rhabdomere, maintaining a functional development of the retina (Satoh et al.,
2005). However, it has been shown that in hepatocytes, the major epithelial cell type in
the liver, most molecules follow an indirect route to the apical membrane: first from the
TGN to the basolateral membrane, and then to the apical membrane (Bastaki et al.,
2002). A well-studied example of a transcytosed molecule is the polymeric immunoglobulin receptor, pIgR. pIgR is initially sorted to the basolateral membrane where it binds
its ligand. It is then internalised and transcytosed to the apical membrane (Mostov,
1994). In addition to these polarised delivery mechanisms, the asymmetric distribution
of molecules can also be regulated at the plasma membrane by different retention mech46
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anisms. One such example is the Na/K-ATPase. In MDCK cells, the Na/K-ATPase
has an increased residence time at the basolateral membrane compared to at the apical
membrane, which is a consequence of a retention mechanism through binding to ankyrin
and the spectrin-like protein fodrin (Hammerton et al., 1991).

1.5.1

The exocyst

A particularly important step that is common to all polarised delivery mechanisms is
the docking and fusion of the delivery vesicles at the appropriate plasma membrane site.
Before SNARE-mediated fusion with the membrane, the fundamental docking event is
mediated by the exocyst (Heider and Munson, 2012). The exocyst was first identified
in yeast as a complex of eight proteins: Sec3p, Sec5p, Sec6p, Sec8p, Sec10p, Sec15p,
Exo70 and Exo84 (Guo et al., 1999, TerBush et al., 1996). Although highly conserved
in eukaryotes, it is still not clear how all these proteins are organised in a complex
while tethering the exocytic vesicle to the plasma membrane. A prevalent model is that
there are exocyst subcomplexes, both at the plasma membrane and at vesicles (Heider
and Munson, 2012). Even though it has been commonly accepted that both Sec3 and
Exo70 localise at the plasma membrane, while the remaining components of the exocyst
localise at vesicles, very recently published data suggests that only Sec3 is localised at
the plasma membrane (Boyd et al., 2004, Mei et al., 2018).
In both models, it is the assembly of these subcomplexes into a complete octameric
exocyst complex that ensures that the tethering between membranes occurs at the right
place (Heider and Munson, 2012). These tethering events are mainly regulated by
GTPases, as many of the exocyst subunits act downstream of Rho, Ral and Rab GTPases
(Wu et al., 2010). For example, both Sec5 and Exo84 subunits are regulated by a Raslike (Ral) GTPase, RalA, which has been shown to regulate the assembly of the exocyst
at the plasma membrane (Moskalenko et al., 2002, 2003). The Rho GTPase Cdc42
has also been implicated in exocyst function. In vertebrate cells, Cdc42 activates RalA
(Sugihara et al., 2002), while in yeast, Cdc42 has been linked to at least two exocyst
subunits, Sec3 and Exo70 (Wu et al., 2010, Zhang et al., 2008).
One of the main questions in this field is related to whether the exocyst is recruited to
specific membrane domains and how it is maintained at those domains. In the past years,
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the number of links between polarised proteins/lipids and exocyst subunits continues to
grow. Exo84 has been shown to bind Par6 in vertebrate cells, thus providing the first
evidence of a possible link between the exocyst and the polarity Par complex (Das et al.,
2014). Moreover, the exocyst has been linked to the apical protein Crb in the Drosophila
embryo (Blankenship et al., 2007). exo84 mutant embryos show deffects in Crb trafficking, as well as mislocalisation of the AJ proteins Baz and Arm, similarly to crb mutant
embryos (Blankenship et al., 2007). Recently, the Macara lab has suggested that, in
mouse mammary epithelial cells, Par3 acts as a receptor for the exocyst at the plasma
membrane, via binding to the exocyst subunit Exo70 (Ahmed and Macara, 2017). Interestingly, in cortical neurons, both Par3 and aPKC co-immunoprecipitate with several
components of the exocyst, namely with Sec6, Sec8 and Exo84, and the GTPase RalA
is a regulator of these interactions (Lalli, 2009). In addition, it has also been suggested
that lipids are involved in the polarisation of the exocyst. In both yeast and mammals,
the exocyst subunits Sec3 and Exo70 bind to PIP2 at the plasma membrane (He et al.,
2007, Zhang et al., 2008). Further studies are required to dissect the exact mechanisms
that couple exocyst subunits to phosphoinositides and polarity determinants, in the
delivery of different cargoes to distinct sites at the plasma membrane.

1.5.2

Regulation of E-cad trafficking

At the ZA, the cell-cell adhesion complexes signal through Rho GTPases. During development, AJs must be constantly assembled and disassembled to allow tissue dynamics,
in a process known as AJ remodelling (Baum and Georgiou, 2011). E-cad is continuously internalised and recycled back to the plasma membrane and Cdc42 regulates
AJ remodelling by promoting E-cad endocytosis. In the fly notum, Cdc42-Par6-aPKC
regulate CIP4 function towards promoting E-cad endocytosis (Georgiou et al., 2008,
Harris and Tepass, 2010, Leibfried et al., 2008). In this process, the Cdc42 effector
CIP4 recruits the scission protein Dynamin and promotes Arp2/3-dependent actin polymerisation via WASp, thus regulating dynamin- and actin-dependent E-cad endocytosis
(Georgiou et al., 2008, Leibfried et al., 2008). Upon endocytosis, E-cad accumulates
in Rab5-positive early endosomes and can either follow a degradation pathway or a
recycling route back to the plasma membrane (Baum and Georgiou, 2011). Ubiquitintagged E-cad is sorted to the lysosome for degradation (Fujita et al., 2002, Palacios
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et al., 2005). Alternatively, Rab11 and the exocyst have been implicated in recycling
E-cad to the plasma membrane (Langevin et al., 2005, Lock and Stow, 2005).

1.5.3

Regulation of Crb trafficking

In addition to the junctional protein E-cad, the apical transmembrane protein Crb
is also thought to undergo active recycling in epithelial cells. Blocking endocytosis,
exocytosis or disrupting recycling endosomes has been shown to alter Crb levels at the
apical membrane (Blankenship et al., 2007, Lu and Bilder, 2005, Roeth et al., 2009). Crb
apical localisation is known to require a whole set of proteins that are related to vesicular
trafficking, such as Cdc42, the retromer, Rab11 and the exocyst subunit Exo84.
Cdc42 has been shown to regulate Crb endocytosis at two distinct stages in Drosophila
(Harris and Tepass, 2008). Firstly, Cdc42 regulates Rab5- and syntaxin-dependent endocytosis of Crb via Par6-aPKC (Harris and Tepass, 2008, Lu and Bilder, 2005). While
loss of Cdc42 increases Crb endocytosis, this phenotype can be suppressed by the expression of constitutively active aPKC, suggesting that Par6-aPKC act downstream of
Cdc42 in the regulation of Crb endocytosis (Harris and Tepass, 2008). In addition,
loss of Rab5 or the syntaxin Avalanche, which localise to early endosomes, result in
expansion of the apical membrane, as a consequence of failure to endocytose Crb (Lu
and Bilder, 2005). Secondly, loss of Cdc42 blocks the progression of Crb from early
to late endosomes (Harris and Tepass, 2008). Altogether, Cdc42 regulates Crb apical
localisation by reducing its endocytosis and promoting its progression from early to late
endosomes (Harris and Tepass, 2008).
The retromer is a protein complex involved in the retrograde transport of transmembrane
proteins from endosomes to the trans-Golgi network. Work in the fly embryo, FE and
wing discs shows that the retromer regulates the retrograde recycling of Crb. Upon
loss of retromer function, Crb is mis-targeted to lysosomes, thus following a degradation
pathway that causes severe phenotypes in apical-basal polarity (Pocha et al., 2011, Zhou
et al., 2011).
Lastly, the apical delivery of Crb has been suggested to be a Rab11- and exocystdependent process (Blankenship et al., 2007, Roeth et al., 2009). In fact disrupting rab11
function results in a very similar phenotype to crb loss-of-function and reveals defects
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in the apical accumulation of Crb (Roeth et al., 2009). Similarly, in the Drosophila
embryo, exo84 loss-of-function shows similarities to the crb loss-of-function (Blankenship
et al., 2007). In exo84 embryos, Crb accumulates in recycling endosomes instead of
accumulating at the apical membrane (Blankenship et al., 2007).
Although we currently have a view of the different cellular machineries that regulate
Crb trafficking, we still lack an integrated view of how these machineries are polarised
and coordinated during the establishment of epithelial cell polarity.

1.6

Epithelial cell polarity and cancer

Tumours derived from epithelial cells are known as carcinomas and account for 80-90 % of
human tumours (Molitoris and Nelson, 1990). Loss of cell polarity and adhesiveness are
two hallmarks of cancer malignancy, therefore, it is not surprising that several proteins
involved in polarity regulation are known tumour suppressors or proto-oncoproteins
(Martin-Belmonte and Perez-Moreno, 2012). In addition, many of these polarity proteins
crosstalk with a variety of other signalling pathways, such as the Wnt, Hedgehog and
Hippo pathways, which regulate cell proliferation, differentiation and growth (MartinBelmonte and Perez-Moreno, 2012).
In the Par complex, both Par6 and aPKC overexpression has been observed in multiple
cancer patients, such as breast and liver cancer patients (Lee and Vasioukhin, 2008,
Nolan et al., 2008, Zhang et al., 2016). In addition, more classical oncogenes, such
as ErbB2, can associate with Par6-aPKC, which interferes with the regulation of the
Par complex and promotes loss of epithelial polarity in breast cancer (Aranda et al.,
2006). Also at the apical domain, Crb has also been implicated in cancer progression
and metastasis. In immortalised mouse epithelial cells selected in vivo for tumourogenicity, CRB3 expression is considerably reduced and these cells display several EpithelialMesenchymal Transition (EMT) related characteristics, such as impaired TJ formation,
loss of cell polarity and loss of contact inhibition (Bergstralh and Johnston, 2012, Karp
et al., 2008, Martin-Belmonte and Perez-Moreno, 2012). In this context, re-introducing
CRB3 reduces cell migration while preventing metastasis (Karp et al., 2008). Par3 also
seems to act as a tumour suppressor, being reduced or mutated in squamous carcinomas
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and glioblastomas (Rothenberg et al., 2010). Similarly, expressing Par3 in these cells
restores TJs and reduces cell proliferation (Rothenberg et al., 2010).
All three proteins of the Scrib complex (Scrib, Lgl and Dlg) are known tumour suppressors and their expression is frequently lost in many advanced tumours (Martin-Belmonte
and Perez-Moreno, 2012). In flies, scrib, lgl and dlg loss-of-function promotes tissue
over-proliferation, which is similar to human tumourogenesis (Bergstralh and Johnston,
2012). In Drosophila eye-antennal discs, scrib mutants in combination with activated
Ras develop metastatic tumours (Brumby and Richardson, 2003). Similarly, human
cancers identified by the absence of scrib are characterised by cancer cell migration and
invasion, a process that seems to be a consequence of Rac1 activation (Martin-Belmonte
and Perez-Moreno, 2012). In breast and colorectal cancers, the ZEB1 transcription factor represses Lgl2 transcription, also leading to metastasis and invasion (Spaderna et al.,
2008). Importantly, in melanoma cells, re-introducing Lgl decreases cell migration and
increases cell adhesion, suggesting that Lgl is involved in melanoma progression (Kuphal
et al., 2006).
Being largely involved in the regulation of cytoskeletal organisation, cell adhesion and
cell migration, it is not surprising that Pak proteins are also frequently related to cancer.
Although mutations in Pak proteins are not commonly found in human cancers, the
expression or activation of these proteins is largely increased in certain types of cancer
(Rane and Minden, 2014, Ye and Field, 2012). Both pak1 and pak4 genes are localised
in chromosomal regions that are typically amplified in cancer cells (Rane and Minden,
2014, Ye and Field, 2012). While the pak1 locus is frequently amplified in bladder, ovary
and breast cancers, the pak4 gene is found to be amplified in colorectal and pancreatic
cancers (Bostner et al., 2007, Brown et al., 2008, Ito et al., 2007, Mahlamäki et al., 2004,
Ye and Field, 2012). In the particular case of Pak4, it has been found overexpressed
in 75 % of a total of 60 human tumour cell lines of different origins, where it has been
implicated in both oncogenic transformation and anchorage-independent growth (Callow
et al., 2002).
There is an evident link between cancer progression and epithelial cell polarity regulation. Loss of cell polarity and cell adhesion is a hallmark of cancer malignancy, and loss,
mutation or overexpression of polarity regulators is observed in several human cancers.

51

1. INTRODUCTION
However, so far, most of our knowledge resides from correlative studies. Further investigation is required to understand the detailed mechanisms that connect the regulation
of polarity complexes to cancer progression. Only then we will be able to manipulate
these networks in a disease background, through a tailored therapeutic approach. The
use of both genetic and biochemical techniques to study in great detail the relationship
between all these polarity factors is definitely necessary, possibly being the starting point
for the development of novel cancer therapies.
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Chapter 2

Aims
During my PhD, I aimed to understand how epithelial cells polarise their cortex and
plasma membrane in order to build their apical membrane and intercellular junctions.
The GTPase Cdc42 is known to play a central role in the regulation of cell polarity.
Therefore, during my PhD I investigated whether Cdc42 is essential to separate the
apical and junctional domains. To test this hypothesis, I have focused on the role of two
effectors of Cdc42: Par6 (Chapter 4) and Mbt/Pak4 (Chapter 6).
Both Par6 and Mbt are cortical proteins, therefore regulating primarily polarity at the
cell cortex. However, during epithelial morphogenesis, cortical polarity must be translated into plasma membrane specialisation. As a result, during part of my PhD, I
investigated how polarity is coordinated between the cell cortex and the plasma membrane in epithelial cells. More specifically, I was interested in understanding the link
between cortical polarity complexes (such as the Par complex) and the delivery of transmembrane proteins (such as Crb), while focusing on the role of the exocyst complex in
the process (Chapter 5).
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Materials and Methods
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3.1

Fly food and stocks

Drosophila melanogaster stocks were maintained at 18 ◦ C in disposable plastic vials
containing standard cornmeal fly food. Crosses and staging were carried at 25 ◦ C unless
otherwise stated. For routine fly work, flies were anaesthetised with CO2 .

3.2

Genotypes

Canton S and yw flies were used as wild-type flies for control experiments.

Fly lines used in Chapter 4
par6Δ226 , FRT9.2 (Petronczki and Knoblich, 2001)
; GMR-GAL4 ; (Freeman, 1996)
;; GR1-GAL4 (Goentoro et al., 2006)
w ; FRTG13, aPKCpsu69 (Kim et al., 2009)

Fly lines generated in Chapter 4
w ;; UAS-Par6WT ::GFP
w ;; UAS-Par6K23A ::GFP
w ;; UAS-Par6KPLG-AAAA ::GFP
w ;; UAS-Par6S146E ::GFP
UAS-Par6::GFP strains were generated by injecting the appropriate DNA constructs for
standard P-element transformation (BestGene Inc.) (Rubin and Spradling, 1982).
w ;; par6-Par6WT ::GFP
w ;; par6-Par6K23A ::GFP
w ;; par6-Par6KPLG-AAAA ::GFP
w ;; par6-Par6ΔP139 ::GFP
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w ;; par6-Par6S146E ::GFP
To generate par6-Par6::GFP rescue strains, the appropriate DNA constructs were injected into the parent strain y[1] w[67c23] ;; PCary attP2 (Bloomington Drosophila
Stock Center (BDSC) 8622) for PhiC31 mediated recombination (Groth et al., 2004)
by BestGene Inc. The use of the PhiC31 integrase to target the insertion of different
transgenes to the same genomic site enables the control of local genomic environment,
allowing similar expression levels for different transgenes.

Fly lines used in Chapter 5
; Ubi-Ecad::GFP ; (Oda and Tsukita, 2001)
w ;; exo84IR / TM3 (Vienna Drosophila Resource Center (VDRC) 30112)
w ; ubi-DECad::GFP, sec5E10 , FRT40A ; (Murthy et al., 2003)
ralAEE1 / FM7 (BDSC 25095, Eun et al. (2007))
eyFLP ; actGAL4, UAS-GFP ; FRT82B, tubGAL80 (Lee and Luo, 2001)
w[*] ; Py[+t7.7] w[+mC]=CoinFLP-GAL4attP40 / CyO ; Dr[1] / TM6C, Sb[1] (BDSC
58750) (Bosch et al., 2015)
w[*] ; Py[+t7.7] w[+mC]=CoinFLP-GAL4attP40 Pw[+mC]=UAS-2xEGFPAH2 ; (BDSC
58751) (Bosch et al., 2015)

Fly lines generated in Chapter 5
;; FRT82B exo84Δ11 / TM6
;; FRT82B exo84Δ14 / TM6
Both exo84 mutant strains were generated as described in subsection 3.3.3.
;; UAS GFP::RalAWT
;; UAS GFP::RalAE35R
;; UAS GFP::RalAK44E
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To generate UAS GFP::RalA rescue strains, the appropriate DNA constructs were injected into the parent strain y[1] w[67c23] ;; PCary attP2 (BDSC 8622) for PhiC31
mediated recombination (Groth et al., 2004) by BestGene Inc.

Fly lines used in Chapter 6
mbtP1 / mbtP1 ;; (Schneeberger and Raabe, 2003)
; GMR-GAL4 ; (Freeman, 1996)

Fly lines generated in Chapter 6
;; UAS-armSA561,688 ::myc / + was generated by injecting the appropriate DNA constructs for standard P-element transformation (BestGene Inc.) (Rubin and Spradling,
1982).

3.3
3.3.1

Genetic techniques
GAL4-UAS system

Ectopic gene expression was achieved using the GAL4-UAS system, which enables the
overexpression or RNAi-induced knock-down of different genes in specific tissues at a
controlled developmental time (Brand and Perrimon, 1993). A variety of promoters can
be used to drive the expression of the yeast transcriptional activator GAL4 in specific
tissues. In this thesis, the Glass Multimer Reporter (GMR) promoter was used to drive
GAL4 expression in cells behind the morphogenetic furrow in Drosophila imaginal discs
(Freeman, 1996), while the GR1 promoter was used to drive GAL4 expression in FCs
including FC stem cells (Goentoro et al., 2006). Tissue specific GAL4 protein can then
bind the Upstream Activation Sequence (UAS) and enhance transcription of transgenes
under the control of the UAS sequence (Brand and Perrimon, 1993). As a consequence,
transgenes under the control of a UAS sequence are expressed only in cells containing
GAL4, i.e. in all cells behind the morphogenetic furrow in Drosophila imaginal discs or
in all FCs (Figure 3.1).
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Figure 3.1: The GAL4-UAS system. The GAL4 gene is under the control of the driver
GMR or GR1, for expression in the retina or follicular epithelium, respectively. The protein
GAL4 binds to the enhancer UAS and activates the transcription of gene X.

3.3.2

Genetic Mosaics

The FLP-FRT system
The FLP-FRT system is a site-directed recombination technique and was used to generate genetic mosaics in the fly retina. Tissue-specific Flip-recombinase (Flp) binds to
Flippase recognition target (FRT) sites and promotes recombination between two homologous chromosomes: one harbouring the mutant allele and the other containing the
marker gene ubi-GFP (Golic and Lindquist, 1989). This generates two genetically different cell populations: (1) a non-GFP population that is homozygous for the mutation,
and (2) a population with two copies of the GFP marker, which is wild-type twin-spot
(Figure 3.2) (Stocker and Gallant, 2008, Xu and Rubin, 1993). In this thesis, Flp was
placed under the control of the eyeless (ey) promoter, therefore restricting these recombination events to the developing eye-antennal imaginal disc (Newsome et al., 2000).
The expression of ey starts at stage 15 of embryonic development in the 6-23 cell eyedisc primordium and continues until the final cell divisions at late third instar larvae
(Newsome et al., 2000).
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Figure 3.2: The FLP-FRT system. ey drives the expression of FLP in the eye-antennal
disc, which in turn binds to identical FRT sites (grey triangles) and mediates site-specific recombination between two homologous chromosomes, one containing a lethal mutation (red asterisk)
and another containing a GFP marker. As a consequence, cells that undergo recombination
are wild-type twin-spot with two copies of the GFP marker, or homozygous mutant lacking
GFP signal. There is potentially a population of cells that does not undergo recombination and
contains one copy of each chromosome, similarly to the parent cell.

The MARCM system
The mosaic analysis with a repressible cell marker (MARCM) system is based on the
previously mentioned FLP-FRT system; however, the mutant cells are marked by the
presence of the GFP marker. In this system, GAL4 is ubiquitously expressed, driving
the expression of a GFP marker placed under the control of a UAS sequence. Using the
GAL4-repressor transgene GAL80, it is possible to repress GFP expression in wild-type
cells, while mutant cells lacking GAL80 are marked by the expression of the GFP marker
(Figure 3.3) (Lee and Luo, 1999). Similar to the previous subsection, Flp was expressed
specifically in the fly eye using the ey promoter (Newsome et al., 2000).
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Figure 3.3: The MARCM system. ey drives the expression of FLP in the eye-antennal disc,
which in turn binds to identical FRT sites (grey triangles) and mediates site-specific recombination between two homologous chromosomes, one containing a lethal mutation (red asterisk) and
another containing the GAL80 gene. GAL4 is ubiquitously expressed, enhancing the expression
of UAS GFP in the absence of its repressor GAL80. As a consequence, cells that undergo recombination are homozygous mutant and GFP-positive, or wild-type and express GAL80, therefore
lacking GFP signal.

The coinFLP-GAL4 system
The coinFLP-GAL4 system enables the overexpression or RNAi-induced knock-down of
different genes in mosaic tissues (Bosch et al., 2015). Based on stochastic recombination
events induced by the recombinase Flp, it is possible to combine both wild-type and
mutant cells in the same tissue expressing Flp (Bosch et al., 2015). The eye-specific
promoter ey was used to generate mosaics in the fly eye without affecting the rest of
the animal (Newsome et al., 2000).
BDSC stock 58750 – w[*] ; Py[+t7.7] w[+mC]=CoinFLP-GAL4attP40 / CyO ; Dr[1] /
TM6C, Sb[1] – was used to generate mosaic retina overexpressing fluorescently tagged
proteins, while stock 58751 – w[*] ; Py[+t7.7] w[+mC]=CoinFLP-GAL4attP40 Pw[+mC]
=UAS-2xEGFPAH2 ; – was used to generate RNAi-induced knock-down clones where
mutant cells are marked by the presence of GFP signal.
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Figure 3.4: The coinFLP system. ey drives the expression of FLP in the eye-antennal
disc, which in turn mediates site-specific recombination between one of the two existing pairs
of mutually exclusive FRT sites: canonical FRT (grey triangle) or FRT3 (orange triangle).
Recombination between the canonical FRT sites excises a STOP codon, leading to the expression
of GAL4 and subsequent expression of gene X. On the other hand, recombination between the
FRT3 sites excises one of the canonical FRT sites, preventing further recombination events,
while maintaining the STOP codon that prevents the expression of GAL4 and as a consequence,
also prevents the expression of gene X.

3.3.3

P-element imprecise excision

The exo84 mutant flies were generated by P-element imprecise excision. Chromosomal P-element excision forms a double-stranded break in the DNA. Importantly, in
approximately 1 % of these excision events, the ends of this double-stranded break are
degraded before DNA repair, leading to removal of the flanking regions together with the
P-element (Stocker and Gallant, 2008). This unpredictable process known as P-element
imprecise excision can lead to the formation of mutants.
The Exo84 line w1118 ;; exo84HP35566 (BDSC 21984) was used as a starting point to
generate exo84 mutant flies. The exo84HP35566 line belongs to a library of EP-element
insertions, which have been generated by the insertion of an UAS that can activate
the transcription of an endogenous neighbouring gene in a GAL4-dependent manner
(Staudt et al., 2005). The EP-element HP35566 is inserted in the first exon of the exo84
gene (Figure 5.3A). The imprecise excision of this P-element was induced by the Δ2,3
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transposase (BDSC 3629) and individual males were used to establish individual stocks.
These stocks were screened for lethality and then by PCR using the following primer
pair: 5’-TGAATTAGCAACAGGTGGAAAA-3’ and 5’-AAACACATCTGTGGTGTA
GAC-3’. Deletions were verified by sequencing the PCR product, which confirmed the
characterisation of two independent mutant lines that we called exo84Δ11 and exo84Δ14 .
These exo84 mutant lines were finally recombined onto FRT82B chromosomes (BDSC
5619).

3.4

Reagents

3.4.1

Antibodies
Table 3.1: Primary antibodies and dilutions used for western blotting.

Target

Host species

Supplier

Cat. No. (Clone)

Dilution

alpha-Tubulin

Mouse

DSHB*

AA4.3

1/100

Flag

Mouse

Sigma

F3165 (M2)

1/1,000

GFP

Rabbit

Cell Signaling

2956S (D5.1)

1/1,000

GST

Rabbit

Sigma

G7781 (polyclonal)

1/100,000

MBP

Mouse

New England Biolabs

E8032S

1/80,000

Myc

Mouse

Santa Cruz

sc-40 (9E10)

1/1,000

PKCζ

Rabbit

Santa Cruz

sc-216 (C-20)

1/500

* Developmental Studies Hybridoma Bank (DSHB)

Table 3.2: Secondary antibodies and dilutions used for western blotting.
Conjugation

Target species

Host species

Supplier

Cat. No.

Dilution

HRP

Mouse

Rabbit

Sigma

A0545

1/10,000 - 1/80,000

HRP

Rabbit

Goat

Sigma

A9044

1/10,000 - 1/100,000

Veriblot HRP

Mouse

Rat

Abcam

Ab131368

1/4,000
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Table 3.3: Primary antibodies and dilutions used for immunofluorescence.

Target

Host species

Supplier

Cat. No.

Dilution

Arm

Mouse

DSHB

N27A1

1/200

Baz

Rabbit

Wodarz et al. (1999)

Crb

Mouse

DSHB

Crb

Rat

Walther et al. (2016)

E-cad

Rat

DSHB

DCAD2

1/20

Eys

Mouse

DSHB

mAB21A6

1/10

Mbt

Guinea Pig

Walther et al. (2016)

1/200

Par6

Guinea Pig

Walther et al. (2016)

1/1,000

PKCζ

Rabbit

Sigma

PS980-Baz

Rabbit

Morais-de Sá et al. (2010)

Rab11

Mouse

BD Transduction Laboratories

610657

1/100

Rab5

Rabbit

Abcam

ab31261

1/500

Rhodopsin-1

Mouse

DSHB

4C5

1/10

Sec5

Mouse

Murthy et al. (2003)

22A2

1/35

1/2,000
Cq4

1/50
1/200

SAB4502380

1/500
1/200

Table 3.4: Secondary antibodies and dilutions used for immunofluorescence.
Conjugation

Target species

Host species

Supplier

Cat. No.

Dilution

DyLight 405

Mouse

Donkey

Jackson ImmunoResearch

715-475-151

1/200

DyLight 405

Rabbit

Donkey

Jackson ImmunoResearch

711-475-152

1/200

AlexaFluor 488

Mouse

Donkey

Jackson ImmunoResearch

715-545-151

1/200

Cy3

Rabbit

Donkey

Jackson ImmunoResearch

711-165-152

1/200

Texas red

Rat

Donkey

Jackson ImmunoResearch

712-075-150

1/200

AlexaFluor 647

Rat

Donkey

Jackson ImmunoResearch

712-605-153

1/200

AlexaFluor 647

Guinea pig

Donkey

Jackson ImmunoResearch

706-605-148

1/200

Phalloidin TRITC

n/a

n/a

Sigma

P1951

1/200

3.4.2

Plasmids

A full list of the plasmids used in this thesis is listed in Appendix Tables 7.1 and 7.2,
with a brief description of how they were engineered. Plasmid DNA purification was
performed with the QIAprep Spin Miniprep Kit (Cat. No. 27104, Qiagen). Plasmid
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DNA concentration was measured using a NanoDropTM 2000 Spectrophotometer (ThermoFisher).

3.5
3.5.1

Molecular Cloning
Generation of competent bacteria

Bacteria (NEB 5-alpha Competent E. coli [Cat. No. C2987I, New England Biolabs] ,
BL21-AI One Shot Chemically Competent [Cat. No. C607003, Invitrogen] or One Shot
ccdB Survival 2 T1R Competent Cells [Cat. No. A10460, Invitrogen]) were streaked
from a glycerol stock onto an LB plate and incubated overnight at 37 ◦ C. A single
colony was used to inoculate 5 mL of LB media and incubated overnight at 37 ◦ C. The
overnight culture was used to inoculate 500 mL of LB media and grown at 37 ◦ C until
OD600 was between 0.4-0.55. The culture was then transferred to a cold sterile centrifuge
bottle, incubated on ice for 10 min and centrifuged at 1,700 x g for 10 min at 4 ◦ C.
The bacterial pellet was resuspended in 1/3 of the original volume with RF1 buffer (100
mM rubidium chloride, 50 mM manganese (II) chloride tetrahydrate, 30 mM potassium
acetate, 10 mM Calcium chloride dihydrate and 15 % wt/vol glycerol, pH 5.8). Bacteria
in RF1 buffer were incubated on ice for 15 min and centrifuged at 580 x g for 15 min at 4
◦ C.

The bacterial pellet was then resuspended in 1/25 of the original volume with RF2

buffer (10 mM MOPS, 10 mM rubidium chloride, 75 mM calcium chloride dihydrate
and 15 % wt/vol glycerol, pH 6.8). Bacteria in RF2 buffer were incubated on ice for 15
min, aliquoted in eppendorf tubes and frozen at -80 ◦ C.

3.5.2

Restriction enzyme based cloning

DNA fragments were amplified by PCR using the proof-reading enzyme PfuUltra II Fusion HS DNA Polymerase (Cat. No. 600670, Agilent). The quality of the PCR product
was confirmed by agarose gel electrophoresis and then PCR purified (Monarch PCR &
DNA Cleanup Kit. Cat. No. T1030S, New England Biolabs) or gel extracted (Monarch
DNA Gel Extraction Kit, Cat. No. T1020S, New England Biolabs) as appropriate. All
restriction digests were performed using enzymes and buffers from New England Biolabs.
Ligations were performed overnight at 16 ◦ C with T4 DNA ligase (Cat. No. M0202S,
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New England Biolabs). Post-cloning plasmid screening was performed by colony PCR
with BioMixTM Red (Cat. No. BIO-25006, Bioline).

3.5.3

Gateway system cloning

pENTR directional TOPO cloning
Gateway cloning was performed according to manufacturer’s instructions (Invitrogen).
Primers were designed to amplify the region of interest from a template DNA and containing a CACC sequence at the 5’ end of the Forward Primer. The DNA fragment
was amplified by PCR using the proof-reading enzyme PfuUltra II Fusion HS DNA
Polymerase (Cat. No. 600670, Agilent). The quality and quantity of the PCR product was confirmed by agarose gel electrophoresis and was then TOPO cloned into the
pENTRTM /D-TOPO vector (Cat. No. K240020, Invitrogen). For the TOPO cloning
reaction, up to 5 μL of PCR product were incubated with 1 μL of salt solution and 1
μL of vector for 30 min at Room Temperature (RT). The recombinant vector was transformed into One Shot competent E. coli (Cat. No. K240020, Invitrogen) and plated
onto LB agar plates with kanamycin. The obtained pENTR vectors were validated by
Sanger sequencing.

LR recombination
The LR recombination reactions were performed by mixing 1 μL of the pENTR vector
at 20 ng/μL, 0.5 μL of the Destination Vector at 75 ng/μL, 0.5 μL of TE buffer and
0.5 μL LR Clonase II enzyme mix (Cat. No. 11791-019, Invitrogen). The previous
reactions were incubated for 1h at 25 ◦ C and then further 10 min at 37 ◦ C with 0.25 μL
of Proteinase K to terminate the reaction. DH5α competent E. coli were transformed
with 1 μL of the LR reaction and plated onto LB agar plates with ampicillin. The final
products were validated by Sanger sequencing.

3.5.4

Site-directed mutagenesis

The QuikChange Lightning Site-Directed Mutagenesis Kit (Cat. No. 210518, Agilent)
was used to generate mutant plasmids according to manufacturer’s instructions.
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Table 3.5: Primers used for RalA mutagenesis.

Primer

Sequence

RalA G20V forward

5’-atggtgggcagtgtcggcgtgggaaag-3’

RalA G20V reverse

5’-ctttcccacgccgacactgcccaccat-3’

RalA E35R forward

5’-cgccctcacactgcagtttatgtacgatcgattcgtcgaggactac-3’

RalA E35R reverse

5’-gtagtcctcgacgaatcgatcgtacataaactgcagtgtgagggcg-3’

RalA K44E forward

5’-gactacgagcccaccgaggccgatagctata -3’

RalA K44E reverse

5’- tatagctatcggcctcggtgggctcgtagtc -3’

3.5.5

Drosophila genomic DNA extraction

Fly genomic DNA was extracted from 25 fly heads per condition. First, flies were
beheaded and their heads were kept on ice in 250 μL of extraction buffer (0.1 M Tris
HCl, pH 9.0, 0.1 M EDTA and 1 % SDS). The heads were homogenised using a motor
mixer with pestles and incubated 30 min at 70 ◦ C, followed by addition of 35 μL of
KAc 8 M and incubation on ice for further 30 min. Samples were centrifuged for 15 min
at 13,000 rpm, and for each sample, the supernatant was transferred to a new tube to
which was added the same volume of Phenol-Chloroform. After vigorous shaking, the
samples were centrifuged again 5 min at 13,000 rpm, the supernatant was transferred to
a new tube to which was added again the same volume of Phenol-Chloroform. Again,
after shaking the samples were centrifuged 5 min at 13,000 rpm, the supernatant was
transferred to a new tube to which was added 150 μL of Isopropanol. After shaking,
the samples were centrifuged 5 min at 10,000 rpm, the supernatants were discarded
and the pellets were washed with 1 mL 70 % EtOH. The samples were centrifuged 5
min at 13,000 rpm, the EtOH was removed and the pellets were allowed to air-dry for
approximately 5 min before being resuspended in 100 μL of TE buffer.

3.5.6

DNA sequencing and analysis

Sanger sequencing was performed either by Eurofins Genomics (Ebersberg, Germany)
or by Genewiz (Takeley , UK). Sequences were analysed with the DNASTAR Lasergene
package.
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3.6
3.6.1

Cell culture
Cell lines and maintenance

S2 cells from Drosophila Genomics Resource Center (DGRC) were maintained at 26 ◦ C
in Schneider’s medium (Cat. No. 21720001, ThermoFisher Scientific) with 10 % FBS
and 1 % Penicillin/Streptomycin.

3.6.2

Transient transfection

S2 cells were transiently transfected with Effectene Transfection Reagent (Cat. No.
301427, Qiagen). Approximately 1 x 106 cells in 600 μL were plated per well of a 12-well
plate. After 24h, S2 cells were transfected with 1 μg of DNA, 65 μL of EC Buffer, 8 μL of
enhancer, 10 μL of effectene and 107 μL of Schneider’s medium. S2 cells were incubated
for 48h in this transfection mix and then used for further experiments. For pulldown
experiments, a total of 4 wells were transfected per experimental condition.
For plasmids with the metallothionein gene promoter, expression of the gene of interest
was induced by addition of 0.5 mM copper sulfate to the culture medium 24h posttransfection and incubation for 24h, before being used for further experiments.

3.7
3.7.1

Biochemistry
Expression and purification of recombinant proteins

To express GST-fusion proteins, E. coli BL21 was transformed with the appropriate
plasmid and induced with 0.2 % L-arabinose or 1 mM IPTG as appropriate for 4h at 30
◦ C.

Bacteria were lysed by sonication in 50 mM Tris HCl pH 7.6, 50 mM NaCl, 5 mM

MgCl2 , 0.5 % Triton X-100, 10 mM DTT and protease inhibitor (EDTA-free Complete
Protease Inhibitor [Cat. No. 04693132001, Roche]). GST-fusion proteins were purified
using Glutathione Sepharose 4 Fast Flow beads (Cat. No. 17-5132-01, GE Healthcare).
Lysates were incubated with the beads for 1h at 4 ◦ C in an end-over-end rotator, washed
in lysis buffer and kept on beads in lysis buffer with 1 mM DTT at 4 ◦ C for further
experiments.
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To express MBP-fusion proteins E. coli BL21 was transformed with the appropriate
plasmids and induced with 0.3 mM IPTG for 2h at 37 ◦ C. Bacteria were lysed in 20
mM Tris HCl pH 7.4, 200 mM NaCl, 1 mM EDTA, 1 mM DTT. MBP-fusion proteins
were purified using Amylose resin (Cat. No. E8021S, New England Biolabs). Lysates
were incubated with the beads for 1h at 4 ◦ C in an end-over-end rotator, washed in lysis
buffer, eluted in lysis buffer containing 10 mM Maltose, dialysed to 50 mM Tris HCl
pH 7.5, 150 mM NaCl, 5 mM MgCl2 , 40 % Glycerol and stored at -80 ◦ C for further
experiments.
Before further experiments, all proteins were separated by SDS-PAGE followed by Instant Blue (Cat. No. HG773010, Expedeon) or Coomassie R-250 staining, to confirm
the quantity and quality of the purified proteins.

3.7.2

In vitro binding assay

Approximately 1 μg of recombinant GST-fusion protein in beads and 0.5 μg of recombinant MBP-fusion protein were mixed together with binding buffer (50 mM Tris HCl
pH 7.5, 150 mM NaCl, 5 mM MgCl2 , 0.5 % Triton X-100) in a total volume of 100
μL. From this, 30 % were saved as the input control, where 25 % were loaded into a
gel for Coomassie staining and 5 % were loaded into a separate gel for Western Blot
analysis as in subsection 3.7.6. The remaining 70 % were incubated for 1h at 4 ◦ C in an
end-over-end rotator, washed three times in binding buffer and 58 % were loaded into a
gel for Coomassie staining while the remaining 12 % were loaded into a separate gel for
Western Blot analysis as in subsection 3.7.6.

3.7.3

GST Pulldowns

S2 cells were washed in PBS and lysed in 50 mM Tris HCl pH 7.5, 150 mM NaCl, 0.5 %
Triton X-100, 1 mM EDTA, protease inhibitor (EDTA-free Complete Protease Inhibitor
[Cat. No. 04693159001, Roche]) and phosphatase inhibitor cocktail (Cat. No. P5726,
Sigma). Protein concentration was determined with the Pierce BCA Protein Assay Kit
(Cat. No. 23227, ThermoFisher Scientific) and samples were diluted accordingly to
have the same final concentration. A small amount (approximately 2 % of the total cell
lysate, i.e. roughly 10 μg) of cell lysate was diluted in SDS sample buffer (with a final
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concentration in the sample of 62.5 mM Tris-Cl pH 6.8, 2 % SDS, 7.5 % glycerol, 2.5
% β-mercaptoethanol and 0.005 % bromophenol blue) and stored at -20 ◦ C. With the
remaining cell lysate, equal amounts (approximately 500 μg of total cell lysate) were
added to roughly 1 μg of previously purified GST-tagged protein in beads. Cell lysates
were incubated with the beads for 1h at 4 ◦ C in an end-over-end rotator, washed three
times in lysis buffer and analysed by Western blotting as in subsection 3.7.6.

3.7.4

Co-immunoprecipitation

S2 cells were washed in PBS and lysed as in subsection 3.7.3. Cell lysates were treated
as in subsection 3.7.3. Flag-tagged proteins were immunoprecipitated with anti-FLAG
M2 magnetic beads (Cat. No. M8823, Sigma), while myc-tagged proteins were immunoprecipitated with anti-myc agarose beads (Cat. No. A7470, Sigma). Equal amounts
of cell lysate (approximately 500 μg of total cell lysate) were added to 30 μL of beads
and incubated 1h at 4 ◦ C in an end-over-end rotator. Proteins in the beads were then
washed three times in lysis buffer and analysed by Western blotting as in subsection
3.7.6.

3.7.5

Drosophila protein extraction

Protein extractions were preformed from eight fly heads homogenised in 30 μL of extraction buffer (125 mM NaCl, 50 mM Tris HCl pH 7.5, 5 % glycerol, 1 mM MgCl2 , 1
mM EDTA, 0.2 % NP-40, 0.5 mM DTT, EDTA-free Complete Protease Inhibitor [Cat.
No. 04693159001, Roche] and phosphatase inhibitor cocktail [Cat. No. P5726, Sigma]),
using a motor mixer with pestles. Samples were centrifuged at 13,000 rpm for 10 min
using a bench-top centrifuge and the supernatants were analysed by Western blotting
as in subsection 3.7.6.

3.7.6

Western Blotting

Samples in SDS sample buffer were boiled for 5 min at 95 ◦ C and loaded into a
NuPAGETM 10 % or 4-12 % Bis-Tris Protein Gel (Cat. No. NP0321BOX, Invitrogen). The gel assembly and tank were filled with MOPS running buffer (Cat. No.
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NP0001, Invitrogen) and run at 120-180 V constant until proteins were properly separated. SeeBlueTM Plus2 Pre-stained Protein Standard (Cat. No. LC5925, Invitrogen)
was loaded adjacent to samples to estimate the molecular weight of detected proteins.
Proteins were transferred onto a nitrocellulose membrane with a pore size of 0.45 μm
(Cat. No. 10600008, GE Healthcare) using a wet transfer system running at 100 V
constant for 1h or at 30 V overnight, at 4 ◦ C. Ponceau S was used to reversibly stain
the membrane and confirm transfer efficiency. Membranes were then blocked in 5 %
skimmed milk powder in PBST (PBS with 0.1 % Tween20) for 1h at RT and incubated
with primary antibody diluted in 3 % skimmed milk powder in PBST for 1h at RT or
overnight at 4 ◦ C. A list of the primary antibodies and dilutions used is shown in table
3.1. Membranes were washed three times with PBST for 15 min, before incubation with
secondary antibody diluted in 3 % skimmed milk powder in PBST for 1h at RT. A list
of the secondary antibodies and dilutions used is shown in table 3.2. Membranes were
washed as above, incubated 5 min with the Luminata Crescendo Western HRP substrate
(Cat. No. WBLUR0100, Merck) and developed on Amersham Hyperfilm ECL (Cat.
No. 28906837, GE Healthcare).

3.7.7

Kinase Assay

GST-tagged proteins were expressed and purified as in subsection 3.7.1, but instead
of being stored in the beads, proteins were eluted with 40 mM Glutathione, 50 mM
Tris HCl, pH 8.0 and dialysed against lysis buffer with 40 % glycerol. S2 cells were
transfected as in subsection 3.6.2 and lysed as in subsection 3.7.3. The lysates were
incubated with 4 μg of anti-myc agarose beads (Cat. No. A7470, Sigma) for 1h at 4
◦C

in an end-over-end rotator. The beads were washed with the kinase buffer (20 mM

HEPES, pH 7.6, 150 mM NaCl, 20 mM MgCl2 , 10 μL/mL phosphatase inhibitor [Cat.
No. P5726, Sigma], 20 μM ATP). Beads with kinase were split in 20 μL fractions and
then mixed with 30 μg of each substrate GST fusion protein as well as 1 μL of [γ-32P]ATP (5 μCi). Each condition was incubated at 30 ◦ C for 30 min. The proteins were
separated by SDS-PAGE and visualized by autoradiography.
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3.8
3.8.1

Microscopy
S2 cell aggregation assay

S2 cells were transfected as in subsection 3.6.2. S2 cells were collected, resuspended
in fresh media and plated onto a 35 mm glass bottom dish (glass thickness 0.17 mm)
(Cat. No. FD35-100, FluoroDishTM , World Precision Instruments, Inc.). The dishes
were incubated for 3h at 175 rpm at RT and then imaged with a Leica SP8 confocal
microscope.

3.8.2

Immunofluorescence of Drosophila pupal retinae

Pupal retinae were dissected and prepared for imaging as in Walther and Pichaud (2006).
Approximately 5 days after setting up a cross at 25 ◦ C, white pupae (i.e. 0 % APF)
were staged in a humid plastic Petri dish. Pupae were dissected at 40 % APF, which
means 4 days at 18 ◦ C, 42h APF at 25 ◦ C or 32h APF at 29 ◦ C. Each pupa was placed
on a dissecting dish and using a pair of dissecting tweezers the pupal case was removed
around the anterior side of the pupa. The pupa was placed in PBS and by inserting one
tweezer at the top of the head, a whole was opened through which all head content was
pipetted out with a P200 pipette. The content was expelled into a glass dish containing
ice-cold PBS, the two retina with optic lobes and brain were located and transferred
onto a new glass dish with ice-cold PBS. Retinas were incubated in fixative solution (4
% formaldehyde in PBS) for 20 min at RT with gentle shaking and washed with PBT
(PBS with 0.3 % Triton X-100) before proceeding to immunostaining.
Retinae were blocked in 5 % goat serum in PBT for 20 min at RT with shaking and
incubated with primary antibodies diluted in PBT overnight at 4 ◦ C with shaking. A
list of the primary antibodies and dilutions used is shown in Table 3.3. Retina were
washed three times 5 min in PBT and incubated with secondary antibodies diluted in
PBT for 2-4h at RT with shaking. A list of the secondary antibodies and dilutions used
is shown in Table 3.4. A final wash step was proceeded by incubating the retinas in
PBT overnight at 4 ◦ C. The specimens were pipetted onto a glass microscope slide with
as least PBT as possible and covered with a droplet of VectashieldTM with or without
DAPI (Vector Laboratories) as appropriate. Lastly, using a dissecting pin, each retina
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was pulled away from the optic lobe, positioned with the apical side facing upward
and carefully covered with a rectangular coverslip. Nail varnish was used to seal the
coverslip. Retinae were imaged with a Leica SP5 or SP8 confocal microscope.

3.8.3

Immunofluorescence of Drosophila adult retinae

Adult flies were anaesthetised with CO2 and, using dissecting tweezers, their head was
removed from the thorax and placed in ice-cold PBS in a dissecting dish. The heads
were bisected by holding them at the proboscis and gently tearing both retinae apart.
Excess brain material was removed except for the lamina, and retinae were transferred
to ice-cold PBS. Retinae were fixed in 4 % formaldehyde in PBS for 20 min at RT
with gentle shaking and washed with PBT. The lens was removed by gently inserting
a hooked dissecting pin between the lens and the retina and gently dragging the hook
along the lens to scoop the retina away from the lens. Retinae were immunostained as
in subsection 3.8.2. Two squared coverslips were placed 1 cm apart on top of a glass
microscope slide and the immunostained retinae were pipetted onto the space between
the coverslips. VectashieldTM with or without DAPI (Vector Laboratories) was pipetted
onto the retinae as appropriate and a third coverslip was carefully placed on top, bridged
by the other two coverslips, and covering the retinae. Nail varnish was used to seal the
coverslip. Retinae were imaged with a Leica SP5 or SP8 confocal microscope.

3.8.4

Cryosectioning of Drosophila adult retinae

Adult flies were anaesthetised with CO2 and, using dissecting tweezers, their head was
removed from the thorax and placed in ice-cold PBS. Heads were fixed in 3 % formaldehyde for 2h at RT in an end-over-end rotator, washed 3 x 5 min in PBS and incubated
in 15 % sucrose in PBS overnight at 4 ◦ C rotating. Approximately 4-5 heads were
transferred to the well of an embedding mold and completely covered with Tissue-Tek R
O.C.T. Compound (Cat. No. 50-363-579, Fisher Scientific). The position of the heads
was carefully adjusted to keep them at the bottom of the well with the neck facing
downwards and the eyes facing sideways. The mold with fly heads in O.C.T. was stored
overnight at -20 ◦ C. On the following day, the O.C.T. frozen blocks with fly heads were
removed from the mold and placed onto a metal grid inside the cryostat (Leica CM1850)
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at -25 ◦ C. Sections of 12 μm thickness were cut along the O.C.T. block and transferred
one by one to a microscope slide at RT by gently touching the slide to the tissue. Sections were surrounded with an hydrophobic marker and kept with a PBS drop to avoid
drying out. When all cuts were finished for a single block, the PBS was removed from
the slides and sections were incubated first 10 min at RT in PBS + 0.1 % Triton X-100
and then 30 min at RT in Phalloidin TRITC (Table 3.4). The sections were washed
three times in PBS + 0.1 % Triton X-100 and mounted in VectashieldTM with DAPI
(Vector Laboratories). Cryosections were imaged with a Leica SP5 or SP8 confocal
microscope.

3.8.5

Immunofluorescence of Drosophila follicle cells

Drosophila eggs were dissected and prepared for imaging as in Haack et al. (2013).
Young adult flies were fed with yeast 1-2 days prior to dissecting them to increase ovaries
size. Flies were anaesthetised with CO2 and their head was removed from the thorax
using dissecting tweezers. Heads were discarded while the thorax and the abdomen were
transferred to a dissecting dish with ice-cold PBS. Flies were grabbed by the lower thorax
and opened until abdominal content was exposed. Ovaries were cleaned from remaining
organs, opened in quarters with dissecting pins to expose the ovarioles and kept in icecold PBS. Ovaries were fixed in 4 % formaldehyde in PBS for 20 min at RT with gentle
shaking, washed with PBST (PBS with 0.1 % Tween20) and blocked in 5 % goat serum
in PBST for 20 min at RT with shaking before proceeding to immunostaining. For Crb
stainings, ovaries were fixed in 4 % formaldehyde in PBS for 20 min at RT with shaking,
incubated 2 min in 50 % methanol in PBST, 2 min in 100 % methanol, 2 min in 50 %
methanol in PBST, washed three times 10 min in PBST and blocked 30 min in 10 %
BSA in PBST.
For immunolabelling, ovaries were incubated with primary antibodies diluted in PBST
overnight at 4 ◦ C with shaking, washed four times 5 min in PBST, incubated with
secondary antibodies diluted in PBST for 3h at RT with shaking and washed three
times 10 min in PBST. A list of the primary and secondary antibodies and dilutions
used is shown in Tables 3.3 and 3.4. The specimens were pipetted onto a glass microscope
slide with as little PBST as possible, submerged with a droplet of VectashieldTM with
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or without DAPI (Vector Laboratories) as appropriate, and carefully covered with a
rectangular coverslip. Nail varnish was used to seal the coverslip. Drosophila FCs were
imaged with a Leica SP5 or SP8 confocal microscope. Stage 7 eggs are shown in all
figures unless otherwise stated.

3.8.6

FRAP

Pupal retinae were mounted at 40 % APF by removing the pupal cuticle and carefully
exposing the retina. A glass slide was prepared with a stripe of two-sided tape in the
middle (Figure 3.5A) and the pupa was placed on top of the tape with the dorsal side
facing upwards and ventral side downwards (Figure 3.5B). Pupal cuticle was carefully
removed at the anterior side with a pair of tweezers exposing at least one of the retinae
(Figure 3.5B). The pupa was carefully removed from the tape a set aside in the glass
slide. Using Blu-Tack, two small balls and a pillow were made to cushion the coverslip
(Figure 3.5C). Using a pair of tweezers, a small cavity was created in the Blu-Tack pillow
to hold the pupa at approximately 45◦ (Figure 3.5D). The pupa was placed sideways
in the Blu-Tack pillow at approximately 45◦ and, with the tweezers, a small amount
of Blu-Tack was pulled around the pupa, holding it at the correct position (Figure
3.5E-F). A small drop of Oil 10 S, Voltalef R (Cat. No. 24627.188, VWR) was placed
onto a squared high precision coverslip at the predicted position of the retina and the
coverslip was carefully pressed against the Blu-Tack, until the eye was touching the oil
and coverslip (Figure 3.5G-H).
Live imaging was performed on a Leica SP5 confocal with a 63x 1.4 numerical aperture
(NA) oil immersion objective and the following settings: pixel resolution 512 x 512;
speed 400 Hz; 10 % 488-nm laser power at 20 % argon laser intensity; and 5x zoom.
FRAP analysis of E-cad::GFP was performed through a 5 pixel-diameter circle Region of
Interest (ROI) at the basal tip of the AJ of the photoreceptors and photo-bleached with a
single pulse using 90 % 488-nm laser power at 20 % argon laser intensity. AJ recovery was
recorded every 1.293 s with the previously mentioned settings for 200 frames. FRAP of
Par6::GFP and Par6AAAA ::GFP was performed through a 5 pixel-diameter circle ROI at
the apical region of the photoreceptors, followed by photo-bleaching with 2 pulses using
90 % 488-nm laser power at 20 % argon laser intensity. GFP recovery was recorded
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Figure 3.5: Sample preparation for FRAP. Sequence of steps performed to prepare 40 %
APF pupae for FRAP. a: anterior, p: posterior, d: dorsal, v: ventral.

every 1.293 seconds with the previously mentioned settings for 200 frames.
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3.9
3.9.1

Data analysis and Statistics
Western blot quantification

Western Blots were quantified using Fiji (Schindelin et al., 2012), while graphical representation and statistical analysis were performed in GraphPad Prism version 7.0 for Mac
(GraphPad Software, San Diego California USA, www.graphpad.com). Columns represent mean, and error bars are the SEM of each dataset. The p values were calculated
with a Kruskal Wallis test and corrected using Dunns multiple comparison test.

3.9.2

FRAP data analysis

When necessary, time series from FRAP were drift corrected in Fiji (Schindelin et al.,
2012) using the the StackReg plugin. For each experiment three different z-axis profiles were plotted: (1) from the photo-bleached area, (2) from an equivalent area of a
directly neighbouring non photo-bleached photoreceptor within the same ommatidium,
and (3) from an equivalent area of background. The obtained data was normalized using
easyFRAP (Rapsomaniki et al., 2012) and fitted to a one-phase or two-phase association
curve in GraphPad Prism version 7.0 for Mac (GraphPad Software, San Diego California
USA, www.graphpad.com) as appropriate. Each data point represents the mean and
error bars the SEM. Half-time values were determined with Prism based on the fitting
curves obtained and columns represent the mean and error bars the 95 % CI of each
data set. Mobile fraction (i.e. y value at infinite times) was also determined with Prism
and columns represent the mean and error bars the SEM of each data set. The p values
were calculated with a two-way ANOVA test with Bonferonis correction or an unpaired
two-tailed Student’s t-test with Welch’s correction, as appropriate.

3.9.3

Confocal data analysis

Confocal images were edited using Fiji (Schindelin et al., 2012) and Adobe Photoshop
7.0. All confocal images shown are representative images chosen from a pool of data
containing stainings from more than three individuals.

76

3. MATERIALS AND METHODS
Area and pixel intensity quantifications
All measurements were made in mosaic retina, where an ommatidium completely mutant for the indicated experimental condition was paired with an adjacent wild-type
ommatidium. For quantifications in exo84 mutant retinae it was not possible to obtain
completely mutant ommatidia, therefore, all measurements were made in mutant photoreceptors from ommatidia at least 50 % mutant. For quantifications in ralAEE1 whole
mutant retinae, Ubi Ecad::GFP retinae stained and mounted together with the mutant
retinae were used as a control. For area and intensity measurements, a threshold was applied to define the domain(s) of interest and then quantified using the wand (tracing) tool
in Fiji (Schindelin et al., 2012). Statistical analysis was done using GraphPad Prism version 7.0 for Mac (GraphPad Software, San Diego California USA, www.graphpad.com).
Data sets were tested for normality (DAgostino and Pearson normality test) and p-values
were calculated using the students t-test or the Mann-Whitney test as appropriate.

Intensity profiles
The intensity profiles were measured in Fiji (Schindelin et al., 2012). For the follicle
cells, a 2.6 μm line was drawn at the apical membrane, continued by another 2.6 μm
segment along the lateral membrane and aligned so that the two segments align at the
point of maximum intensity at the ZA. For each cell, pixel intensities were subjected to
unity-based normalization and graphs were plotted in GraphPad Prism version 7.0 for
Mac (GraphPad Software, San Diego California USA, www.graphpad.com).

3.9.4

Protein sequence alignment

Protein sequences were obtained from Flybase or UniProt and subsequently aligned
using Clustal Omega (Sievers et al., 2011).
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Chapter 4

Par6 regulation during epithelial
morphogenesis
Par6 is thought of as a regulatory unit of aPKC, which in turn is the signalling component of the Par complex (Tepass, 2012). However, Par6 is known to bind multiple
polarity determinants, in particular several components of the Par and Crb complexes,
such as aPKC, Crb, Sdt, Cdc42 and Baz (Betschinger et al., 2003, Hutterer et al., 2004,
Kempkens et al., 2006, Petronczki and Knoblich, 2001). This property of Par6 to bind
multiple polarity proteins makes it an ideal candidate to coordinate the function of different polarity complexes during polarised morphogenesis. To understand the relative
contribution of the different interactions with Par6 during polarised morphogenesis, we
adopted a systematic approach and used a collection of transgenes that uncouple Par6
binding to the main polarity regulators Cdc42, Crb and aPKC.
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4.1

Polarity protein network in two epithelial tissues

In this chapter, I examine the role of Par6 during epithelial morphogenesis in the follicular epithelium. This work has been complemented in the Drosophila pupal photoreceptor
and further discussed in this chapter as courtesy of Dr. Rhian Walther. In this study,
we used two complementary developing epithelia as there is evidence to suggest that
different mechanisms operate during polarised morphogenesis in these two epithelial cell
types (Shahab et al., 2015).

Figure 4.1: Polarity protein network in the follicular epithelium. (A-D) Stage 7
wild-type cuboidal FCs stained for DAPI (blue) and (A-B) Arm (green), aPKC (red), (C) Baz
(green), Par6 (red), and (D) Crb (red). (E) Cuboidal FC where a 5.2 μm long yellow line shows
the intensity values measured to plot the profiles in (F) from the apical (x0 ) towards the lateral
domain. (F) Intensity profiles of Arm, Baz, aPKC, Par6 and Crb at the cell cortex and plasma
membrane from the apical domain towards the lateral domain in stage 7 FCs. Lines represent
the mean value and error bars show the SEM (n = 4 for Par6/Baz, n = 5 for Crb and n = 6 for
aPKC/Arm). (G-J) Stage 9 wild-type columnar FCs stained for DAPI (blue) and (G-H) Arm
(green), aPKC (red), (I) Baz (green), Par6 (red), and (J) Crb (red). (K) Columnar FCs where
a 5.2 μm long yellow line shows the intensity values measured to plot the profiles in (L) from the
apical (x0 ) to the lateral domain. Scale bars = 2 microns, except in (A) and (G), where scale
bar = 10 microns and 20 microns, respectively. (L) Intensity profiles of Arm, Baz, aPKC, Par6
and Crb at the cell cortex and plasma membrane from the apical domain towards the lateral
domain in stage 9 FCs. Lines represent the mean value and error bars show the SEM (n = 5 for
Par6/Baz/Crb and n = 4 for aPKC/Arm).
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I first examined the distribution of key polarity determinants in the FE. In this tissue,
Crb, Par6 and aPKC were concentrated apical to the ZA, where Baz and Arm were
found (Figure 4.1). Intensity profiles of Par6, aPKC, Crb, Arm and Baz were measured
as in Figure 4.1E and K and then plotted together in the same graph (Figure 4.1F
and L), to compare the distribution of these different proteins. This analysis showed
that Crb, Par6 and aPKC are concentrated at the apical domain and further indicated
that their levels sharply decrease within the ZA to reach near zero values at the basal
boundary of the ZA (Figure 4.1F and L). We also noticed that Crb levels decreased more
sharply at the apical-ZA boundary when compared to Par6-aPKC. These data suggest
that mechanisms must exist to separate Crb, Par6 and aPKC from the ZA. This in turn
is important for the maturation of both apical and ZA membrane domains.

4.2

Par6 is essential during epithelial morphogenesis

In order to examine the contribution of Par6 to epithelial morphogenesis and ZA specification and maturation, we assessed the requirement for Par6 to recruit the Par complex
components Baz and aPKC, as well as Crb. We used the par6Δ226 allele previously generated by the Knoblich lab by P-element imprecise excision, which led to the deletion
of the start codon and first 121 amino acids, thus generating a null allele (Petronczki
and Knoblich, 2001). Using the FLP-FRT system, I attempted to generate clones in the
FE containing both wild-type and par6Δ226 mutant cells. However, I was not able to
recover such clones, presumably due the cell lethal nature of par6. As an alternative,
we used the FLP-FRT system to generate clones in the fly retina. In this system, we
observed that par6 mutant cells lacked aPKC and Crb at the plasma membrane, but
Baz and Arm domains were still present at the cell cortex (Figure 4.2). Notably, Crb
staining showed punctate structures in the presumptive apical region of the par6 mutant
cells (Figure 4.2B). These results show that Baz and AJ material can be recruited at the
cell cortex independently of Par6 and aPKC. They also confirm that Par6 is essential
for Par complex assembly and subsequent partitioning of the plasma membrane into an
apical pole and the ZA.
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Figure 4.2: Par6 is essential for plasma membrane partitioning into different domains. par6Δ226 mutant cells are labeled by loss of GFP (blue) and stained for (A) aPKC
(red), Arm (green) and (B) Crb (red), Baz (green). A dashed yellow circle indicates punctate
structures stained for Crb, in the presumptive apical region of the par6 mutant cells. Scale bars
= 2 microns. Images courtesy of Dr. Rhian Walther. Nunes de Almeida and Walther et al.,
under revision.

To further understand the role of Par6 during epithelial morphogenesis, we used directed
mutagenesis to disrupt Par6 interaction with specific binding partners (Table 4.1). Based
on previous work in C. elegans, Drosophila and vertebrate cells, we cloned a series of
par6 transgenes that we predicted to uncouple Par6 binding to Cdc42, Crb and aPKC
(Figure 4.3A and Table 4.1). To disrupt Par6 binding to Cdc42, we generated Par6ΔP139
(Par6ΔP ) (Hutterer et al., 2004, Lin et al., 2000) and Par6S146E (Par6SE ) (Jin et al.,
2015). Recombinant GST-Cdc42 was purified from E. coli and used to pulldown both
Par6 mutant proteins from S2 cell lysates, showing that both Par6ΔP and Par6SE were
not able to bind to Cdc42 (Figure 4.3B). In addition, using the intracellular domain of
Crb GST-tagged (GST-Crbintra ) purified from E. coli and endogenous aPKC from S2
cells, I could confirm that interrupting Par6 binding to Cdc42 did not interfere with the
ability of Par6ΔP and Par6SE to bind to Crb or aPKC (Figure 4.3C-D). To disrupt Par6
binding to Crb, we generated Par6KPLG170-173AAAA (Par6AAAA ) (Joberty et al., 2000,
Li et al., 2010, Peterson et al., 2004, Whitney et al., 2016), a protein that retained its
ability to bind to Cdc42 and aPKC, but cannot bind to Crb (Figure 4.3B-D). Finally, to
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Table 4.1: Par6 transgenes generated to individually uncouple Par6 binding aPKC, Crb and
Cdc42.

Par6 mutation

Predicted from

Uncouples

Binds to

binding to
K23A

Noda et al. (2003), Wirtz-Peitz

aPKC

Crb, Cdc42, Baz

Crb

aPKC, Cdc42, Baz

et al. (2008)
KPLG170-173AAAA

Hurd et al. (2003), Joberty
et al. (2000), Li et al. (2010)

S146E

This work

Cdc42

aPKC, Crb, Baz

Δ139P

Hutterer et al. (2004)

Cdc42

aPKC, Crb, Baz

uncouple Par6 from aPKC, we generated Par6K23A (Noda et al., 2003), in which Par6
binding to aPKC was abolished without affecting its binding to Cdc42 or Crb (Figure
4.3B-D). In addition, I controlled that all transgenes maintain their ability to bind Baz
(Figure 4.3E). All transgenes were GFP-tagged at the C-terminus and placed under the
control of a par6 minimal promoter or a UAS sequence in order to generate transgenic
animals.
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Figure 4.3: Interactions between Par6 transgenes and polarity determinants. (A)
Schematic representation of Par6. Domains involved in direct protein-protein interactions with
aPKC, Cdc42 and Crb are shown, as well as the mutagenised sites used to uncouple these
interactions. (B) GST-pulldown between recombinant GST::Cdc42V12 and S2 cell extracts
transfected with the various par6::Flag transgenes. Recombinant GST::Cdc42N17 was used as a
control. (C) GST-pulldown between recombinant GST::Crbintra and S2 cell extracts transfected
with the various par6::Flag transgenes. Recombinant GST::CrbintraΔERLI (Bachmann et al.,
2001) was used as a control. (D) Endogenous aPKC was co-immunoprecipitated from S2 cells
transfected with the various par6::Flag transgenes. (E) GST-pulldown between recombinant
GST::BazPDZ1-3 and S2 cell extracts transfected with the various par6::Flag transgenes. GST
alone was used as a control. In (B) and (D), mock corresponds to samples transfected with
empty Flag vector, to show the non-specific band below Par6::Flag (marked with an asterisk in
B-E). n = 2 for B, D and E, n = 3 for C.
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4.3

aPKC regulates the apical localisation and stability of
Par6

Western blotting from in vivo extracts showed that all fusion proteins, except Par6K23A ,
were stably expressed in vivo in the presence of endogenous Par6 (Figure 4.4). Because
Par6K23A was stably expressed in S2 cells (Figure 4.3), these in vivo experiments suggest
that, during epithelial morphogenesis, binding to aPKC is required to stabilise Par6.
Alternatively, the K23A mutation might lead to an unstable Par6 protein in vivo.

Figure 4.4: Expression of the par6 transgenes in vivo. (A) Western blot of protein
extracts from adult heads of animals expressing the various par6-Par6::GFP transgenes, probed
with anti-GFP and quantified in (B). Wild-type Canton S (CS) flies were used as a control.
Bars represent mean and error bars represent the SEM from 3 independent experiments.

My biochemical results on Par6K23A suggest that aPKC regulates the levels of Par6
during epithelial morphogenesis. To test this suggestion, we examined the expression of
par6-Par6K23A ::GFP in vivo. As expected from our biochemical evidence (Figure 4.4),
Par6K23A ::GFP failed to rescue the par6Δ226 phenotype (data not shown), as it was
not recruited at the cortex, even when expressed in otherwise wild-type cells (Figure
4.5A-B). In addition, overexpressing Par6K23A with the GAL4-UAS system did not lead
to any noticeable gain-of-function phenotype (Figure 4.5C-D).
To complement this analysis, we made use of the aPKCpsu69 allele, which encodes a
version of aPKC that does not bind to Par6 (Kim et al., 2009). In aPKCpsu69 mutant
cells, aPKC was not detected at the membrane (Figure 4.6A-B), and Par6 levels were
decreased (Figure 4.6C-D). In addition, most residual Par6 was found at the ZA instead
of the apical cortex (Figure 4.6C), indicating that Par6 binding to aPKC is required
to promote its apical localisation during epithelial morphogenesis. However, we noticed
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Figure 4.5: aPKC binding is essential for Par6 apical accumulation. (A) par6Par6WT ::GFP (green), (B) par6-Par6K23A ::GFP (green), (C) UAS-Par6WT ::GFP (green) and
(D) UAS-Par6K23A ::GFP (green) expressed in otherwise wild-type FCs and stained for aPKC
(red) and Arm (grey; blue in the merged channel). Scale bars = 2 microns.

that even though aPKC seemed to be absent from aPKCpsu69 mutant photoreceptors,
the observed phenotype was quite mild, presenting an almost wild-type localisation of
apically excluded Baz (Figure 4.6C). Because junctional Baz requires its phosphorylation
and consequent apical exclusion, we asked whether P-Baz was detected in aPKCpsu69
mutant cells. This was indeed the case, as not only P-Baz could be detected in these cells,
but also Crb at the apical domain, albeit at presumably lower levels (Figure 4.6E-F).
The accumulation of P-Baz and Crb is thought to be dependent on the kinase activity
of aPKC (Morais-de Sá et al., 2010, Sotillos et al., 2004, Walther and Pichaud, 2010).
Therefore, our result suggests that, although aPKC cannot be detected in our stainings
of aPKCpsu69 mutant photoreceptors, there might be a basal level of this kinase that
is sufficient to phosphorylate its downstream targets. Alternatively, these data might
suggest that a second kinase could phosphorylate these proteins in a semi-redundant
pathway to aPKC.
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Figure 4.6: aPKC binding promotes Par6 apical localisation. (A) aPKCpsu69 mutant
photoreceptors lacking nuclear GFP (blue) signal and stained for Arm (green) and aPKC (red).
(B) Quantification of aPKC area. (C) aPKCpsu69 mutant photoreceptors lacking nuclear GFP
(blue) signal and stained for Baz (green) and Par6 (red). Note residual Par6 staining localises
predominantly at the ZA (white arrow). (D) Quantification of Par6 area. For each quantification, at least 17 ommatidia pairs were analyzed from 3 retinas. (E-F) aPKCpsu69 mutant
photoreceptors lacking nuclear GFP (blue) signal and stained for (E) Arm (green), phospho-Baz
(red) and (F) Par6 (green), Crb (red). Scale bars = 2 microns. Images courtesy of Dr. Rhian
Walther. Nunes de Almeida and Walther et al., under revision.
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4.4

Binding to Cdc42 regulates Par6 apical recruitment
and localisation

Cdc42 is a key regulator of the Par complex through Par6. To better understand how
Par6 binding to Cdc42 regulates Par complex assembly and overall epithelial morphogenesis, we made use of both Par6ΔP ::GFP and Par6SE ::GFP transgenes. I first expressed
Par6ΔP ::GFP and Par6SE ::GFP under the control of the par6 minimal promoter in
otherwise wild-type cells. As a control, I expressed wild-type Par6::GFP under the
control of the par6 minimal promoter. I observed that Par6::GFP localised as endogenous Par6, concentrated at the apical membrane (Figure 4.7A, D, F). In contrast,
both Par6ΔP ::GFP and Par6SE ::GFP were found at the ZA (Figure 4.7B-C, E, G-H).
Importantly, I found that failure of Par6ΔP ::GFP and Par6SE ::GFP to accumulate at
the apical membrane occurred even though Crb was present at this membrane domain
(Figure 4.7F-H). Similar results were obtained in the pupal photoreceptor (Nunes de
Ameida and Walther et al., under revision). From these experiments, we conclude that
Par6 binding to Cdc42 is required for the recruitment and accumulation of Par6 at the
apical membrane.
While expressing Par6ΔP ::GFP and Par6SE ::GFP under the par6 minimal promoter
did not lead to any notable gain-of-function phenotype in photoreceptors and FCs, expressing high levels of these proteins using the GAL4-UAS system led to severe polarity
defects. In FCs, I found that Par6SE ::GFP overexpression led to the formation of gaps in
the FE, with consequent exposure of the underlying nurse cells (Figure 4.8A-C). In addition, while Par6::GFP localised to the apical domain, overexpressed Par6SE ::GFP was
found at the ZA together with Arm (Figure 4.8A-C). In these experiments, Par6SE ::GFP
outcompetes endogenous Par6, thus leading to a gain-of-function phenotype. Altogether,
our results support the notion that Par6 binding to Cdc42 is a mandatory step in the
separation of the apical and ZA domains during epithelial cell morphogenesis.
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Figure 4.7: Par6 binding to Cdc42 is required for the apical localisation of Par6aPKC. (A-C) Wild-type FCs expressing (A) par6-Par6::GFP (green), (B) par6-Par6ΔP ::GFP
(green), or (C) par6-Par6SE ::GFP (green), and stained for aPKC (red) and Arm (grey). (D-E)
wild-type FCs expressing (D) par6-Par6::GFP (green) or (E) par6-Par6ΔP ::GFP (green) and
stained for Baz (red). (F-H) wild-type FCs expressing (D) par6-Par6::GFP (green), (E) par6Par6ΔP ::GFP (green), or (F) par6-Par6SE ::GFP (green), and stained for Crb (red). In all panels,
the grey channel is shown in blue in the merge. Scale bars = 2 microns.
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Figure 4.8: Par6SE ::GFP overexpression leads to severe polarity defects. Wild-type
FCs expressing (A) UAS-Par6::GFP and (B-C) UAS-Par6SE ::GFP, stained for aPKC (red) and
Arm (grey, blue in th merged channel). (B) is a zoomed imaged of the yellow dashed rectangle
in (C). Yellow asterisks show gaps in FE. Scale bars = 2 microns in (A-B), 20 microns in (C).

4.5

Crb mediates Cdc42-dependent apical retention of Par6aPKC

To probe the relationship between Crb and Par6, we re-examined crb mutant cells in
the pupal photoreceptor. According to previous work in our lab (Walther and Pichaud,
2010), in crb mutant cells, Baz and Arm overlap with aPKC, thus leading to the formation of domains where the Par complex co-localises with Arm. These findings support the idea that exclusion of P-S980Baz from the Par complex is achieved through
aPKC phosphorylation of Baz and through Crb (Morais-de Sá et al., 2010, Walther and
Pichaud, 2010). However, we noticed that in the absence of Crb, a reproducible fraction of Par6-aPKC was separated from Baz (Walther and Pichaud (2010) and Appendix
B Figure 7.2A-B, Nunes de Almeida and Walther et al., under revision.), suggesting
that Par6-aPKC can segregate from P-S980Baz in the absence of Crb and that this
apical Par6-aPKC fraction might consist of the ternary Cdc42-Par6-aPKC complex.
Quantification of Par6-aPKC levels in crb mutant photoreceptors indicates that Crb is
required for their apical accumulation (Appendix B Figure 7.2E-F, Nunes de Almeida
and Walther et al., under revision.).
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Next, to assess the contribution of Par6 binding to Crb in Par6-aPKC localisation, we
used the par6-Par6AAAA ::GFP transgene, which uncouples Par6 binding to Crb. Rescue
experiments performed in the fly retina showed that Par6AAAA ::GFP cannot support
the accumulation of Par6, aPKC and Crb at the apical domain to wild-type levels
(Appendix B Figure 7.3, Nunes de Almeida and Walther et al., under revision.). This
suggests that Par6 binding to Crb is required for the accumulation of Par6-aPKC at
the apical membrane. In addition, when expressed in FCs, I observed a displacement of
Par6AAAA ::GFP signal along the lateral membrane (Figure 4.9A-D). This was quantified
in intensity profiles, showing that Par6::GFP signal reaches near zero values at the

Figure 4.9: Crb promotes the apical retention of Par6-aPKC. (A-B) Wild-type FCs
expressing (A) par6-Par6::GFP (green) or (B) par6-Par6AAAA ::GFP (green) and stained for
aPKC (red) and Arm (grey; blue in the merged channel). (C-D) Wild-type FCs expressing
(C) par6-Par6::GFP (green) or (D) par6-Par6AAAA ::GFP (green) and stained for Baz (red).
Scale bar = 2 microns. (E-F) Intensity profiles of Arm and Par6 at the cell cortex and plasma
membrane from the apical domain towards the lateral domain of wild-type FCs expressing (E)
par6-Par6::GFP or (F) par6-Par6AAAA ::GFP. Lines represent the mean value and error bars
show the SEM (n = 6 and n = 9, receptively).
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lateral membrane, contrary to Par6AAAA ::GFP (Figure 4.9E-F). These results indicate
that the contribution of Par6 binding to Crb is to promote the apical retention and
accumulation of Cdc42-Par6-aPKC at the developing apical membrane.
Overexpression of Par6AAAA ::GFP using the GAL4-UAS system did not show any morphological defects (Figure 4.10). However, the apical accumulation of Par6AAAA ::GFP
and endogenous aPKC was impaired, with these proteins showing a more diffused and
cytosolic distribution within FCs (Figure 4.10). Together, these results support a model
where Par6 binding to Crb is necessary for the apical retention and accumulation of
Par6-aPKC at the apical membrane.

Figure 4.10: Par6 binding to Crb is required for the accumulation of Par6-aPKC
at the apical cortex. Wild-type FCs expressing (A) UAS-Par6::GFP (green) or (B) UASPar6AAAA ::GFP (green) and stained for aPKC (red) and Crb (grey; blue in the merged channel).
Scale bar = 2 microns.

4.6

Crb stabilizes Par6 at the apical membrane

Our results indicate that, upon Par complex assembly, differentiation of the ZA from
the apical membrane is driven by the apical retention of Par6-aPKC. We also find that
Crb mediates this retention and accumulation of Par6-aPKC presumably by anchoring
these proteins to the plasma membrane. To test this hypothesis, we used FRAP to
assess the turnover of Par6::GFP and Par6AAAA ::GFP. FRAP experiments showed that
Par6AAAA ::GFP recovered twice as fast as Par6::GFP after photobleaching (Figure 4.11).
Using double exponential fitting, we estimated that the half-time recovery of the fastphase was not significantly different between Par6::GFP and Par6AAAA ::GFP (Figure
4.11B). However, this was not the case for the slow-phase of the half-time of recovery
(Figure 4.11B). Our FRAP data are therefore consistent with a model in which there are
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at least two Par6 pools: one that recovers or exchanges quickly with the cytosol (Par6
not associated with Crb) and another that recovers more slowly (Par6 associated with
Crb). Altogether, this part of our work suggests that Crb promotes apical retention of
Par6 by slowing down its rate of diffusion at the cortex or decreasing its exchange rate
with the cytosol. In turn, this allows for Par6-aPKC and P-Baz to segregate from each
other.

Figure 4.11: Par6 binding to Crb slows down the recovery of Par6 after photobleaching. FRAP on photoreceptors overexpressing Par6::GFP and Par6AAAA ::GFP using the
GAL4-UAS system. (A) Graph shows mean normalized fluorescence intensity for Par6::GFP
(grey, n = 14 from 3 individuals) and Par6AAAA ::GFP (red, n = 16 from 3 individuals); error
bars represent SEM. Fluorescence recovery curves of Par6::GFP were calculated using a double
exponential fit of the FRAP data. (B) Slow and fast half-time recovery of Par6::GFP (black)
and Par6AAAA ::GFP (red). Images courtesy of Dr. Rhian Walther. Nunes de Almeida and
Walther et al., under revision.

4.7

Discussion

The Par complex (Cdc42-Par6-aPKC-Baz) is one of the main regulators of epithelial
cell polarity. Yet, the exact function of each of its components during epithelial cell
polarisation is not fully understood. Within the Par complex, the kinase aPKC is the
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signalling component; however, further work is required to understand how its activity
and localisation are regulated. A common feature in various cell types is the requirement for Baz/Par3, Par6 and Cdc42 in the cortical localisation of aPKC (Walther and
Pichaud, 2010). Previous work in the Drosophila pupal photoreceptor suggests that,
within the Par complex, Baz sits upstream of the remaining components to recruit the
Par complex to the cell cortex (Walther and Pichaud (2010) and Figure 4.2). However,
this does not seem to be the case in the FE, where Baz actually seems to be dispensable
(Shahab et al., 2015). Also, we observed that par6 mutants appear to have a stronger
effect in the FE compared to the retina. As a consequence of at least these two differences between the fly retina and FE, we acknowledged that distinct tissues might have
different regulatory mechanism during polarity establishment and maintenance. Therefore, all experiments performed in the FE in this chapter have been complemented in the
fly retina. In addition, rescue experiments have been performed only in the fly retina,
as a consequence of our limitation in obtaining par6 mutant FCs.
In the fly retina, in the absence of baz function, Par6 is strongly decreased but not
abolished, presumably due to Crb ability to recruit Par6-aPKC independently of Baz
(Walther et al., 2016). Our work shows that Cdc42 is essential during epithelial polarisation of photoreceptors and FCs to segregate Baz from Par6-aPKC and promote
Par6-aPKC accumulation at the apical membrane. Accordingly, when Cdc42 is uncoupled from Par6, Par6-aPKC localise at the ZA, presumably with Baz. This has been
further demonstrated in our lab, as in par6 mutant photoreceptors, Par6ΔP ::GFP colocalises with Baz; however, no Par6ΔP ::GFP or aPKC are detected when expressed in
a baz mutant background (i.e. when we uncouple both Baz and Cdc42 interfaces) (Appendix B, Figure 7.1, Nunes de Almeida and Walther et al., under revision). Altogether,
we suggest that Cdc42, Baz and Crb synergize in recruiting Par6-aPKC to the apical
domain of epithelial cells.
All interdependent modes of recruitment of Par6-aPKC are required for the correct assembly and function of the Par complex. In wild-type cells, the quaternary complex
(Cdc42-Par6-aPKC-Baz) assembles transiently. Our results support a model whereby
Baz/Par3 oligomerises to form large domains of Par complex and possibly amplifying
the recruitment of the Par complex to the cortex. In addition, the presence of Baz/Par3
in this complex inhibits the activity of aPKC (Graybill et al., 2012), preventing phos93
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phorylation of other substrates. A similar mode of operation has been observed in the
C. elegans zygote, where PAR-6/PKC-3 cycle between an inactive PAR-3-associated
complex and an active CDC-42-bound complex (Rodriguez et al., 2017). Segregation
of Baz/Par3 from Cdc42-Par6-aPKC is essential for both apical membrane and ZA
morphogenesis and requires Baz phosphorylation by aPKC (Morais-de Sá et al., 2010,
Walther and Pichaud, 2010). Our data show that Cdc42 is required to maintain the
apical localisation of Par6-aPKC and prevent their re-localisation at the ZA together
with Baz (Figure 4.12A).

Figure 4.12: Par6 regulates apical membrane and ZA morphogenesis. (A) Baz and
Cdc42 recruit Par6-aPKC to the apical cortex, forming the quaternary Par complex (orange).
This quaternary complex is inactive, as Baz inhibits aPKC activity. ZA morphogenesis requires
Baz apical exclusion, which is triggered by aPKC phosphorylation of Baz. Upon Baz phosphorylation, this protein localises to the developing ZA (green), while Par6-aPKC remain at the
apical domain as a consequence of Cdc42 action. In this ternary complex, the kinase aPKC is
relieved from Baz inhibition and is in its active state (red). Crb (dark blue) binds Par6, which
retains Par6-aPKC at the apical pole of the cell and contributes to the establishment of sharp
apical and basal boundaries between the ZA and the apical and lateral domains, respectively.
(B) Crb binds Par6, which contributes to the accumulation and retention of Par6-aPKC at the
apical pole. In turn, Par6-aPKC are essential to maintain elevated levels of Crb. This creates a
co-dependence in the accumulation of these proteins.
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Current knowledge in the field of epithelial cell polarity suggests that Crb is required, together with aPKC-dependent phosphorylation of Baz/Par3, to apically exclude Baz/Par3
and separate the quaternary Par complex (Morais-de Sá et al., 2010, Walther and
Pichaud, 2010). However, two striking observations contradict this model. Firstly,
we detect a pool of Par6-aPKC that separates from Baz-Arm in photoreceptors lacking crb function, indicating that Par6-aPKC can segregate from Baz in the absence of
Crb. Secondly, when Par6 is uncoupled from Cdc42 in both photoreceptors and FCs,
it localises at the ZA, even in the presence of Crb. Altogether, we propose a model
whereby, upon aPKC-dependent Baz apical exclusion, Cdc42 initially maintains the
ternary Cdc42-Par6-aPKC complex at the apical domain (Figure 4.12A). We suggest
this is the Par6-aPKC pool detected in crb mutant photoreceptors that segregates from
Baz.
Our in vivo data suggest that the interaction between Par6 and Crb is regulated by
Cdc42. However, this is not what we observe in vitro. In fact, the pulldown experiments
show similar binding to Crb when Par6ΔP /Par6SE are compared to wild-type Par6. It is
possible that Cdc42 facilitates the interaction between Par6 and Crb in vivo, although no
differential binding is observed in in vitro. However, further experiments are required
to confirm if such mechanism operates in epithelial cells. Alternatively, Par6 could
have a higher binding affinity to Crb, when compared to Cdc42. In this second model,
Cdc42 would act as an initial recruitment mechanism to localise Par6-aPKC at the
apical domain, preventing the accumulation of Par6-aPKC at the ZA with Baz, and
concurrently positioning Par6-aPKC at the same subcellular localisation as Crb, to
allow their interaction.
Cdc42 contains a conserved C-terminal CAAX box, which is subjected to a posttranslational covalent modification called prenylation that allows the association of
Cdc42 with the plasma membrane (Ziman et al., 1993). In Cdc42, this CAAX box is
formed by the amino acids Cys-Xaa-Xaa-Leu, where Xaa consists usually of an aliphatic
amino acid (Ziman et al., 1993). Protein prenylation is thought to direct the localisation
of the modified protein to a specific membrane location in the cell (Cox and Der, 1992).
Therefore, Cdc42 could function as a localisation mechanism, to direct Par6-aPKC to
the apical domain of epithelial cells. However, our data suggest that this might not be
sufficient to maintain Par6-aPKC strictly at the apical domain, as upon uncoupling the
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Par6-Crb interaction, Par6 is still able to bind Cdc42 while showing a lateral spreading
in both photoreceptors and FCs. Our data suggest that Crb regulates an additional
retention mechanism that maintains Par6-aPKC at the apical domain of epithelial cells
(Figure 4.12A).
Crb-dependent retention of Par6-aPKC seems to play an important function setting up
a clear boundary between the ZA and the apical or basolateral domains. Additional
data from our lab shows that in crb mutant photoreceptors, both the apical and basal
boundaries of the ZA are displaced apically and basally, respectively (Appendix B,
Figure 7.2C, Nunes de Almeida and Walther et al., under revision). The lateral kinase
Par1 defines the basal boundary of the ZA by phosphorylating Baz and displacing it form
the lateral membrane (Benton and Johnston, 2003b, Walther et al., 2016). As Par1 is a
substrate of aPKC, we propose that the lateral spreading of Par6-aPKC in crb mutant
photoreceptors inhibits Par1 cortical localisation and promotes the basal expansion of
the ZA. As a consequence, our data suggest that Crb regulates ZA morphogenesis, in
addition to its established function during apical membrane morphogenesis.
Additional experiments performed in our lab show that the interaction between Par6 and
Crb is required not only for the retention of Par6-aPKC at the apical domain, but also
for their accumulation, which is demonstrated by quantifications of Par6-aPKC levels in
crb mutant photoreceptors and in par6 mutant rescue experiments with Par6AAAA ::GFP
(Appendix B, Figures 7.2E-F and 7.3A-C, Nunes de Almeida and Walther et al., under
revision). Furthermore, our quantifications in Par6AAAA ::GFP rescue experiments show
evidence that the interaction between Par6 and Crb is required to maintain high levels
of Crb itself (Appendix B, Figure 7.3D, Nunes de Almeida and Walther et al., under
revision). This establishes a co-dependence in the accumulation of both Crb and Par6aPKC, in which Crb retains Par6-aPKC, while in turn, Par6-aPKC sustain the levels of
Crb at the apical pole of the cell (Figure 4.12B). Previous published work suggests that
aPKC phosphorylates the cytoplasmic tail of Crb, which is required to maintain Crb at
the plasma membrane (Sotillos et al., 2004), possibly explaining why Crb accumulation
depends on Par6-aPKC. In addition, the Par complex could control Crb levels by regulating its delivery. Very little is known about Crb delivery or possible links between
the Par complex and Crb delivery, and this is a topic I will be addressing in the next
chapter.
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Lastly, we also investigated the interface between Par6 and aPKC. Our results suggest
that this interface is required to sustain the levels of both Par6 and aPKC at the apical
domain. Interestingly, we observe that when we disrupt the Par6-aPKC interface using
the aPKCpsu69 allele, even though aPKC is not detected, Baz is still apically excluded.
This is very surprising, as the apical exclusion of Baz requires its phosphorylation by
aPKC. In fact, although aPKC cannot be detected in the absence of the interface between
Par6 and aPKC, we were still able to detect P-Baz and Crb. One possible explanation
is that the aPKCpsu69 allele does not completely prevent binding of Par6 to aPKC.
Alternatively, aPKC might be present in the cytosol at very low levels, with an on-off
rate that could be sufficient to phosphorylate some of its targets. A third possibility
includes the role of a second kinase that could function semi-redundantly to aPKC.
An important information from these experiments on Par6 and aPKC is the fact that
aPKC might be only required at very low levels to perform its function, phosphorylate its
targets and support the formation of distinct apical and ZA domains. Another surprising
observation is the localisation of Par6 at the ZA together with Baz, when Par6 binding
to aPKC is abolished. This is an unexpected result, as Par6 should still maintain its
binding to Cdc42 and therefore, should be maintained at the apical domain upon Baz
apical exclusion. Moreover, as we detect Crb in the apical domain of aPKCpsu69 mutant
cells, Par6 should also be retained apically via binding to Crb. Altogether, our results
indicate that binding of Par6 to both aPKC and Cdc42 is required for Par6 apical
localisation mediated by Crb. Further studies will be required to understand in more
detail why Par6 localises mostly to the ZA in the absence of its interface with the kinase
aPKC.
Our work addresses the individual contribution of Par6, aPKC, Cdc42 and Crb during epithelial morphogenesis. We propose that the small adaptor protein Par6 plays
an essential role in linking different components of the Par and Crb complexes. As we
have demonstrated, this regulates the levels, localisation, and as shown by others, the
activity of the active signalling component of the Par complex, the kinase aPKC. Importantly, we have validated these results in two complementary epithelial tissues, the
Drosophila retina and FE, suggesting that these are common regulatory mechanisms
among epithelial tissues.
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Chapter 5

The Par complex regulates Crb
delivery via the exocyst
Crb is required to support the apical retention of Par6-aPKC, while Par6-aPKC in
turn promote Crb accumulation at the apical plasma membrane. However, how exactly Par6-aPKC promote Crb accumulation is not fully understood. Previous work in
vertebrate cells has shown that Par6 binds to the exocyst subunit Exo84 (Das et al.,
2014). In addition, in the fly embryo, exo84 mutant cells present defects in Crb localisation (Blankenship et al., 2007). Therefore, one possibility is that Par6 binding
to Exo84 might promote Crb delivery. A recent genetic screen performed in our lab
aiming at identifying novel genes involved in epithelial cell polarity, identified that both
exo84 and its binding partner ralA genetically interact with crb (Pichaud lab, unpublished). In this chapter, I will explore in more detail the possible link between Par6, the
Par complex and the exocyst, in particular with respect to Crb delivery and epithelial
morphogenesis.
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5.1

The Par complex has multiple links to the exocyst

To confirm whether the interaction observed in vertebrate cells between Par6 and Exo84
is conserved in Drosophila, I performed an S2 cell aggregation assay as previously used
by Johnston et al. (2009). In this assay, the localisation of a protein of interest, such as
Par6, is polarised within S2 cells by fusing it to the transmembrane and extracellular
domains of the transmembrane adhesion molecule Echinoid (Ed) (Figure 5.1A-D, red
channel). Upon formation of S2 cell aggregates, Ed is mostly localised at the cell-cell
contacts, therefore polarising the localisation of the protein of interest, Par6, to these
regions (Figure 5.1A-D, red channel). Consequently, proteins that bind to Par6, such as
aPKC, are polarised and co-localise at the cell-cell contacts with Par6 (Figure 5.1A-B,
green channel). With this assay in mind, I tested whether junctional Ed-mCherry::Par6
was able to recruit GFP-tagged Exo84 (Figure 5.1C-D). However, this was not the case,
as Exo84 localised to the cytoplasm and was not enriched at the cell-cell contact regions
(Figure 5.1D). Yet, when I tested if GFP-tagged Par6 was recruited by junctional EdmCherry::Exo84, I found a detectable enrichment of Par6 at the cell-cell contacts (Figure
5.1E-G).
To further test the interaction between Par6 and Exo84 in flies, I co-immunoprecipitated
Exo84::Myc from S2 cells co-transfected with Par6::Flag (Figure 5.2A). This biochemical
approach revealed that Par6 and Exo84 interact with each other in flies (Figure 5.2A).
Furthermore, a recent work in vertebrate epithelial cells showed that Par3 can bind to
another exocyst component, Exo70, through its conserved lysine-rich domain (LRD)
(Ahmed and Macara, 2017). To test this interaction in flies, I purified recombinant
MBP-tagged Exo70 and the LRD of Baz tagged with GST from E. coli, to perform an
in vitro binding assay. I found that in Drosophila, Baz also binds directly to Exo70
through its conserved LRD (Figure 5.2B-C). Together, these experiments show that
multiple links exist between the Par complex and the exocyst.
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Figure 5.1: Ed-Exo84 recruits Par6 to the cell-cell junctions. (A) Ed was fused to
mCherry to visualise its localisation at the cell-cell junctions and to control that it has no
effect on GFP-tagged aPKC cytoplasmic localisation. (B) Ed was fused to both mCherry and
Par6, recruits GFP-tagged aPKC to the cell-cell junctions of Drosophila S2 cells. (C) EdmCherry and (D) Ed-mCherry::Par6 were co-expressed with GFP-tagged Exo84 in Drosophila
S2 cells. (E) Ed-mCherry and (F) Ed-mCherry::Exo84 were co-expressed with GFP-tagged
Par6 in Drosophila S2 cells. (G) Zoomed-in cell-cell junction from (F). Scale bar = 5 microns.

Figure 5.2: The Par complex is linked to the exocyst via Par6 and Baz. (A) Coimmunoprecipitation from S2 cells overexpressing Exo84::Myc and Par6::Flag. (B) in vitro
binding assay between recombinant MBP::Exo70 and the LRD domain of Baz GST-tagged. (C)
Protein sequence alignment of the LRD of Baz/Par3 in human (Homo sapiens, Hs), mouse (Mus
musculus, Mm) and flies (Drosophila melanogaster, Dm). Black boxed amino acids are conserved
amongst the three species compared, while grey boxed amino acids indicate conservation between
groups of strongly similar properties.
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5.2

exo84 is required for Crb apical delivery

One possible model is that, at the cell cortex, Par6 and/or Baz/Par3 regulate the delivery
of membrane polarity determinants, such as Crb and E-cad. To investigate a direct role
for Exo84 (and the exocyst) in the delivery of Crb, I generated exo84 mutant flies (as described in subsection 3.3.3). Over 100 males experienced the Δ2,3 transposase-induced
excision of the EP-element HP35566, which were subsequently used to established individual stocks. These stocks were screened for lethality, which reduced the number of
mutant candidates to 19 stocks. These 19 stocks were further screened by PCR, using
a primer pair adjacent to the neighbouring genes groucho and vps2, to confirm that
these genes were unaffected (Figure 5.3A, primers P1 and P2). The PCR confirmed
two independent exo84 mutant lines, identified as exo84Δ11 and exo84Δ14 (Figure 5.3A,
agarose gels). Ultimately, both PCR products were sequenced to fully characterise these
mutant lines. The sequencing results indicated a deletion of 887 bp in exo84Δ11 and 757
bp in exo84Δ14 (Figure 5.3A), both leading to premature stop codons in the translated
protein (Figure 5.3B). Both mutants are embryonic lethal and fail to complement each
other.
Both exo84 alleles resulted in a very strong phenotype, indicating that exo84 is required
for cell viability, as expected from the broad role of the exocyst in promoting membrane
delivery. However, at 18 ◦ C, I could recover small clones of exo84 mutant photoreceptors,
which were characterised by a strong decrease in apical accumulation of Crb when
compared to other epitopes, such as Arm (Figure 5.4A-C, quantified in D-E).
To bypass the strong exo84 phenotype, I next made use of an exo84 RNAi line (exo84IR ).
A milder phenotype was observed, which allowed me to recover larger clones of photoreceptors deficient for exo84. In these clones, Crb localisation was more diffused compared
to wild-type and overlapped with the vesicular distribution of Rab11 (Figure 5.5A-B).
The accumulation of these Rab11-positive vesicles was increased in Exo84-depleted photoreceptors compared to wild-type, which is consistent with a role for Exo84 in docking
exocytic vesicles to the plasma membrane (Figure 5.5B). In addition, the levels of another component of the exocyst complex, Sec5, were strongly reduced in exo84IR cells
(Figure 5.5C). On rare occasions (approx. 15 %), I observed ectopic Arm accumulation at the basal membrane (Figure 5.5A). Nevertheless, in these experiments, exo84
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Figure 5.3: The Drosophila exo84 gene. (A) Dark blue boxes show the coding region and
direction of transcription of exo84, while light blue boxes show the neighbouring genes groucho
(gro) and vacuolar protein sorting 2 (vps2). The triangle indicates the insertion site of the
EP-element HP35566 used for imprecise excision. The location of primers P1 and P2 used to
screen and sequence the mutants is indicated by two arrows. Agarose gels showing the PCR
products from the different exo84 mutant candidate lines. C = CantonS. Yellow arrows point to
shifted bands in stocks 11 and 14, suggesting that these stocks contain genomic deleted regions
within the exo84 gene. White boxes indicate the genomic deleted regions in exo84 mutant alleles
Δ11 and Δ14. kbp = kilo base pairs. (B) Exo84 protein generated from wild-type and mutant
alleles Δ11 and Δ14.

knockdown did not interfere significantly with the formation of domains containing high
levels of Arm, Baz and E-cad at the plasma membrane (Figure 5.5A and D). Altogether, our data suggest that exo84 regulates the apical delivery of Crb to the plasma
membrane.
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Figure 5.4: exo84 is required for Crb acummulation at the apical membrane. (A)
exo84Δ11 mutant mid-pupal photoreceptors positively labeled with GFP (blue) and stained for
Arm (green), aPKC (red) and Crb (grey). (B-C) exo84Δ14 mutant photoreceptors positively
labeled with GFP (blue) and stained for (B) Arm (green), aPKC (red), Crb (grey), and (C) Baz
(green), Par6 (red) and Arm (grey). Scale bars = 2 microns. (D-E) Quantification of Crb and
Arm mean intensity and area in exo84 mutant photoreceptors compared to wild-type (n = 11
ommatidia for Crb and n = 15 ommatidia for Arm, both from at least 3 individuals).
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Figure 5.5: exo84 is required for Crb delivery to the apical membrane. RNAi knockdown of Exo84 in mid-pupal photoreceptors positively labeled with GFP (blue) using the coinFLP system and stained for (A) Arm (green), aPKC (red) and Crb (grey), (B) Rab11 (green),
Crb (red) and aPKC (grey), (C) Sec5 (green), Crb (red) and Rab5 (grey), (D) E-cad (green),
Par6 (red) and Baz (grey). White arrow shows ectopic Arm staining at the basal membrane.
Scale bars = 2 microns.
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5.3

The exocyst regulates apical membrane morphogenesis

To complement these experiments addressing the role of the exocyst during apical membrane morphogenesis, we examined polarity markers in sec5 mutant photoreceptors,
which is another component of the exocyst. To this end, we made use of the null allele
sec5E10 , which contains a premature stop codon at amino acid 31 (Murthy et al., 2003).
Similarly to exo84 mutants, it was particularly difficult to recover large clones of sec5
mutant photoreceptors. In this case, we observed a loss of the apical markers Crb, aPKC
and Par6, and similarly to exo84IR , instances where AJ markers were detected at the
basal membrane of the cell (Figure 5.6).

Figure 5.6: Sec5 is required for Crb delivery to the apical membrane. sec5E10 mutant
mid-pupal photoreceptors labelled by loss of nuclear GFP signal (green) and expressing Ecad::GFP (green). (A) Arm (red), aPKC (blue) and Crb (grey), (B) Arm (red), Baz (blue) and
Par6 (grey). White arrow shows ectopic E-cad and Arm staining at the basal membrane. Scale
bars = 2 microns. Images courtesy of Dr. Rhian Walther. Nunes de Almeida and Walther et
al., under revision.

5.4

RalA is required for Crb delivery

To further investigate how the exocyst regulates apical membrane morphogenesis I decided to examine RalA function. RalA is a GTPase that regulates the assembly of the
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exocyst complex via binding to Exo84 and Sec5 (Moskalenko et al., 2002, 2003). The
ralA gene is localised in the X chromosome and ralAEE1 mutants are hemizygous viable,
although males are sterile and display morphological defects, such as rough eyes and
missing bristles in the notum, head and humerus (Eun et al., 2007). The ralAEE1 allele
contains a missense mutation, Ser154 (TCG) to Leu154 (TTG), which affects nucleotide
binding to this GTPase, therefore interfering with the function of RalA (Eun et al.,
2007). Confocal imaging of ralAEE1 mid-pupal retinae from hemizygous males showed
extensive morphogenetic defects, when compared to heterozygous female flies (Figure
5.7A-B). In addition to missing photoreceptors in ralAEE1 retinae, I also observed a
partial co-localisation of apical and AJ markers, which resembled the previously analysed crb mutant phenotype (Walther and Pichaud, 2010). Further quantification of Crb
levels in ralAEE1 mutant photoreceptors showed that these were significantly decreased,
when compared to Ubi-Ecad::GFP control flies (Figure 5.7C).

Figure 5.7: RalA is required for Crb accumulation at the apical membrane. Mid-pupal
photoreceptors from (A) ralAEE1 heterozygous female flies and (B) ralAEE1 hemizygous males,
stained for Arm (green), aPKC (red) and Crb (grey). Scale bar = 2 microns. (C) Quantification
of the mean intensity levels of Crb staining in the retina of Ubi-Ecad::GFP control flies (grey,
n=42 ommatidia from 2 retinae) compared to ralAEE1 mutant flies (red, n=41 ommatidia from
2 retinae). Graph shows mean and SD, p value calculated with a two-tailed Mann-Whitney
test. (D) Longitudinal sections from adult retinae of wild-type (wt) CantonS (left) and ralAEE1
mutant flies (right), stained with Phalloidin (grey) and DAPI (red). Black dashed line indicates
the floor of the retina. Scale bar = 20 microns.

To complement this analysis, I imaged cryosections from adult retinae of both ralAEE1
and wild-type flies. Longitudinal sections showed that ralAEE1 mutant photoreceptors
did not fully elongate all the way down to the floor of the retina (Figure 5.7D), a
phenotype that resembles that of crb mutant photoreceptors (Pellikka et al., 2002).
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Furthermore, in ralAEE1 flies, there was a substantial amount of photoreceptors that
felt below the floor of the retina (Figure 5.7D). Altogether, these data are compatible
with RalA being involved in Crb apical accumulation, therefore being necessary for
apical membrane morphogenesis.

Figure 5.8: RalA does not regulate the delivery of the apical cargoes Rh1 and Eys.
(A) Representation of a photoreceptor with three different trafficking pathways that deliver
apical cargoes: (1) RalA and the exocyst potentially deliver Crb to the apical membrane (our
testing hypothesis), (2) Rab11 and Myosin V regulate the delivery of Rh1 to the rhabdomere,
and (3) a poorly studied pathway secretes Eyes shut (Eys) to the luminal space between photoreceptors. ZA in green, stalk membrane in red and rhabdomere in yellow. (B) wild-type
CantonS and (C) ralAEE1 mutant retinae stained for Rh1 (green) and F-actin (red). Scale bar
= 2 microns. (D) wild-type CantonS and (E) ralAEE1 mutant retinae stained for Eys (green)
and F-actin (red). Scale bar = 5 microns.

Next, I asked whether RalA was involved in regulating the delivery of other apical
cargoes besides Crb. The post-Golgi to rhabdomere route is regulated by both Rab11
and Myosin V, which delivers rhabdomeric proteins such as Rh1 (Figure 5.8A) (Li et al.,
2007, Satoh et al., 2005). We tested whether RalA also regulates the delivery of Rh1.
Despite the clear morphological defects in ralAEE1 mutant photoreceptors, Rh1 localised
as a crescent at the base of the rhabdomeres in both wild-type and ralAEE1 mutant
photoreceptors (Figure 5.8B-C). Alternatively, we tested the possibility that RalA and
the exocyst could regulate the secretion of luminal proteins, such as the proteoglycan
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Eys (Figure 5.8A) (Husain et al., 2006). I found that in both wild-type and ralAEE1
mutant photoreceptors, Eys was properly secreted to the central luminal space (Figure
5.8D-E). Based on examining ralAEE1 escapers, it appears that RalA does not regulate
the delivery of apical cargoes in general, as both Rh1 and Eys were not affected in
ralAEE1 mutants. Examining a stronger allele might reveal such phenoptypes.

5.5

RalA regulates vesicle tethering redundantly via Exo84
and Sec5

So far, my data indicate that the exocyst delivers Crb to the apical membrane. Both
Exo84 and Sec5 are essential in Crb delivery, which could be by either physically linking the octameric exocyst complex together or as a consequence of their role in vesicle
tethering (a process that is regulated by RalA). Therefore, I next asked whether both
Exo84 and Sec5 are required for vesicle tethering to the plasma membrane. To this
end, I have individually uncoupled RalA from Exo84 and Sec5 with the amino acid
substitutions K44E and E35R, respectively (Figure 5.9A) (Hazelett and Yeaman, 2012).
Firstly, I controlled that the different transgenes, UAS-GFP::RalAWT/K44E/E35R , could
be stably expressed in S2 cells and observed that the three proteins present a cortical
distribution in these cells (Figure 5.9B-C). These amino acid substitutions (K44E and
E35R) have been previously validated by Hazelett and Yeaman (2012) in an invasive
human prostate cancer cell line (Hazelett and Yeaman, 2012), and I have further confirmed that RalAK44E was not able to bind Exo84 in Drosophila S2 cells (Figure 5.9D).
The GFP-tagged RalA transgenes were finally injected in flies and used to rescue the
rough eye phenotype in ralAEE1 mutant flies. All three transgenes rescued the rough
eye phenotype (Figure 5.10), suggesting that binding of RalA to Exo84 and Sec5 acts
redundantly during exocyst function.
Lastly, I used these RalA transgenes to disrupt exocyst function using overexpression
experiments in FCs. I hypothesised that, if RalA is required to bind both Exo84 and
Sec5 during exocyst function, the overexpression of Exo84- or Sec5-uncoupled RalA
could outcompete endogenous RalA, leading to gain-of-function phenotypes. However,
this was not the case, as no gain-of-function phenotypes were observed and FCs formed
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Figure 5.9: Individual uncoupling of RalA from Exo84 and Sec5. (A) wild-type RalA
binds both Exo84 and Sec5, while RalAK44E only binds Sec5 and RalAE35R only binds to Exo84
(Hazelett and Yeaman, 2012). (B-C) The different GFP-tagged transgenes are expressed in S2
cells, as observed with (B) western blotting and (C) immunostaining. Mock = S2 cells transfected
with salmon sperm DNA. S2 cells stained with Phalloidin (red) and DAPI (blue). (D) Coimmunoprecipitation from S2 cells shows that the K44E substitution uncouples constitutively
active (G20V) RalA from Exo84.

a continuous monolayer around the egg chamber, with apical Par6/aPKC and junctional
Arm/Baz organised in distinct domains (Figure 5.11). In addition, we noticed that all
RalA proteins (WT, K44E and E35R) were detected at the apical and lateral membranes,
suggesting that RalA is homogeneously distributed around the cell (Figure 5.11). Our
experiments from this section strongly suggest that RalA regulates Exo84 and Sec5 in
a redundant mechanism to tether vesicles to the plasma membrane.
Altogether, the results from this chapter indicate that the exocyst is required to regulate
the apical delivery of Crb and to prevent basal delivery of AJ material. We propose that,
at the cell cortex, the Par complex components Baz and Par6 coordinate cell polarity to
membrane delivery via the exocyst. During this process RalA regulates vesicle tethering
redundantly via Exo84 and Sec5.
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Figure 5.10: RalA binding to at least one exocyst component is sufficient to rescue
the ralAEE1 rough eye phenotype. ralAEE1 / FM7 ; GMR GAL4 female flies were crossed
with males carrying the different UAS-GFP::RalA transgenes (or UAS-GFP as a control) and
the roughness of adults eyes was examined, together with wild-type CantonS flies as a control.

Figure 5.11: RalA is localised at the cell cortex. (A-B) GFP::RalAWT (green) was
overexpressed in FCs and stained for (A) Arm (red) and aPKC (grey) or (B) Baz (red) and
Par6 (grey). (C-D) GFP::RalAK44E (green) was overexpressed in FCs and stained for (C) Arm
(red) and aPKC (grey) or (D) Baz (red) and Par6 (grey). (E-F) GFP::RalAE35R (green) was
overexpressed in FCs and stained for (E) Arm (red) and aPKC (grey) or (F) Baz (red) and Par6
(grey). DAPI staining is shown in blue in the merged channel. Scale bars = 2 microns.
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5.6

Discussion

The exocyst is an essential cellular machinery that acts prior to vesicle fusion to link
post-Golgi vesicles to the plasma membrane. Our work shows that, in Drosophila, at
least two links exist between the exocyst and the Par complex. More specifically, we
have shown that both Par6 and Baz bind to Exo84 and Exo70, respectively. While I
have shown that the Baz-Exo70 interaction is direct, it is possible that Par6 binding
to Exo84 occurs via Baz and Exo70, as Par6 binds Baz and, in vertebrates, Exo84 is
known to bind Exo70 (Matern et al., 2001, Petronczki and Knoblich, 2001). However,
we do not think this could be the case, as S2 cells express both baz and exo70 at very
weak levels (Celniker et al., 2009).
Previous work in vertebrate cells reports that Par3 acts as a receptor for the exocyst
at the plasma membrane (Ahmed and Macara, 2017). Moreover, Ahmed and Macara
(2017) report defects in E-cad trafficking in Par3 depleted mouse mammary cells, which
could be rescued by expression of the LRD of Par3 (Ahmed and Macara, 2017). Our
data suggest that, instead of a single receptor, there are multiple links that could dock
the exocyst complex to the plasma membrane (Figure 5.12A). The reason for the existence of multiple links is not clear, as it could be a redundant mechanism to ensure
recognition by multiple receptors at the plasma membrane, or instead, it could be a
mechanism to polarise apical delivery via binding to Par6 and junctional delivery via
binding to Baz/Par3. In this latest model, the fact that Par6 and Baz/Par3 are enriched
at different locations along the apical-basal axis of epithelial cells suggests that these
proteins regulate the delivery of specific cargoes independently. Still, further studies are
necessary to understand if the exocyst requires binding to both Par6 and Baz/Par3 at
the same time during cargo delivery or whether these are independent links.
We have further analysed the role of two exocyst components, Exo84 and Sec5, in the
delivery of different cargoes. We have tested this directly using exo84 and sec5 mutant
flies and indirectly, via their regulator RalA. Our analyses are compatible with previous
studies that show a function for Baz-Exo70 in regulating E-cad delivery (Ahmed and
Macara, 2017). However, we note that Sec5 and Exo84 are not strictly required for
E-cad delivery to the ZA. Instead, these exocyst components appear to prevent the
basal accumulation of E-cad. As a result, we suggest that while both apical and basal
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Figure 5.12: Par6 couples cortical polarity to plasma membrane morphogenesis.
Complementing the model in Figure 4.12 with the data from this chapter, (A) we propose that,
at the apical cortex, the Par complex functions as a receptor for the exocyst, promoting the
delivery of different cargoes, including Crb and E-cad. (B) At the cell cortex, Par6 binds Exo84
promoting the delivery of Crb, which creates a delivery-based feedback loop.

domains can support E-cad delivery, the Baz-Exo70 interface serves to outcompete basal
delivery, perhaps by increasing the probability of vesicle fusion at the apical pole of the
cell.
Our studies on Exo84, Sec5 and RalA show that, in the absence of any of these proteins,
Crb delivery is severely impaired. The apical determinant and transmembrane protein
Crb has been shown to play a central role during apical membrane morphogenesis. In the
previous chapter, we have shown that Crb regulates the retention of Par6-aPKC at the
apical domain, which affects both apical and ZA morphogenesis. In turn, our data also
suggested that Par6-aPKC regulate the accumulation of Crb at the plasma membrane.
In this chapter, we show that Par6 binds the exocyst component Exo84. In addition,
exo84 depleted cells accumulate Crb in their cytosol, which was also observed in the
previous chapter in par6 mutant photoreceptors. As a result, we propose that Par6
binding to Exo84 regulates the delivery of Crb, which enables a delivery-based feedback

112

5. THE PAR COMPLEX REGULATES CRB DELIVERY VIA THE EXOCYST
loop that drives polarised morphogenesis by coordinating cortical polarity and plasma
membrane delivery (Figure 5.12B). In addition, Par6-aPKC have been shown to act
downstream of Cdc42 to limit Crb endocytosis (Harris and Tepass, 2008). Therefore, this
might suggest that Par6 can regulate the accumulation of Crb at the apical membrane,
by two distinct mechanisms: by limiting Crb endocytosis as shown by Harris and Tepass
(2008), as well as by promoting its delivery via the exocyst.
The GTPase RalA promotes the tethering of vesicles via regulating the exocyst components Exo84 and Sec5. I have individually uncoupled both RalA-Exo84 and RalA-Sec5
interfaces to analyse the role of each of these regulatory mechanisms. Surprisingly, disrupting each of these interfaces does not lead to gain-of-function phenotypes and, most
importantly, both RalA mutant proteins rescue the ralA mutant rough eye phenotype.
Therefore, this part of my work indicates that RalA regulates both Exo84 and Sec5 redundantly, possibly to ensure the tethering of vesicles to the plasma membrane. In the
future, it would be important to confirm this redundancy, by creating double-mutants
where RalA is uncoupled from both Exo84 and Sec5.
Altogether, our data suggest that there are multiple links between the exocyst and Par
complexes. In flies, while Baz is largely dispensible for epithelial cell viability, this is
not the case with Par6 or the exocyst. Based on this requirement for cell viability, we
therefore favour a model in which, in flies, Par6 is the main link between the exocyst
and the Par complex.
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Chapter 6

Mbt regulation during ZA
morphogenesis
In the previous two chapters of this thesis I investigated how epithelial cells build two
distinct apical and ZA domains. My work suggests that a Crb-dependent retention
mechanism takes place at the apical domain, which enables the separation of the apical
domain from the ZA and morphogenesis of these two domains. In line with this model,
in this last chapter, we investigate another retention mechanism that operates at the
level of the ZA and that is regulated by the Cdc42-effector Mbt/Pak4.
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6.1

Mbt is a core component of the AJ

Mbt is a component of the AJs and is localised at the developing ZA together with other
junctional markers, such as Arm and Baz (Appendix C, Walther et al., 2016). We noted
that Mbt localisation with AJ material is independent of apical polarity cues, as Mbt
co-localises with junctional markers in the absence of aPKC or crb function (Appendix
C, Walther et al., 2016).
In order to link Mbt to the epithelial polarity protein network we examined the requirement of baz for Mbt localization. AJ material, including Mbt, are present at the cell
membrane in the absence of baz (Appendix C, Walther et al., 2016), suggesting that
there must be at least one molecular pathway that can support AJ assembly independently of Baz. Based on its junctional localisation, we reasoned that Mbt could be part
of that pathway. To this end, we compared baz4 and mbtP1 single-mutants to baz4 ,
mbtP1 double-mutants (Appendix C, Walther et al., 2016). While junctional material
is still detected in baz4 and mbtP1 single-mutant photoreceptors, we found no AJ material at the cortex of baz4 , mbtP1 double-mutant photoreceptors. Moreover, analysis
of mbtP1 single-mutant photoreceptors showed a significant decrease in both length and
mean pixel intensity of Arm and Baz-positive domains at the developing ZA, when compared to wild-type cells (Appendix C, Walther et al., 2016). Altogether, our results
indicate that Mbt and Baz converge in promoting AJ morphogenesis.
In addition to regulating the accumulation AJ material at the developing ZA of pupal
photoreceptors, our work also showed that Mbt regulates apical membrane morphogenesis (Appendix C, Walther et al., 2016). We observed that a fraction of mbtP1 mutant
photoreceptors showed poorly differentiated apical membranes that were found between
the lamina and the floor of the retina (Appendix C, Walther et al., 2016). Importantly,
the mbt loss-of-function phenotype was completely rescued when expressing a wild-type
version of Mbt, but not with a version of Mbt that could not bind to Cdc42 or that lacked
kinase activity (Appendix C, Walther et al., 2016). This suggests that the function of
Mbt requires its kinase activity, as well as binding to Cdc42.
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6.2

Mbt regulates ZA morphogenesis through Arm phosphorylation

To gain a mechanistic insight into how Mbt operates during polarity remodelling, we investigated the relationship between Mbt and both Par6 and Arm. Human Pak4 (hPak4)
phosphorylates hPar6b at serine 143, which corresponds to serine 146 in Drosophila Par6
(Jin et al., 2015, Walther et al., 2016). However, the (-2) residue in Drosophila Par6 is
a glutamine (Q), which differs from the proline (P) found in hPar6b (Figure 6.1A). In
addition, previous in vitro studies have shown that Mbt can phosphorylate Arm at two
conserved residues: serine 561 and 688 (Figure 6.1B) (Menzel et al., 2008). Altogether,
these observations suggest a model in which Mbt regulates AJ morphogenesis via Arm
and apical membrane morphogenesis via Par6. However, no in vivo relevance was shown
for these interactions.
To test the link between Mbt, Par6 and Arm in Drosophila, I purified myc-tagged
constitutively active Mbt from Drosophila S2 cells (Figure 6.1C) and used it to perform
a kinase assay (Figure 6.1D) on recombinant Par6 and Arm as substrates. The kinase
assay showed no evidence for Par6 S146 being phosphorylated by Mbt. However, I was
able to confirm that Mbt phosphorylates Arm at S561 and S688 (Figure 6.1D) (Menzel
et al., 2008).
One possible model is that Arm phosphorylation might regulate the interface between
Arm and Baz. Since Baz binds to Arm, the phosphorylation of Arm could modulate
this binding. Alternatively, Arm phosphorylation could regulate the stability of the AJs,
which in turn could impact on Baz retention. To begin testing the in vivo role of Arm
phosphorylation by Mbt, I made use of FRAP and analysed the recovery of E-cad::GFP
after photobleaching. Bleaching the entire junction led to no recovery of E-cad::GFP.
However, bleaching half of the junctional domain, allowed me to recover nearly 30 %
of the E-cad::GFP signal (Figure 6.2). This suggests that the recovered pool of Ecad::GFP reflects exchange within the junctional domain or with a pool associated with
the junction, instead of recovery from a more distant pool of E-cad::GFP. I then tested
how homogeneous E-cad mobility is along the ZA. To this end, I analysed E-cad::GFP
recovery after photobleaching the apical half of the ZA and compared it to the recovery
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Figure 6.1: Mbt phosphorylates Arm, but not Par6. (A) Par6 sequence alignment,
containing the conserved S143 that, in Par6b, is phosphorylated by hPak4 (Jin et al., 2015). (B)
Arm sequence containing the two serine residues S561 and S688 that are phosphorylated by Mbt
in vitro (Menzel et al., 2008). (C) Myc::MbtCA was expressed in S2 cells and immunoprecipitated
to perform the kinase assay in (D). (D) In vitro kinase assay using Par6 and Arm substrates
purified from E. coli. Adapted from Walther et al. (2016).

after photobleaching the basal half (Figure 6.2A). These experiments showed that the
recovery of E-cad was identical at both these junctional subdomains (Figure 6.2B-C).
Although the mobile fractions were statistically significantly different, this difference
was considered minimal when compared to nearly doubled differences observed under
specific genotypes (e.g. the difference observed later in mbt mutant flies).
Next, I estimated the recovery of E-cad::GFP after photobleaching the basal half of the
ZA in wild-type cells and compared to that of mbtP1 mutant cells. I found that, in
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Figure 6.2: E-cad::GFP recovery after photobleaching at the apical and basal tips
of the ZA. (A) wild-type ommatidium before (left) and after (right) photobleaching the basal
half of the ZA. The photobleached ZA is shown within a yellow dashed rectangle and zoomed
at the top right corner of the left image. a = apical and b = basal. The photobleached area
is shown with a green dashed circle. (B) FRAP on Ecad::GFP in wild-type photoreceptors.
Recovery at both apical and basal halves of the ZA was tested. Mean normalized fluorescence
intensity at the apical half (green; n = 16 from three individuals) and at the basal half (grey; n
= 32 from seven individuals) is shown; error bars represent SEM. Fluorescence recovery curves
of E-cad::GFP after photobleaching were calculated using single exponential fitting. (C) Mobile
fraction of E-cad::GFP at the apical (green) and basal (black) halves of the ZA. The p value
was calculated with an unpaired two-tailed Students t test with Welchs correction.

wild-type photoreceptors, 23.3 % ± 0.6 % of E-cad::GFP was mobile with an evaluated
half-time recovery of 47 sec (Figure 6.3A-B). In mbtP1 mutant cells, I found that the
mobile fraction of E-cad::GFP at the developing ZA was increased to 45.7 % ± 1.2
%, with a half-time recovery of approximately 45 sec (Figure 6.3A-B). This indicates
that Mbt is required to stabilise E-cad at the ZA during photoreceptor polarity remodelling. Interestingly, when I overexpressed a phospho-dead ArmSA561,688 ::myc transgene
in otherwise wild-type retinas, I was able to reproduce the increased mobility of E-cad
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Figure 6.3: Arm phosphorylation regulates E-cad stability during ZA morphogenesis. (A) FRAP on Ecad::GFP in wild-type (grey; n = 18 from two individuals) and mbtP1
mutant (pink; n = 15 from three individuals) photoreceptors. (B) Mobile fraction of E-cad::GFP
in a wild-type (black) or mbtP1 (red) background. (C) FRAP on Ecad::GFP in wild-type cells
(grey; n = 14 from five individuals) and in cells expressing ArmSA561,688 ::myc (pink; n = 9 from
five individuals). (A) and (C) show the mean normalized fluorescence intensity; error bars represent SEM; fluorescence recovery curves of E-cad::GFP after photobleaching were calculated
using single exponential fitting. (D) Mobile fraction of E-cad::GFP in a wild-type (black) or
ArmSA561,688 ::myc (red) background. In (B) and (D), the p value was calculated with an unpaired
two-tailed Students t test with Welchs correction. Adapted from Walther et al. (2016).

estimated in mbtP1 mutant cells (Figure 6.3C-D). In fact, photoreceptors overexpressing
ArmSA561,688 ::myc also reproduced the mbtP1 mutant phenotype, showing lower levels of
Arm/Baz and shorther Arm/Baz-positive domains at the developing ZA (Appendix C,
Walther et al., 2016). Altogether, these data show that Mbt stabilises E-cad at the membrane and promotes the accumulation of both Arm and Baz through phosphorylation
of Arm at S561 and S688.
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6.3

Discussion

During epithelial tissue morphogenesis, the establishment of the ZA is a critical step
that sets a barrier between the apical and basolateral domains, while creating a region of
contact between neighbouring cells. The apical exclusion of Baz is a fundamental process
in the establishment of the ZA (Morais-de Sá et al., 2010, Walther and Pichaud, 2010),
by contributing to the coalescence of AJ material during ZA morphogenesis. However,
the detailed mechanisms that regulate AJ morphogenesis are poorly understood. In
this chapter, I presented work that suggests that Mbt is an essential regulator of ZA
morphogenesis.
Mbt is a core component of the AJs, localising to this domain independently of baz
(Walther et al., 2016). My work contributed to showing that Mbt functions by phosphorylating Arm and consequently promoting the accumulation of junctional proteins, such
as Arm and Baz. In the absence of mbt function, photoreceptors display shorter junctional domains that contain less Arm and Baz, when compared to wild-type (Walther
et al., 2016). My FRAP experiments suggest that Mbt limits the mobility of E-cad at
the developing ZA, which I could also replicate by expressing a version of Arm that cannot be phosphorylated by Mbt in a wild-type background. My data therefore suggest
that Mbt regulates AJ morphogenesis via phosphorylation of Arm at S561 and S688
in vivo (Figure 6.4). Although the obtained E-cad recovery is almost half than that
measured in the Drosophila embryo (Bulgakova et al., 2013, Warrington et al., 2013), it
is comparable to previously published data in MDCK cells (Yamada et al., 2005).
Previously published work argues that phosphorylation of Arm at S561 and S688 destabilises the interaction between E-cad and Arm in S2 cells, resulting in decreased E-cadmediated adhesion (Menzel et al., 2008). Consequently, one would expect that loss of
mbt should stabilise the E-cad-Arm interface. However, this is not the case in vivo, as
we find that loss of mbt increases the mobility of E-cad and decreases the levels of Arm
and Baz (as quantified in the length and pixel intensity of Baz/Arm positive junctional
domains in Appendix C, Walther et al., 2016). One hypothesis is that Mbt promotes the
stabilisation and accumulation of junctional proteins through modulation of the actin
cytoskeleton. The cadherin-catenin complex is linked to F-actin, which is regulated by a
vast set of actin-binding proteins. One of these proteins, Cofilin, is phosphorylated by a
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Figure 6.4: Mbt regulates AJ stability and Baz retention at the za. Mbt phosphorylates
Arm at S561 and S688, which stabilises AJ material and promotes AJ morphogenesis. Mbt also
promotes Baz retention at the ZA, in a mechanism that synergises with Par1-dependent lateral
exclusion of Baz. Altogether, Mbt promotes ZA morphogenesis via regulating Arm and Baz,
which in turn crosstalk with apical determinants to promote apical membrane specification.

Pak4 effector, the LIM domain kinase 1 (LIMK1) (Dan et al., 2001). More specifically,
Pak4 phosphorylates LIMK1, stimulating the kinase LIMK1 to phosphorylate Cofilin,
which in turn inactivates Cofilin and inhibits Cofilin-induced actin depolymerisation
(Dan et al., 2001). Therefore, Pak4 has been shown to regulate actin dynamics via
modulating the activity of the actin severing protein Cofilin (Dan et al., 2001). We propose that, upon loss of mbt, there is a decrease in Cofilin phosphorylation by LIMK1,
which increases the activity of Cofilin and leads to actin depolimerisation. As a consequence, there is an increase in actin turnover that destabilises the cadherin-catenin
complex and increases E-cad mobility.
In addition to regulating the dynamics of the cadherin-catenin complex, we have also
shown that Mbt is required for the retention of Baz at the ZA (Appendix C, Walther
et al., 2016). At the lateral membrane, the kinase Par1 phosphorylates Baz at two conserved serines (S151 and S1085), leading to Baz lateral exclusion (Benton and Johnston,
2003b). We showed that Mbt-dependent ZA retention and Par1-dependent lateral ex-
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clusion of Baz are two redundant mechanisms in epithelial cells that synergise towards
restricting Baz localisation to the developing ZA (Figure 6.4) (Appendix C, Walther
et al., 2016).
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Chapter 7

Discussion and Perspectives
Cdc42 is considered a master regulator of cell polarity in a variety of different organisms
(Etienne-Manneville, 2004). This Rho GTPase regulates cell polarity via multiple effectors and in this thesis, I contributed to the characterisation of two of these effectors:
Par6 and Mbt/Pak4. My work showed that the ability of Par6 to bind a large number
of polarity determinants is crucial during development to promote apical membrane and
ZA morphogenesis. I contributed to analysing in detail the different interfaces between
Par6 and Crb, Cdc42 and aPKC, which gave us an in-depth knowledge of the individual
mechanistic function of these interactions. In particular, my work showed that binding of Par6 to aPKC is required for the accumulation of both Par6 and aPKC at the
apical membrane, while the interface between Par6 and Cdc42 is required to separate
Par6-aPKC from P-Baz. In addition, my work has also contributed in showing that
the Par6-Crb interface is required to retain Par6-aPKC at the apical domain, which
promotes the establishment of clear boundaries between the ZA and the apical and lateral domains. Establishing this clear boundary is important for both ZA and apical
membrane morphogenesis (Walther et al., 2016, Walther and Pichaud, 2010).
In addition, my results have shown that Par6 functions as a link between the Par complex
and the exocyst, via binding to Exo84. Crb promotes apical membrane morphogenesis, and its overexpression leads to longer apical membrane domains (Pellikka et al.,
2002). Altogether, I propose the Par6-Exo84 interface regulates the apical delivery of
Crb, creating a delivery-based positive feedback loop that promotes apical membrane
morphogenesis.
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Finally, I have contributed to showing that Mbt regulates both apical membrane differentiation and ZA morphogenesis. My work indicates that Mbt functions by phosphorylating Arm, which promotes the accumulation of AJ material. In addition, Mbt function
is redundant with that of the lateral kinase Par1 towards promoting the retention of Baz
at the developing ZA. While baz and mbt single-mutants still present detectable levels
of AJ material, baz mbt double-mutants on the contrary are completely depleted of
junctional proteins, suggesting that Mbt and Baz function in parallel pathways towards
promoting ZA morphogenesis.
The reason for the requirement for multiple retention mechanisms along the epithelial
apical-basal axis is not clear. One possibility is the existence of a displacement flow
operating in epithelial cells. According to this model, the segregation of P-Baz from
Cdc42-Par6-aPKC would result from a selective basal displacement of P-Baz, which
would be counterbalanced by the apical retention of Cdc42-Par6-aPKC through Crb.
Similarly, at the ZA, Mbt would retain Baz to prevent the accumulation of ectopic microdomains of Baz at the lateral membrane. Further studies are required to validate this
displacement flow and we are currently testing this approach with FRAP experiments,
as well as by interfering with myosin-driven F-actin flows. Another possible model is
that Par proteins are not recruited stably at the cell cortex and need to be anchored
through transmembrane proteins. In line with this model, Crb would anchor Par6-aPKC
at the apical membrane, while E-cad would maintain Baz at the ZA. These anchoring
mechanisms would also act as sinks that titre Par6-aPKC and Baz, thus preventing
these proteins from diffusing more basally.
One major open question is regarding the localisation of Cdc42, and more specifically,
that of active GTP-bound Cdc42. Our data indicates that Cdc42 is required to assemble
the Par complex, together with Baz, and to maintain Par6-aPKC at the apical domain
upon Baz apical exclusion. For the Par complex to assemble at the apical membrane,
Cdc42 needs to be in this domain. We have now developed a Cdc42 biosensor based on
the CRIB domain of the protein WASp to allow us to visualise GTP-bound Cdc42 in
Drosophila epithelial cells. I have recently contributed to validating this biosensor with
a biochemical approach and preliminary results indicate that active Cdc42 is localised
at the apical domain of the fly photoreceptor, showing a very similar distribution to
Crb.
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However, our recently published work shows that the Cdc42 effector, Mbt, is localised
at the developing ZA in Drosophila photoreceptors. Moreover, we have shown that
Mbt function requires its CRIB domain, which is known to bind to Cdc42. This might
suggest that active Cdc42 is also required at the ZA. The Pak family of serine/threonine
kinases is subdivided in two groups: type I Paks (Pak1, Pak2 and Pak3) and type II
Paks (Pak4, Pak5 and Pak6) (Ha et al., 2015). While in type I Paks, binding to small
GTPases activates their kinase activity, this is not the case for type II Paks (Ha et al.,
2015). Most studies suggest that type II Paks are not directly activated by binding to
small GTPases (Ha et al., 2015), but instead, interacting with GTPases regulates their
subcellular localisation (Ha et al., 2015). Our data are in line with these studies, as
we have observed that Mbt requires its CRIB domain to perform its function (Walther
et al., 2016), presumably to interact with Cdc42 and properly localise at the developing
ZA. However, this does not necessarily mean that Cdc42 must be also activated at the
ZA, as type II Paks, such as Mbt/Pak4, do not require active Cdc42 to enhance their
kinase activity.
We have proposed that the Par complex functions as a receptor for the exocyst at the
plasma membrane. Components of both the Par and exocyst complexes have been linked
to the phosphoinositides PIP2 and PIP3 . Both Sec3 and Exo70 bind PIP2 , which has
been shown to be essential for the polarisation of the exocyst machinery (He et al.,
2007, Zhang et al., 2008). Baz is known to bind PTEN, which reduces the levels of
PIP3 in favour of PIP2 accumulation (Pinal et al., 2006, Stein et al., 2005). Interestingly, neuroendocrine cells display microdomains at the plasma membrane with high
concentrations of PIP2 , which correlate with sites of vesicle fusion (Kabachinski et al.,
2014). In fact, PIP2 has been shown to regulate exocytosis by recruiting and activating proteins like CAPS, Munc13 and synaptotagmin-1, which in turn regulate SNARE
protein function during exocytosis (Kabachinski et al., 2014). One possibility is that in
epithelial cells, Baz might increase the pool of membrane PIP2 via recruiting PTEN,
therefore regulating vesicle fusion.
This network of interactions between polarity determinants is extremely complex, increasing the difficulty in interpreting data. For instances, Cdc42 has a central role in
trafficking, regulating for example the endocytosis of proteins such as Crb and E-cad
(Georgiou et al., 2008, Harris and Tepass, 2008, Leibfried et al., 2008). Therefore, affect125
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ing Cdc42 leads to massive polarity defects, not only because it affects directly the Par
complex, but also as a consequence of affecting apical and junctional protein trafficking.
By looking specifically at Par6 and uncoupling its interactions, one by one, we were
able to overcome some of these limitations and analyse more clearly the role of different
protein interactions in epithelial cell polarity.
There are still many open questions in the field of epithelial cell polarity. Even though
Cdc42 is thought of as a master regulator of cell polarity, further studies are required
to fully understand how symmetry is broken within epithelial cells and how polarity
is initially established. For instances, how is Cdc42 activation polarised in epithelial
cells? My thesis work has contributed to the field of epithelial cell polarity with indepth knowledge of how different interfaces between polarity determinants contribute
to maintain a polarised axis within epithelial cells. I have studied in detail how different
proteins are retained, accumulated, localised or delivered to distinct domains of epithelial
cells. Overall, understanding these mechanisms in detail is an important step towards
acquiring an integrated view of how epithelial cells develop spatially distinct domains
that are crucial for proper epithelial tissue morphogenesis.
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Table 7.1: Plasmids constructed for this thesis.
No. Plasmid
1

pDEST15 Cdc42V12

Source

Cloning method

Destination vector pDEST15 (Invitrogen) and

GatewayTM cloning (Invitrogen)

pENTR Cdc42V12 (gift from Evi Vlassaks)
2

pDEST15 Cdc42N17

Destination vector pDEST15 (Invitrogen) and

GatewayTM cloning (Invitrogen)

pENTR Cdc42N17 (gift from Evi Vlassaks)
3

4

pENTR Exo84

pActin myc::Exo84

pENTRTM /D-TOPO

vector (Invitrogen) and

pENTRTM Directional TOPO Cloning (Cat. No. K240020, Invitro-

exo84 cDNA (clone FI18238, DGRC)

gen)

Destination vector pAMW (Drosophila Gateway

GatewayTM cloning (Invitrogen)

148

Vector collection) and #3
5

6

7

pGEX-4T-2 Baz[LRD]

pMAL Exo70

pMT Ed-mCherry::Par6

pGEX-4T-2 (GE Healthcare Life Sciences) and

The LRD-containing fragment G1146-Q1219 was cloned into the

baz cDNA (Benton and Johnston, 2003b)

pGEXT-4T-2 vector using BamHI/NotI sites

pMAL-c2x (New England Biolabs) and exo70

exo70 was cloned into the pMAL-c2x vector with an N-terminal

cDNA (clone FI18254, DGRC)

MBP-tag using EcoRI/XbaI sites.

#21 and #2 from Table 7.2

par6 was cloned downstream of the mCherry sequence in the pMT
Ed::mCherry vector using NheI/NotI sites

8

pMT Ed-mCherry::Exo84

#21 from Table 7.2 and #3

par6 was cloned downstream of the mCherry sequence in the pMT
Ed::mCherry vector using NheI/NotI sites

9

pUAS Exo84::GFP

Destination vector pUASP (Drosophila Gateway
Vector collection) and #3

GatewayTM cloning (Invitrogen)

Table 7.1 continued from previous page
No. Plasmid

Source

Cloning method

10

pENTRTM /D-TOPO vector (Invitrogen) and ralA

pENTRTM Directional TOPO Cloning (Cat. No. K240020, Invitro-

pENTR RalA

149

cDNA (clone LD21679, DGRC)

gen)

11

pENTR RalA

G20V

#10

Site-directed mutagenesis (Agilent)

12

pENTR RalAE35R

#10

Site-directed mutagenesis (Agilent)

13

pENTR RalAK44E

#10

Site-directed mutagenesis (Agilent)

14

pENTR RalAG20V,K44E

#10

Site-directed mutagenesis (Agilent)

15

pUAST GFP::RalAWT

pUAST-attB-NmGFP (gift from Tony Southall)

ralA was cloned downstream of the GFP sequence in the pUAST-

and #10

attB-NmGFP vector using XhoI/NotI sites

pUAST-attB-NmGFP (gift from Tony Southall)

ralA was cloned downstream of the GFP sequence in the pUAST-

and #12

attB-NmGFP vector using XhoI/NotI sites

pUAST-attB-NmGFP (gift from Tony Southall)

ralA was cloned downstream of the GFP sequence in the pUAST-

and #13

attB-NmGFP vector using XhoI/NotI sites

16

17

pUAST GFP::RalAE35R

pUAST GFP::RalAK44E

18

pActin Flag::RalAG20V

#1 from Table 7.2 and #11

GatewayTM cloning (Invitrogen)

19

pActin Flag::RalAG20V,K44E

#1 from Table 7.2 and #14

GatewayTM cloning (Invitrogen)

Table 7.2: Plasmids kindly provided by colleagues.
No. Plasmid

Source

Cloning method

1

pActin Flag (pAWF)

Gift from Yanxiang Zhou

Derived from the Drosophila Gateway Vector collection

2

pENTR par6

Gift from Rhian Walther

Derived from pENTRTM /D-TOPO vector (Invitrogen) and par6
cDNA (clone LD29223, DGRC)

3

pActin Par6::Flag

Gift from Rhian Walther. From #1 and #2

GatewayTM cloning (Invitrogen)

4

pActin Par6K23A ::Flag

Gift from Rhian Walther. From #1 and #2

GatewayTM cloning (Invitrogen) and site-directed mutagenesis
(Agilent)

5

pActin Par6AAAA ::Flag

Gift from Rhian Walther. From #1 and #2

GatewayTM cloning (Invitrogen) and site-directed mutagenesis
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(Agilent)
6

pActin Par6ΔP ::Flag

Gift from Rhian Walther. From #1 and #2

GatewayTM cloning (Invitrogen) and site-directed mutagenesis
(Agilent)

7

pActin Par6SE ::Flag

Gift from Rhian Walther. From #1 and #2

GatewayTM cloning (Invitrogen) and site-directed mutagenesis
(Agilent)

8

pENTR H427

Gift from Frederick Wirtz-Peitz

Contains a minimal par6 promoter, the par6 coding region with
a C-terminal GFP fusion and a minimal par6 3’UTR

9

par6-Par6::GFP

Gift from Rhian Walther. From destination vector pBID (Ad-

GatewayTM cloning (Invitrogen)

dgene 35195) and #8
10

par6-Par6

K23A

::GFP

Gift from Rhian Walther. From destination vector pBID (Ad-

GatewayTM cloning (Invitrogen) and site-directed mutagenesis

dgene 35195) and #8

(Agilent)

Table 7.2 continued from previous page
No. Plasmid
11

par6-Par6AAAA ::GFP

12

par6-Par6

13

14

ΔP

::GFP

par6-Par6SE ::GFP

pUASP Par6::GFP

Source

Cloning method

Gift from Rhian Walther. From destination vector pBID (Ad-

GatewayTM cloning (Invitrogen) and site-directed mutagenesis

dgene 35195) and #8

(Agilent)

Gift from Rhian Walther. From destination vector pBID (Ad-

GatewayTM cloning (Invitrogen) and site-directed mutagenesis

dgene 35195) and #8

(Agilent)

Gift from Rhian Walther. From destination vector pBID (Ad-

GatewayTM cloning (Invitrogen) and site-directed mutagenesis

dgene 35195) and #8

(Agilent)

Gift from Rhian Walther. From destination vector pUASP

GatewayTM cloning (Invitrogen)

(Drosophila Gateway Vector collection) and #2
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15

16

17

pUASP-Par6K23A ::GFP

pUASP-Par6AAAA ::GFP

pUASP-Par6SE ::GFP

Gift from Rhian Walther. From destination vector pUASP

GatewayTM cloning (Invitrogen) and site-directed mutagenesis

(Drosophila Gateway Vector collection) and #2

(Agilent)

Gift from Rhian Walther. From destination vector pUASP

GatewayTM cloning (Invitrogen) and site-directed mutagenesis

(Drosophila Gateway Vector collection) and #2

(Agilent)

Gift from Rhian Walther. From destination vector pUASP

GatewayTM cloning (Invitrogen) and site-directed mutagenesis

(Drosophila Gateway Vector collection) and #2

(Agilent)

18

pGEX-2T Crbintra

Gift from Elisabeth Knust

Kempkens et al. (2006)

19

pGEX-2T Crbintra ΔERLI

Gift from Elisabeth Knust

Kempkens et al. (2006)

20

pMT Ed::mCherry

Gift from Chris Doe

Wee et al. (2011)

21

pUAS aPKC::GFP

Gift from Daniel St Johnston

22

pDEST15 Par6WT

Gift from Rhian Walther

Walther et al. (2016)

Table 7.2 continued from previous page
No. Plasmid

Source

Cloning method

23

pDEST15 Par6S146A

Gift from Rhian Walther

Walther et al. (2016)

24

pDEST15 ArmWT

Gift from Rhian Walther

Walther et al. (2016)

Gift from Rhian Walther

Walther et al. (2016)

Gift from Rhian Walther

Walther et al. (2016): mutations S492N and S521E

S561,688A

25

pDEST15 Arm

26

pActin myc::mbtCA
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Complementary data to Chapter 4
The following experiments were performed by Dr. Rhian Walther and complement the data
shown in Chapter 4.
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Figure 7.1: Par6 binding to Cdc42 is required to separate Par6 from Baz. par6Δ226
pupal retinal clones labelled by loss of nuclear GFP signal (green), expressing (A-B) par6Par6::GFP (green) or (C-D) par6-Par6ΔP ::GFP (green) and stained for (A and C) aPKC (red)
and Arm (grey), (B) Crb (red) and Arm (grey), (D) Baz (red) and Arm (grey). (E) bazxi
pupal retinal clones labelled by loss of nuclear GFP signal (green), expressing par6-Par6ΔP ::GFP
(green) and stained for aPKC (red) and Arm (grey). In all panels, the grey channel is shown in
blue in the merge. Scale bars = 2 microns. Images courtesy of Dr. Rhian Walther.
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Figure 7.2: Par6-aPKC distributes between the Par and Cdc42-Par6-aPKC complexes. (A-B) crb11A22 mutant pupal photoreceptors positively labeled by GFP (blue) and
stained for (A) Baz (green), Par6 (red) and (B) Arm (green), aPKC (red). Scale bars = 2
microns. (C-D) Intensity profiles of Par6 and Arm at the cell cortex of crb11A22 mutant photoreceptors from the apical to the lateral domains. Wild-type values of Par6 and Arm from
wild-type retinae are shown (shaded) in the background of each respective graph for comparison
with crb mutant values. For each condition a minimum of 9 photoreceptors from 3 retinas were
measured. (E-F) Par6 and aPKC area and mean intensity quantifications in crb11A22 mutant
photoreceptors compared to wild-type. 20 ommatidia pairs from 7 retinas and 9 ommatidia pairs
from 3 retinas were measured for Par6 and aPKC, respectively. Images courtesy of Dr. Rhian
Walther.
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Figure 7.3: Par6 binding to Crb promotes the accumulation of both Par6-aPKC and
Crb. (A-B) par6Δ226 pupal retinal clones expressing par6-Par6AAAA ::GFP (green). par6Δ226
mutant cells labelled by loss of nuclear GFP signal and stained for (A) aPKC (red), Arm (grey)
and (B) Crb (red), P-S980Baz (grey). In both panels, the grey channel is shown in blue in the
merge. Scale bar = 2 microns. (C-D) Quantification of aPKC and Crb area. 9 ommatidia
pairs from 4 retinas and 19 ommatidia pairs from 6 retinas were analysed for aPKC and Crb,
respectively. Images courtesy of Dr. Rhian Walther.
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SUMMARY

The ability of epithelial cells to assemble into sheets
relies on their zonula adherens (ZA), a circumferential
belt of adherens junction (AJ) material, which can be
remodeled during development to shape organs.
Here, we show that during ZA remodeling in a model
neuroepithelial cell, the Cdc42 effector P21-activated
kinase 4 (Pak4/Mbt) regulates AJ morphogenesis and
stability through b-catenin (b-cat/Arm) phosphorylation. We find that b-catenin phosphorylation by Mbt,
and associated AJ morphogenesis, is needed for the
retention of the apical determinant Par3/Bazooka at
the remodeling ZA. Importantly, this retention mechanism functions together with Par1-dependent lateral
exclusion of Par3/Bazooka to regulate apical membrane differentiation. Our results reveal an important
functional link between Pak4, AJ material morphogenesis, and polarity remodeling during organogenesis downstream of Par3.
INTRODUCTION
In vertebrate and invertebrate epithelial or neuroepithelial cells,
apical membrane morphogenesis consists of the differentiation
of the cell-cell junction (zonula adherens [ZA]) from the apical
and lateral membrane domains. How this is achieved is not fully
understood. In Drosophila, apical membrane morphogenesis
and remodeling requires at least two processes: (1) the confinement of the conserved polarity proteins Par6-atypical protein
kinase C (aPKC), Crumbs (Crb), and Stardust (Sdt) to the apical
pole of the cell and (2) the exclusion of Baz (Drosophila Par3)
from the apical membrane, such that this protein is positioned
at the boundary between the apical and lateral membrane where
the ZA assembles (Krahn et al., 2010; Morais-de-Sá et al.,
2010; Walther and Pichaud, 2010). These two processes drive polarity specification and remodeling in the follicular epithelium, the
cellularizing blastoderm, and the photoreceptor (St Johnston and
Ahringer, 2010). Notably, the junctional configuration and localization of the apical proteins Par6-aPKC and Baz/Par3 relative to
the apical-lateral border is conserved through evolution (Afonso
and Henrique, 2006; Totong et al., 2007; Zihni et al., 2014).

In addition to the apical exclusion of Baz, and in order to limit
apical membrane morphogenesis to one pole of the cell, Baz
must be excluded from the lateral cortex. Lateral exclusion of
Baz prevents its ectopic association with aPKC basal to the ZA
and is mediated by the serine/threonine kinase Par1 in several
model epithelial cell types (Benton and St Johnston, 2003b).
However, the relatively mild par1 loss-of-function polarity
phenotype observed in the follicular epithelium, blastoderm,
and photoreceptor suggests that other mechanisms might be
at play (Benton and St Johnston, 2003b; McKinley and Harris,
2012; Nam et al., 2007). For example, in the blastoderm where
polarity is established de novo, basal to apical transport of Baz
and the presence of an apical scaffold of F-actin can act to
localize Baz at the apical pole of the cortex (Harris and Peifer,
2004; McKinley and Harris, 2012). Whether these or other mechanisms regulate the ZA localization of Baz in a remodeling
epithelium is not clear.
As Baz is confined to the apico-lateral border of the cell, it is
thought to interact with adherens junction (AJ) material, possibly
via binding to Arm and Echinoid (Wei et al., 2005). However, in
the blastoderm, follicular epithelium, or photoreceptor, accumulation of AJ material at the plasma membrane does not strictly
depend on Baz (Harris and Peifer, 2004; Shahab et al., 2015;
Walther and Pichaud, 2010). This indicates that pathways must
promote AJ assembly independently of baz. These pathways
and their relation to the epithelial polarity gene network remain
to be characterized in detail.
Among the factors that might regulate AJ morphogenesis
is the Cdc42 effector P21-activated serine/threonine kinase,
Pak4 (Drosophila mushroom bodies tiny [mbt]). In Drosophila
photoreceptors, this kinase localizes at the developing ZA and
is required for proper ZA morphogenesis (Schneeberger and
Raabe, 2003). In addition, Mbt can phosphorylate b-cat/Arm
in vitro, and in cell culture, this phosphorylation limits the association of Arm and E-cadherin (Menzel et al., 2008). Consistent
with a conserved role for Mbt/Pak4 in regulating AJ morphogenesis, conditional deletion of mPak4 in the mouse nervous system
leads to a loss of neuroepithelial AJs (Tian et al., 2011). In addition, hPak4 is required to promote tight junction and AJ maturation in human bronchial cells (Wallace et al., 2010). Thus, Pak4/
Mbt plays an important role in regulating epithelial polarity
across phyla. However, the functional relationship between this
kinase, AJ morphogenesis, and the conserved epithelial polarity
gene network remains to be examined in detail.
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Figure 1. Mbt Is a Core Component of the AJ
(A–D) Wild-type ommatidium. Arm (green; A), Baz (red; B), Mbt (gray; C), and merge (D) are shown.
(E–H) aPKCk06403 mutant, lacking GFP (blue; E), Arm (green; F), Mbt (red; G), and merge (H).
(I–L) baz4 mutant, lacking GFP (blue; I), Arm (green; J), and Mbt (red; K), and merge (L).
(M–P) crb11A22 mutant, lacking GFP (blue; M), Baz (green; N), Mbt (red; O), and merge (P).
(Q–T) baz4, sdtXP96 mutant, lacking GFP (blue; Q), Arm (green; R), Mbt (red; S), and merge (T). White arrows point to mutant cell-cell interfaces.
(U–X) arm3 mutant, lacking GFP (blue; U), Baz (green; V), Mbt (red; W), and merge (X). A mutant ommatidium is circled.
The scale bars represent 2 mm.

RESULTS
Baz Is Essential for Photoreceptor Polarity Remodeling
The Drosophila photoreceptor, which undergoes a sustained
phase of apico-basal polarity remodeling during development,
is a particularly attractive model to study the relationship between the conserved polarity determinants and the AJ during
cortical polarity remodeling and plasma membrane morphogenesis (Figure S1A).
In light of recent work suggesting that baz might be
dispensable in some instances of epithelial polarity remodeling in vivo (Shahab et al., 2015), we first re-examined
the function of this factor in the remodeling photoreceptor
using two new loss-of-function alleles: bazXR11 and bazEH747.
Both alleles lead to a strong reduction in aPKC, Crb,
and Par6 staining (Figures S1A–S1J). In addition, most mutant
photoreceptors fail to specify a clear ZA and AJ material
invades what would normally be the apical pole of the cell
(Figure S1E). These data confirm that Baz is required to
support the recruitment of Par6-aPKC and Crb at the apical
cortex and membrane, respectively (Walther and Pichaud,
2010). However, we note instances where the ZA is relatively well defined (Figure S1I). These instances correlate
with residual apical Par6 accumulation (Figure S1H), which
suggests that Par6 can be recruited at the apical pole of
the cell independently of Baz, presumably through binding
to Cdc42 or Crb (Hutterer et al., 2004; Morais-de-Sá et al.,
2010).

Mbt Is a Core Component of the AJ
In the developing photoreceptor, Mbt localizes at the developing
ZA (Schneeberger and Raabe, 2003; Figures 1A–1D). To test
whether this localization depends on the apical epithelial gene
network, we examined Mbt localization in aPKCk06403 (Figures
1E–1H), baz4 (Figures 1I–1L), crb11A22 (Figures 1M–1P), and
baz4, sdtXP96 double-mutant cells (Figures 1Q–1T). We found
that AJ domains, which contain Mbt, are still present in all these
conditions. The only condition that abolishes Mbt localization at
the cell cortex is in arm3 mutant cells, where AJ material is absent
(Figures 1U–1X).
From this set of data, we can therefore draw two main conclusions. First, Mbt is a core component of the AJ. Second, there
must be at least one molecular pathway that can support AJ
assembly independently of Baz and Crb. Due to its close association with AJ material, we reasoned that Mbt could be part of
such pathway. To test this possibility, we generated baz4,
mbtP1 double-mutant cells and compared them to baz4 and
mbt P1 single-mutant cells. AJ material is detected in baz4
(Figure S1E) and in mbtP1 single-mutant photoreceptors (Figure
2A–D). In contrast, we found that no AJ material can be detected
at the cortex of baz4, mbtP1 double-mutant cells (Figures 2K–2N).
Therefore, our results indicate that mbt can support AJ morphogenesis independently of baz.
Mbt Supports AJ Morphogenesis Independently of baz
Next, we sought to examine the role of mbt during photoreceptor polarity remodeling. Consistent with Mbt promoting ZA
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Figure 2. mbt Promotes AJ Morphogenesis
Independently from Baz

I

(A–D) mbtP1 mutant, lacking GFP (blue; A), Arm
(red; B), Baz (green; C), and merge (D). The scale
bars represent 2 microns.
(E) Mean length of Arm cortical domain in wild-type
and mbtP1 mutants.
(F) Mean pixel intensity of Arm in wild-type and
mbtP1. In (E) and (F), n = 202 (in four wild-type
H
G
J
C
D
retinas) and n = 460 (in four mbtP1 retinas).
(G) Mean length of Baz cortical domain in wildtype and mbtP1 mutants.
(H) Mean pixel intensity of Baz in wild-type and
mbtP1. In both (G) and (H), n = 99 (wild-type) and
n = 107 (mbtP1), with measurements taken from
five independent mbtP1 mosaic retina. In (E)–(H),
columns represent mean and error bars represent
the SEM of each dataset. Statistical significance
K
L
was determined using an unpaired two-tailed
O
Student’s t test.
P
(I and J) Electron microscopy (I) on a wild-type
ommatidium and (J) on the poorly developed apical membranes of an mbtP1 adult ommatidium.
Ectopic AJ domains are boxed and sub-apical
membranes in green. The scale bar represents
M
N
2 mm.
(K–N) baz4, mbtP1 mutant lacking GFP (blue; K),
Arm (green; L), aPKC (red; M), and merge (N).
Asterisks highlight mutant cells. A tilde marks a
wild-type cell. The scale bars represent 4 mm.
(O) FRAP on E-cadherin::GFP in wild-type or
mbtP1. Mean normalized fluorescence intensity in
wild-type (gray; n = 18 from two individuals) and
mbtP1 (pink; n = 15 from three individuals) is shown; error bars represent SEM. Fluorescence recovery curves of E-cad::GFP after photo-bleaching in wild-type
(black) and mbtP1 (red) are shown.
(P) Mobile fraction of E-cadherin::GFP in a wild-type (black) or mbtP1 (red) background. The p value was calculated with an unpaired two-tailed Student’s t test
with Welch’s correction.

morphogenesis, we measure a significant decrease in the length
and mean pixel intensity of Arm and Baz at the developing ZA of
mbtP1 mutant photoreceptors (Figures 2A–2H). In addition, mbt
is required for overall apical membrane differentiation, albeit
only in a fraction of the mutant cells (Figures 2I and 2J). We found
that, in 40% of the mbtP1 mutant ommatidia (n = 2,662 from nine
retinae), no ZA assembles along the photoreceptors proximodistal axis, and instead, poorly differentiated apical membranes
are found between the floor of the retina and the lamina part of
the brain (Figures 2J and S2A–S2J). Whereas these membranes
contain aPKC, Crb, Baz, and Arm, apico-basal polarity is
severely compromised (Figures S2D–S2G’’). These data indicate
that Mbt promotes AJ morphogenesis and to some extent apical
membrane morphogenesis. Importantly, the mbt phenotype
can be fully rescued when expressing a wild-type version of
this kinase (Figure S3A). In contrast, re-introducing a version of
Mbt that can no longer bind to Cdc42 or lacks kinase activity
(Schneeberger and Raabe, 2003) fails to rescue the mbt phenotype (Figure S3A). Therefore, Mbt functions through its kinase
activity, which, as expected for this family of kinases, is regulated
via binding to Cdc42 (Ha et al., 2015).
Mbt Does Not Phosphorylate Par6 in Drosophila
In order to gain mechanical insight into how Mbt might regulate
apical membrane morphogenesis, we examined the relationship

between Mbt and Par6. Human Pak4 (hPak4) can phosphorylate
hPar6b at serine 143, which is found in Drosophila Par6 at position 146 (Jin et al., 2015). However, the ( 2) residue in Par6 differs from that found in hPar6b, and in that, Par6 most resembles
hPar6a, which is not phosphorylated by hPak4 (Figures S3B
and S3C).
To test whether Mbt can phosphorylate Par6, we purified an
activated version of Mbt from S2 cells and used it to perform
kinase assays with Drosophila Par6. In our assays, we found
no evidence for Mbt (or for recombinant hPak4) phosphorylating
Par6S146 in vitro (Figures S3D and S3E). In addition, a version of
Par6 in which S146 is mutated to an alanine (Par6-Par6SA146)
can rescue the embryonic lethality of the par6D226 when expressed under the par6 promoter (data not shown). Thus, our results indicate that phosphorylation of Par6S146 is not essential
for Par6 function during Drosophila development.
Mbt Regulates the Stability of E-cadherin at the ZA
Mbt influences the stability of the E-cadherin-catenin complex in
non-polarized S2 cells (Menzel et al., 2008). To examine whether
this contributes to regulating ZA morphogenesis, we made use of
fluorescence recovery after photobleaching (FRAP) to evaluate
the mobile fraction and half-time recovery of E-cadherin. When
photobleaching the basal tip of the wild-type ZA, we find that
23.3% ± 0.6% of E-cadherin::GFP is mobile with an evaluated
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Figure 3. mbt Regulates ZA Remodeling
through Arm Phosphorylation
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(A–D’) arm3 mutant, lacking GFP (blue; A and A’), Baz
(green; B and B’), aPKC (red; C and C’), and merge
(D and D’).
(E–G’’’’) Myc (gray), E-cadherin (green), aPKC (red).
(E–E’’’’) Rescue of an arm3 mutant ommatidium,
lacking GFP (blue; E), by re-introduction of a wild-type
version of the Arm::Myc transgene is shown. (F–F’’’’)
Re-introduction of ArmSA561,688::Myc is shown.
(G–G’’’’) Re-introduction of ArmSE561,688::Myc is
shown.
(H–H’’’) arm3 mutant lacking GFP (blue; H),
ArmSA561,688::Myc (green; H’), Baz (red; H’’), and
merge (H’’’).
The scale bars represent 4 mm.

D’

mechanism for regulating AJ morphogenesis and E-cadherin mobility. Therefore, we
next sought to re-examine the relationship
between Mbt, Arm phosphorylation, and
ZA morphogenesis. First, we confirmed
that a constitutively active form of Mbt phosphorylates Arm at S561 and S688 (Figures
arm3
S3D and S3E). Second, we generated transgenic animals bearing myc-tagged phosF
F’
F ’’
F ’’’
F ’’’’
pho-mimetic
(UAS-armSE561,688::myc),
phospho-dead (UAS-armSA561,688::myc),
and wild-type (UAS-arm::myc) transgenes
and asked whether these could rescue the
arm3 mutant phenotype. arm3 mutant pho3
toreceptors show defects in aPKC localizaarm
tion at their cortex, lack Baz altogether,
G
G’
G ’’
G ’’’
G ’’’’
and, similar to mbt mutant cells, tend to
form cysts below the floor of the retina (Figures 3A–3D’).
Re-introducing Arm::myc in arm3 mutant
cells rescues the photoreceptor polarity remodeling phenotype (Figure 3E). However,
E-cad
aPKC
arm3
re-introducing either ArmSA561,688::myc
H
H’
H ’’
H ’’’
or ArmSE561,688::myc in arm3 mutant photoreceptors fails to support ZA morphogenesis, and instead, discrete AJ domains are
found distributed along the proximo-distal
axis of the cell. Both transgenes are able
arm3
Baz
to form domains that contain E-cadherin
and Baz (Figures 3F–3H). In the case of
ArmSA561,688::myc, two of the ZA-like
P1
half-time recovery of 47 s (Figures 2O and 2P). In mbt mutant domains examined (n = 24) present ArmSA561,688::myc, but
ZA, we found that the mobile fraction of E-cadherin::GFP is lack Baz entirely. Among the remaining 22 ZA-like domains,
45.7% ± 1.2% with a half-time recovery of approximately 45 s four include a region positive for ArmSA561,688::myc, but not
(Figures 2O and 2P). Therefore, Mbt is required to stabilize E-cad- Baz, and three include regions positive for Baz, but not
herin at the ZA during photoreceptor polarity remodeling.
ArmSA561,688::myc. These results suggest that the phosphorylation status of Arm regulates the interface between the AJ and
Mbt Regulates ZA Remodeling through Arm
Baz. In addition, we note that, with ArmSA561,688, several
Phosphorylation
cells present poorly differentiated apical membranes including
Phosphorylation of b-cat/Arm by Pak4/Mbt is conserved through aPKC domains that are smaller than in the wild-type (Figures
evolution (Selamat et al., 2015), thus providing a potential 3F’’’–3G’’’ and S4).

E

E’

E ’’

E ’’’

E ’’’’
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If Arm phosphorylation must be finely tuned during ZA remodeling, then overexpressing ArmSA561,688 should lead to phenotypes resembling that of the mbt loss of function. To test this
hypothesis, we overexpressed ArmSA561,688::myc in wildtype retinae. In this assay, overexpressing wild-type Arm::myc
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leads to a decrease in Arm and Baz as well as a significant shortening of the ZA when compared to wild-type (Figures 4C–4F).
We also note instances where Baz is missing from the ZA, while
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(A) Overexpression of Arm::myc. Arm (green) and
Baz (red) are shown.
(B) Overexpression of ArmSA561,688::myc. Arm
(green) and Baz (red) are shown. A dashed rectangle highlights a ZA that contains Arm, but
not Baz.
(C and D) Length of the Arm (C) and Baz (D)
domains in wild-type and in photoreceptors
expressing Arm::myc, ArmSA561,688::myc, or
ArmSE561,688::myc.
(E and F) Mean pixel intensity for Arm (E) and Baz
(F) measured relative to that of control photoreceptors. In (C)–(F), columns indicate the mean
whereas error bars indicate the SEM (n > 200).
Statistical significance was determined using
one-way ANOVA and the Kruskal-Wallis multiple
comparison test for non-parametric samples.
(G–G’’) Overexpression of ArmSE561,688::myc;
Arm (green; G), Baz (red; G’), and merge (G’’).
(H) FRAP on E-cadherin::GFP in wild-type cells
and in cells expressing ArmSA561,688::myc.
Mean normalized fluorescence intensity in wildtype (gray; n = 14 from five individuals) and
ArmSA561,688::myc (red; n = 9 from five individuals) is shown. Error bars represent SEM.
Fluorescence recovery curves of E-cadherin::GFP
after photo-bleaching in wild-type (black) and
ArmSA561,688::myc (red) are shown.
(I) Mobile fraction of E-cadherin::GFP in a wild-type
(black) or ArmSA561,688::myc (red) background.
The p value was calculated with an unpaired twotailed Student’s t test with Welch’s correction.

wild-type (Figure 4D). Finally, when overexpressing the ArmSA561,688::myc transgene, the mobile fraction for E-cadherin::
GFP determined using FRAP is 47% ± 2.2% (Figures 4H and
4I), which is almost identical to that we measured in mbt mutant
cells (Figures 2O and 2P). Altogether, the range of phenotypes
we obtained when overexpressing ArmSA561,688::myc is
similar to that seen in mbt mutant photoreceptors. These data
therefore support a model in which Mbt regulates the stability
of E-cadherin at the membrane as well as the cortical accumulation of Arm and Baz through phosphorylation of Arm at serine
561 and 688.
Mbt Promotes the Retention of Baz at the Developing ZA
Next, we sought to probe the relationship between mbt, ZA
morphogenesis, and Baz localization. Our results so far suggest
a model in which mbt might promote the retention of Baz at the
developing ZA. To test this model, we overexpressed a wildtype version of Baz (Baz::GFP) in mbt mutant cells and tested
for the presence of ectopic accumulation of Baz::GFP at the
lateral cortex of the photoreceptors. Baz::GFP expressed in an
otherwise wild-type retina localizes at the ZA in 98% of photoreceptors quantified (n = 528; Figures 5A and 5E). In contrast, expressing Baz::GFP in mbt mutant cells leads to the formation of
Baz::GFP microdomains in 33% of the lateral cortices examined
(n = 231; Figures 5B and 5E). These lateral cortices can contain
up to three ectopic Baz domains that also contain aPKC and
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Figure 5. Mbt Promotes Baz Retention at the Developing ZA
(A–A’’’) Baz::GFP (green; A) in a wild-type ommatidium. Arm (red, A’), aPKC (gray; A’’), merge (A’’’). Note that the aPKC channel is in blue in the merged panel.
(B–B’’’) Expression of Baz::GFP (green; B) in an mbtP1 ommatidium. Arm (red, B’), aPKC (gray; B’’), merge (B’’’). Note that the aPKC channel is in blue in the
merged panel. White arrows point to ectopic Baz aggregates.
(C–C’’’) Expression of BazSA151,1085::GFP (green; C) in a wild-type ommatidium. Arm (red; C’) aPKC (gray; C’’), merge (C’’’). Note that the aPKC channel is in
blue in the merged panel. White arrows point to ectopic Baz aggregates.
(D–D’’’) Expression of BazSA151,1085::GFP (green; D) in an mbtP1 mutant. Arm (red; D’), aPKC (gray; D’’), merge (D’’’). Note that the aPKC channel is in blue in the
merged panel. The scale bar represents 2 mm.
(E) Quantification of the number of GFP puncta at the photoreceptor lateral membranes. On the x axis, BazSA stands for BazSA151,1085.

Arm. In addition, up to 88% of the ommatidia (n = 1,286 from
four retinae) present poorly developed apical membranes
compared to 40% in the case of mbtP1 (n = 2,662 from nine
retinae). These data demonstrate that mbt limits the ability of
Baz to form microdomains at the photoreceptor lateral cortex.
They also provide a genetic link between mbt, the developing
ZA and baz, indicating that a defect in ZA retention of Baz leads
to the ectopic recruitment of aPKC and Arm at the lateral
membrane.
Mbt and Par1 Function Redundantly to Prevent Baz
Accumulation at the Lateral Cortex
A requirement for mbt in preventing Baz from accumulating at
the lateral cortex raises the issue that the function of Mbt might
be related to that of Par1. During polarity remodeling, Par1
expression is restricted to the lateral cortex of the photoreceptor
(Figures S5A and S5B). In addition, expressing a Par1 transgene
that escapes aPKC phosphorylation (Par1[AEM]::GFP) leads to
its ectopic localization at the apical membrane (Doerflinger
et al., 2010), thus indicating that apical exclusion of Par1 is mediated by aPKC phosphorylation (Figures S5C and S5D). Therefore, the localization pattern of Par1 is consistent with this kinase
promoting lateral exclusion of Baz. In addition, similar to the
developing follicular epithelium (Doerflinger et al., 2010), we
measure an increase in the quantity of microtubules present in
the soma of par1 mutant photoreceptors (Figures S5E and S5F).
Quantifications performed on mature photoreceptors show
that the par1 loss-of-function polarity phenotype is very mild and
consists of cells that present slightly longer sub-apical membranes (Figures S5G–S5J). Such a mild phenotype might be due
to the presence of other redundant kinases phosphorylating
Baz at serines 151 and 1085. In order to bypass such possible

redundancy, we made use of the BazSA151,1085::GFP transgene (Benton and St Johnston, 2003b). Expressing this fusion protein in a wild-type retina leads to the formation of at least one
ectopic BazSA151,1085::GFP microdomain in 35% of photoreceptor lateral cortices (n = 734; Figures 5C and 5E). However,
BazSA151,1085::GFP is localized exclusively at the developing
ZA in the majority (65%) of photoreceptors and ZA localization is
observed when expressed in baz4 mutant cells, which rules out a
recruitment of BazSA151,1085::GFP via Baz oligomerization (Benton and St Johnston, 2003a; Figure S5K). From these experiments,
we conclude that par1-dependent lateral exclusion of Baz is largely
dispensable during photoreceptor polarity remodeling.
To test whether mbt functions redundantly with par1, we expressed BazSA151,1085::GFP in mbt mutant photoreceptors.
In this condition, we observe an extensive ectopic localization
of BazSA151,1085::GFP with lateral cortices containing up to
five ectopic domains (n = 296; Figures 5D and 5E). This is accompanied by a very severe polarity phenotype, in that the aPKC and
Arm expression domains extend laterally.
Altogether, these results indicate that Mbt-dependent ZA
retention of Baz constitutes a main localization mechanism for
this factor. This retention mechanism operates together with
Par1-dependent lateral exclusion. Importantly, failure to limit
Baz localization at the developing ZA leads to catastrophic defects during polarity remodeling.
DISCUSSION
Mbt Regulates the Accumulation of AJ Material at the
Developing ZA
In the developing pupal photoreceptor and other popular modeldeveloping epithelial cell types, the concomitant apical exclusion
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of Baz and accumulation of Crb promotes the coalescence of AJ
material during ZA remodeling (St Johnston and Ahringer, 2010).
However, how AJ morphogenesis is regulated at the plasma
membrane is not well understood. Here, we present complementary evidence indicating that Pak4/Mbt regulates this process. In the absence of mbt and when compared to wild-type
cells, we measure less Arm at the ZA. The AJ domains that we
observe in baz (or baz, sdt) mutant photoreceptors are no longer
detected when mbt is also lacking. In addition, our FRAP experiments indicate that mbt limits the amount of E-cadherin::GFP
that can be recovered at the remodeling ZA. Finally, expressing
a version of Arm that cannot be phosphorylated by Mbt leads to a
shortening of the ZA and a decrease in Baz levels similar to that
measured in mbt mutant cells. The mobility that we measured for
E-cadherin in these shorter ZA is comparable to that measured in
mbt mutant cells. Therefore, our results indicate that, in vivo, Mbt
promotes AJ morphogenesis at least in part through phosphorylation of Arm S561 and S688.
Mbt Function Is Linked to Arm Phosphorylation
Residues S561 and S688 are located in a domain of Arm that mediates part of the E-cadherin-catenin interface. Their phosphorylation destabilizes the E-cadherin-catenin interaction and cellcell adhesion in non-polarized S2 cells (Menzel et al., 2008).
Therefore, loss of mbt should lead to a stabilization of the E-cadherin-catenin interaction. We find that, at the developing photoreceptor ZA, loss of mbt promotes E-cadherin mobility as well as
a decrease in Arm and Baz content. As E-cadherin is coupled to
Arm, it also becomes coupled to the underlying F-actin cortex,
which might influence AJ motility. Interestingly, Pak4/Mbt has
been shown to promote the phosphorylation of the F-actinsevering protein cofilin at the conserved Ser3 (Dan et al., 2001;
Menzel et al., 2007). Phosphorylation of cofilin inactivates it
and leads to a slowing down of F-actin turnover (Bravo-Cordero
et al., 2013). Reduced turnover of cortical F-actin has been associated with the stabilization of E-cadherin trans-interactions
in vitro (Engl et al., 2014). We therefore propose that, upon loss
of mbt, stabilization of the E-cadherin-catenin interface, perhaps
combined with increased cofilin-dependent F-actin turnover,
directs E-cadherin mobility. Altogether, our results indicate that
the dynamic regulation of the E-cadherin-catenin interaction is
important for ZA morphogenesis.
ZA Retention of Baz Is Required for Proper Apical
Membrane Differentiation
In the remodeling photoreceptor, Baz, Par6, aPKC, and Crb all
overlap with the apical 2/3 of the ZA, whereas the basal 1/3 presents very little staining for these proteins (Walther and Pichaud,
2010). In addition, we show here that the expression domain of
Par1 abuts the basal boundary of the ZA. Therefore, the basal
1/3 of the developing ZA, which is approximately 350 nm in
length, allows for a clear spatial separation of Baz and Par1 at
the cortex. In mbt mutant cells, the length of the developing ZA
along the apico-basal axis is significantly reduced, which largely
abolishes this clear separation and might expose Baz to Par1
phosphorylation and promote its cortical exclusion. This might
explain why we detect less Baz at the ZA of mbt mutant photoreceptors. In this model, Mbt would antagonize Par1 so to main-

tain an optimum pool of Baz at the ZA. Alternatively, a failure in
retaining Baz at the ZA might lead to its ectopic localization at
the lateral membrane, where it is targeted by Par1. In this second
model, ZA retention and Par1 lateral exclusion of Baz
function redundantly. This second model is supported by our
finding that, when overexpressed in mbt mutant cells, BazSA151,1085::GFP accumulates at the lateral membrane. In any
case, we find that Mbt-dependent AJ material accumulation influences apical membrane morphogenesis, and our genetic
experiments indicate that this is through promoting the retention
of Baz at the ZA. We note that both ArmSA561,688 and
ArmSE561,688 support the recruitment of Baz at the developing
ZA in rescue experiments. Thus, the phosphorylation status of
Arm does not directly influence Baz recruitment at the ZA.
In vertebrate epithelial cells as well as in the photoreceptor,
Pak4 functions downstream of the small GTPase Cdc42, which
also regulates the Par6-aPKC module (Schneeberger and
Raabe, 2003; Wallace et al., 2010; Walther and Pichaud, 2010).
Therefore, our finding that Pak4 promotes the accumulation of
Baz, a factor required for the accumulation of Par6-aPKC at
the apical membrane, reveals an important functional crosstalk between AJ morphogenesis and apical membrane differentiation during polarity remodeling.
EXPERIMENTAL PROCEDURES
Antibodies and Immunological Methods
Whole-mount retinae were prepared as described in Walther and Pichaud
(2006). The following antibodies were used: mouse anti-alpha tubulin 1/1,000
(Sigma); rabbit anti-PKCz 1/200 (Santa Cruz Biotechnology); mouse anti-Arm
1/200 (N27-A1; Developmental Studies Hybridoma Bank); rabbit anti-Baz 1/
2,000 (generated against C-terminal peptide H2N - CSQ YGS AAG SQP HAS
KV - COOH; this work; Eurogentec SA); rat anti-Crb 1/200 (generated against
C-terminal peptide H2N - H2N - CEM DNV LKP PPE ERL I - COOH; this work;
Eurogentec SA); rat anti-E-cadherin 1/50 (DCAD2; Developmental Studies Hybridoma Bank); guinea pig anti-Mbt 1/200 (generated against peptides H2N SSN RPLPLVDPSEIT C-CONH2 and H2N-PHHNNNKADTTSLNSC-CONH2;
this work; Eurogentec SA); mouse anti-Myc 1/50 (9E10; Developmental Studies
Hybridoma Bank); rabbit anti-Par1 1/200 (McDonald et al., 2008); guinea pig
anti-D-Patj 1/400 (generated against C-terminal peptide H2N - SAS MGA EPD
LIP DWR N - COOH; this work; Eurogentec SA); guinea pig anti-Par6 1/1000
(generated against C-terminal peptide H2N - CHH QQA ASN AST IMA SDV
KDG VLH L - COOH; this work; Eurogentec SA); and rabbit anti-Sdt 1/250
(Berger et al., 2007), with the appropriate combination of mouse, guinea pig, rabbit, and rat secondary antibodies conjugated to Dy405, Alexa 488, Cy3, or Cy5
as appropriate at 1/200 each (Jackson ImmunoResearch). Retinae were
mounted in VectaShield, and imaging was performed using a Leica SP5
confocal. Images were edited using ImageJ and Adobe Photoshop 7.0.
Fluorescent Recovery after Photobleaching
Pupal retinas were mounted at 40% after puparium formation (APF) by removing
the pupal cuticle and carefully exposing the retina. Live imaging was performed
on a Leica SP5 confocal with a 633 1.4 numerical aperture (NA) oil immersion
objective and the following settings: pixel resolution 512 3 512; speed
400 Hz; 10% 488-nm laser power at 20% argon laser intensity; and 53 zoom.
The basal tip of the AJ was marked with a five-pixel-diameter circle region of
interest (ROI) and photo-bleached with a single pulse using 90% 488-nm laser
power at 20% argon laser intensity. AJ recovery was recorded every 1.293 s
with the previously mentioned settings for 200 frames (E-cadherin::GFP).
Statistical Analyses
Length and pixel intensity measurements of Baz and Arm were determined
by analyzing confocal images of mbt mosaic retina at 40% APF. For
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quantification of Baz and Arm length and intensity in retina expressing
Arm::myc, ArmSA561,688::myc and ArmSE561,688::myc images were acquired from samples processed simultaneously, using ubi-E-cadherin::GFP
retinae as an internal control. In all cases, a threshold was applied to the original data files and then both the length of the Baz- or Arm-positive domain
and the mean pixel intensity along this line were measured using the line
tool in Fiji (Schindelin et al., 2012). To correct for differences in pixel intensity
between retinas of the same genotype within an experiment, the measured
average pixel intensity of signal of all junctions in control samples was determined. All individual pixel intensity measurements were then divided by this
constant to determine the mean pixel intensity relative to control. In all cases,
at least four independent retinae were used for each genotype and matched
control.
Mean pixel intensity and area of a-tubulin immunofluorescence in wild-type
and par1D16 mutant ommatidia were determined by analyzing confocal images
of par1D16 mosaic retinae at 40% APF. A total of nine confocal images in which
a wild-type ommatidium was found adjacent to an ommatidium fully mutant for
par1D16 were selected for analysis in Fiji. A threshold was applied to the
a-tubulin channel and then the wand (tracing) tool was used to specify the regions of a-tubulin staining in wild-type and mutant tissue. The mean intensity
and the total area of these paired regions were determined using the measure
tool. This method was also used to quantify aPKC immunofluorescence in
arm3 mutant ommatidia expressing ArmSA561,688.
To determine the percentage of ommatidia below the retinal floor, retinae of
the indicated genotypes were dissected at 40% APF. Immunostaining was
performed using antibodies against aPKC and Arm to mark the apical membrane and ZA, respectively. Confocal images of each whole retina were acquired, with z-sections taken at two microns intervals. Retinae were manually
scored to determine the percentage of ommatidia with aPKC- and Arm-positive membrane domains below the retinal floor. A minimum of four retinae were
scored for each genotype. Because in the genotype mbtP1/Y ; GMR-Gal4/
UAS-mbtKD a proportion of ommatidia found below the retinal floor contained
neither apical membrane nor ZA markers, for this genotype, the analysis was
repeated using antibodies against E-cadherin, aPKC, and NaK (mouse a5 antibody; 1/50; Developmental Studies Hybridoma Bank [DSHB]) to mark the cell
membrane.
For quantification of Baz::GFP puncta, the total number of ectopic Baz::GFP
puncta was quantified in the following genotypes: (1) ; GMR-Gal4/UASbaz::GFP ; (2) ; GMR-Gal4/UAS-bazSA151,1085::GFP ; (3) mbtP1/Y ; GMRGal4/UAS-baz::GFP ; and (4) mbtP1/Y ; GMR-Gal4/UAS-bazSA151,1085::
GFP;. For each genotype, at least 230 cell interfaces from a minimum of five
independent retinas were quantified. In all genotypes, it was assumed that
one of the GFP-positive puncta scored corresponded to the ZA. All data
were tested for normality with the D’Agostino-Pearson test. Parametric samples were tested for statistical significance using an unpaired two-tailed Student’s t test. Nonparametric samples were tested for statistical significance
using an unpaired two-tailed Mann-Whitney test. For experiments consisting
of more than one experimental condition, statistical significance was determined with one-way ANOVA and Dunnett’s multiple comparison test or the
Kruskal-Wallis multiple comparison test for parametric or non-parametric
samples, respectively. For the measurement of a-tubulin and aPKC, mean
pixel intensity, and area, statistical significance was determined using the
Wilcoxon matched pairs test.
Time series from FRAP experiments were drift corrected in Fiji (Schindelin
et al., 2012) using the StackReg plugin, and for each experiment, three
different z axis profiles were plotted: (1) from the photo-bleached area; (2)
from an equivalent area of a neighboring non-photo-bleached AJ; and
(3) from an equivalent area of background. The obtained data were normalized using easyFRAP (Rapsomaniki et al., 2012). E-cadherin::GFP (using
ubi-cadherin::GFP) data were fitted to a one-phase association curve in
GraphPad Prism. Mobile fractions (y value at infinite times) were determined
with Prism based on the fitting curves obtained. The p values were calculated with an unpaired two-tailed Student’s t test with Welch’s correction.
For all data, graphical representation and statistical analysis were performed in GraphPad Prism version 6.0 for Mac (GraphPad Software;
http://www.graphpad.com). Columns represent mean, and error bars are
the SEM of each dataset.
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Supplementary Figure 1: Apico-basal polarity remodeling in the developing photoreceptor
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Supplementary Figure 2: mbt regulates apical membrane differentiation
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Supplementary Figure 3: Regulated Mbt kinase activity is required during apical membrane
differentiation
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Supplementary Figure 5: Par1 localization and function during photoreceptor morphogenesis
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Supplementary Figure 1: Apico-basal polarity remodeling in the
developing photoreceptor (A) During pupation, the apico-basal axis of the
photoreceptor rotates 90 degrees as the cell undergoes morphogenesis.
During pupal development, the new apical membrane domains are
subsequently formed over time. ZA (red), sub-apical membrane (green) and
stack of microvilli (blue). A representative confocal section of a wild type pupal
ommatidium and electron micrograph of an adult ommatidum are shown,
indicating the respective apical membrane domains. (B-F) bazXR11 mutant
clone in the pupal retina. Mutant cells lack GFP (blue). aPKC (red), Crb (gray)
and Arm (green). (G-J) bazXR11 mutant clone in the pupal retina. Par6 (red), Ecadherin (green). A white arrowhead points to residual Par6 staining (H) and
AJ domains (I). Scale bars = 4 microns.

Supplementary Figure 2: mbt regulates apical membrane differentiation
(A-F) Series of confocal sections along the lens to brain axis of a wild type
ommatidium (A-C) and an mbtP1 mutant (D-F). Arm (green), aPKC (red) and
merged images are shown in (C-C’’’’ and F– F’’’’). (A-F) Cone cell AJ. (A’-F’)
Confocal sections taken at the level of the photoreceptors. (A’’-F’’) Confocal
sections of the retinal floor. In (D’’’- F’’’ and D’’’’- F’’’’) consecutive sections
below the retina are labeled BRF (Below Retinal Floor). (G-G’’) Confocal
section of an ommatidium mutant for mbtP1 stained for Baz (green) and Crb
(red) imaged below the retinal floor. White arrows indicate tandem
accumulations of AJ material while basally shifted AJ material is highlighted
by a dashed circle. A merged image is shown in (G’’). Scale bars = 2 microns.
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(H) Representation of a wild type (left) and mbtP1 mutant ommatidium (right).
The floor of the retina is represented as a dashed line. The apical membrane
(i.e sub-apical membrane and ZA) is represented as a red line. (I-J) 3D
rendering of serial electron microscopy (3View) performed on a wild type (I)
and mbtP1 mutant (J) developing ommatidium at 45% after puparium
formation. Photoreceptor nuclei are in solid colors. Cell membranes are in
green (wild type) and purple (mbtP1). The floor of the retina is highlighted by a
dashed white line.

Supplementary Figure 3: Regulated Mbt kinase activity is required
during apical membrane differentiation (A) Delamination phenotype in
mbtP1 retina and mbtP1 expressing the wild type, kinase dead (KD) or ΔCRIB
form of Mbt. For each genotype a minimum of 4 retinas were quantified.
Columns represent mean and error bars are the SEM of each data set.
Statistical significance was determined with one-way ANOVA and Dunnett’s
multiple comparison test for parametric samples. (B) Alignment of Par6 (Jin
et al., 2015). (C) Serine residues 561 and 688 in Arm (Menzel et al., 2008).
(D) In vitro phosphorylation assay. (E) Myc::MbtCA was expressed and
isolated from S2 cells. (F) Mean pixel intensity of aPKC (F) and aPKC area
(F’) in paired wild type and arm3 mutant ommatidia expressing
ArmSA561,688::myc. Statistical significance was determined using the
Wilcoxon matched pairs test. (G-I) Overexpression of MbtCA (gray). (G’) Arm
(green) and (G’’) aPKC (red). White arrows in G’ and G’’ indicate an apical
domain where no separation of Arm from aPKC occurs. (H) Arm (green) and
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(H’) Crb (red). (I) Arm (green) and (I’) Baz (red). (H-H’) A white arrow
highlights a poorly differentiated apical domain. (I-I’’) A white arrow highlights
an ommatidium with defects in apical-basal polarity. Scale bars: 4 microns.

Supplementary Figure 4: Arm phosphorylation regulates AJ material
stability (A) Overexpression of Arm::myc. In (A-C), Arm (green), Baz (red),
PATJ (blue). (B) Overexpression of ArmSA561,688::myc and (C)
ArmSE561,688::myc. (D) Overexpression of ArmSA561,688::myc and (E)
ArmSE561,688::myc. Myc (green), Baz (red). Scale bars 5 microns.

Supplementary Figure 5: Par1 localization and function during
photoreceptor morphogenesis (A-A’’) par1D16 mutant cells lack nuclear
GFP (green). Par1 (red). (B) Par1 (red) and Baz (green). (C-C’’’) ParN1S::GFP transgene (green), Baz (red) and F-Actin (blue). (D-D’’’) Par1N1S::GFP (AEM) (green), Arm (red) and aPKC (blue). (E-E’’’) Photoreceptors
mutant for par1D16 lack nuclear GFP (blue). α-tubulin (red), Baz (green). (F-F’)
Mean pixel intensity of α-tubulin immunofluorescence (F) and total area of αtubulin fluorescence (F’) in paired wild type and par1D16 mutant ommatidia. In
(F) and (F’), statistical significance was determined using the Wilcoxon
matched pairs test. (G-H) Electron microscopy of a wild type retina (G-G’) and
a par1W3 mutant retina (H-H’). A ZA is boxed in red and a sub-apical
membrane is highlighted in green in (G’) and (H’). Scale bars = 2 microns. (IJ) Length of the sub-apical membrane (I) and ZA (J) in wild type and par1W3
retina. Columns represent mean and error bars are the SEM of each data set.
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(K) baz4 mutant cells lacking GFP (blue) are highlighted by a white star. The
blue channel is also used to show the BazSA151,1085::GFP protein. Arm
(green), aPKC (red). A white arrow points to the rescue of aPKC localization.	
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Fly strains and genetics
The following genotypes were used:
Both the null allele mbtP1 and hypomorphic allele mbtP3 (Schneeberger and
Raabe, 2003) were used all through this study.
mbtP1FRT19A/FRT19AUbiGFP;eyflp (this work), (Newsome et al., 2000).
w,baz4FRT9.2/ FRT9.2 UbiGFP;eyflp. (Nusslein-Volhard et al., 1987).
w,bazXR11FRT19A/ FRT19A UbiGFP;eyflp and w,bazEH747FRT19A/ FRT19A
UbiGFP;eyflp (Shahab et al., 2015).
w,baz4,sdtXP96 FRT9.2/ FRT9.2 UbiGFP;eyflp (Muller and Wieschaus, 1996).
mbtP1, baz4 FRT9.2/FRT9.2 UbiGFP;eyflp (this work).
w,hsflp;;crb11A22FRT82B/ FRT82B UbiGFP (Tepass et al., 1990); w, eyflp ;
aPKCk06403 FRT42D/ FRT42D UbiGFP (Wodarz et al., 2000). w,arm3
FRT101/FRT101 UbiGFP;eyflp (Peifer et al., 1991). w; EGUF, par1w3
FRT42D/FRT42D GMR-hid,cl (Shulman et al., 2000).
eyFLP/+;par1Δ16FRTG13/FRTG13 UbiGFP. GMR-Gal4/UAS-par1N1S::GFP;
GMR-Gal4/UAS-par1::N1S GFP (AEM); (Doerflinger et al., 2007); GMRGal4/UAS-baz::GFP; and bazSA151,1085::GFP (Benton and St Johnston,
2003). ;GMR-Gal4/ UAS-bazSA151,1085::GFP; mbtP1/Y; GMR-Gal4/UASbaz::GFP;. mbtP1/Y; GMR-Gal4/UAS-bazSA151,1085::GFP;. UASmbtCA/CyO; GMR-Gal4/TM2. (Menzel et al., 2007). mbtP1/Y; GMRGal4/+;UAS-mbtWT/+. mbtP1/Y; ELAV-Gal4/+;UAS-mbtWT/+. mbtP1/Y; GMRGal4/UAS-mbtCA;. mbtP1/Y; GMR-Gal4/+;UAS-mbtΔCRIB/+ (Menzel et al.,
2007). GMR-Gal4/+; UASt-arm::myc/+ (this work). GMR-Gal4/+; UAStarmSA561,688::myc/+ (this work). GMR-Gal4/+ ; UAStarmSE561,688::myc/+ (this work). w,arm3 FRT101/FRT101

177

UbiGFP;eyflp/GMR-Gal4; UASt-arm::myc/+;. w,arm3 FRT101/FRT101
UbiGFP;eyflp/GMR-Gal4; UASt-armSA561,688::myc/+;. w,arm3
FRT101/FRT101 UbiGFP;eyflp/GMR-Gal4; UASt-armSE561,688::myc/+;.
General fly cultures and crosses were carried out at 25oC.

Transgenic flies
Clone LD23131 encoding Armadillo cDNA was obtained from the Drosophila
Genomics Resource Center and then subcloned into the pENTR™/D-TOPO®
vector (Invitrogen). Residues S561 and S688 were mutated to alanine or
glutamic

acid

using

the

QuikChange

Lightning

Multi

Site-Directed

Mutagenesis Kit. Following sequence verification (MWG Eurofins), the wildtype, SA561,688 and SE561,688 entry clones were used for Gateway cloning
(Invitrogen) into the pTWM destination vector (Murphy lab) for expression of a
C-terminally Myc tagged protein under the control of the UAST promoter.
Injections were performed by BestGene (Chino Hills, CA).

Kinase Assay
GST-tagged Par6, Par6SA146, Arm and ArmSA561,688 were cloned into a
pDEST15 vector containing an N-terminal GST tag using the Gateway
Cloning System (Invitrogen). Bacteria were lysed by sonication in Lysis Buffer
(50 mM Tris HCl pH7.6, 50 mM NaCl, 5 mM MgCl2, 0.5% Triton X-100, 10
mM DTT) in the presence of protease inhibitor (EDTA-free Complete Protease
Inhibitor [Roche]). GST fusion proteins were purified using Glutathione
Sepharose 4 Fast Flow beads (GE Healthcare) and then washed (50 mM Tris
HCl pH 7.4, 50 mM NaF, 300 mM NaCl, 1 % Triton X-100, 1 mM DTT, EDTA-
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free Complete Protease inhibitor), eluted (40 mM Glutathione, 50 mM Tris
HCl, pH 8.0), and dialyzed against lysis buffer with 40 % glycerol.

Drosophila Schneider S2 cells (DGRC) were transiently transfected with
pActin-Myc::MbtCA (S492N, S521E) and lysed in 50 mM Tris HCl pH 7.5, 150
mM NaCl, 1 % Triton X-100, 5 mM DTT, EDTA). The lysates were incubated
with 4 µg of anti-myc agarose beads (Sigma) for 1h at 4°C. The beads were
washed with the kinase buffer (20 mM HEPES, pH 7.6, 150 mM NaCl, 20 mM
MgCl2, 10 µL/mL phosphatase inhibitor [Sigma], 20 µM ATP). Beads with
kinase were split in 20 µL fractions and then mixed with 30 µg of each
substrate GST fusion protein as well as 1 µL of [ɣ-32P]-ATP (5 µCi). Each
condition was incubated at 30oC for 30 min. The proteins were separated by
SDS-PAGE and visualized by autoradiography.

Electron microscopy
Electron microscopy was performed as in (Pinal et al., 2006) using a Tecnai
G2 Spirit transmission electron microscope (FEI, The Netherlands) equipped
with a Morada CCD camera (Olympus Soft Imaging Systems). Image
quantification was performed using iTEM software.

For serial block face scanning electron microscopy, samples were prepared
using a combinatorial heavy metal staining protocol involving
thiocarbohydrazide, double osmication and en bloc Walton’s lead aspartate as
described by Ellisman and colleagues; http://ncmir.ucsd.edu/sbfsem-
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protocol.pdf. Embedded samples were oriented, re-embedded, and regions
of interest were identified from 70nm sections examined by TEM. The region
of interest was then excised and mounted with cyanoacrylate glue onto
specimen pins. These samples were further trimmed before being coated with
gold palladium and mounted in the 3View microtome (Gatan, USA). Once
aligned, the sample and microtome were returned to the SEM chamber and
put under vacuum. The regions of interest on the block face were re-located
in the SEM using backscattered electron detection and the imaging and
cutting parameters were optimised for each sample. Data sets of 999 sections
were collected with section thickness 75-100nm in a Zeiss Sigma FEG-SEM
coupled to the Gatan 3View. Data was imported into Amira (VSG, France),
where the cells of interest were manually segmented, reconstructed and
rendered in 3D.
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