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ABSTRACT

Scaffolding proteins belonging to the Membrane Associated GUanylate Kinase
(MAGUK) superfamily function as adaptors linking cytoplasmic and cell surface proteins
to the cytoskeleton to regulate cell-cell adhesion, cell-cell communication and signal
transduction. We have identified a novel Drosophila MAGUK member, Varicose (Vari),
the homologue of vertebrate scaffolding protein PALS2. Similar to its vertebrate
counterpart, Varicose localizes to pleated Septate Junctions (pSJs) of all embryonic,
ectodermally derived epithelia and peripheral glia. In vari mutants, essential SJ proteins
NeurexinIV and FasciclinlIl are mislocalized basally and the cells develop a leaky
paracellular seal. Localization of SJ protein Discs Large is not affected, indicating Vari
is not involved in cell polarization. In addition, vari mutants display irregular tracheal
tube diameters and have reduced lumenal protein accumulation suggesting involvement
in tracheal morphogenesis. We found that Vari is distributed in the cytoplasm of optic
lobe neuroepithelium and is required for proper ommatidial patterning. As well, Vari is
expressed in a subset of neuroblasts and differentiated neurons of the nervous system.
We also present a novel MAGUK function in wing hair alignment during adult
morphogenesis. We conclude that Varicose is involved in scaffold assembly at the SJ

and has a role in patterning adult epithelia and in nervous system development.
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At an early age, our parents taught us our ABC’s, 123’s and basic shapes. As we
aged, we learned to associate these geometric figures with objects. We knew that a ball is
round and a box is square. But did you ever wonder why objects are shaped the way that
they are? Take a hexagon for example. Defined as a polygon with 6 sides, this shape has
an even number of sides where the opposite sides are parallel. In the 17™ century, Polish
mathematician Jan Brozek discovered that hexagons can fit together without gaps
creating an efficient use of space. It was possible to pack hexagons together using the
least amount of material within a given volume and create a minimum surface area. In
the 21% century, this work provided scientists and engineers with a useful and efficient
building tool. For example, the James Webb Space Telescope has maximized optics from
a mirror composed of 18 hexagonal segments. Moreover, nuts and bolt heads have a
hexagonal shape allowing a wrench to be placed over three sets of parallel sides
providing access in tight spaces. What is most intriguing is the existence of hexagonal
structures in naturally occurring environments. An obvious example is the hexagonal
composition of the beehive honeycomb. Built by honey bees, this mass of wax contains
larvae and stores honey and pollen. Additionally, the hairs on the wing of a fly and cells
of the vertebrate lens are hexagonally packed to guide airflow during flight and minimize
light scattering, respectively (Wootton, 1992; Hilgenfeldt et al., 2008). It could be
hypothesized that the hexagonal shape provides cells with an efficient way to generate the
maximum function. It is not so surprising then, that a simple cell type such as an
epithelial cell is hexagonally shaped. The ability of these cells to fit together without

gaps creates a barrier that protects organisms from environmental harm. The
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evolutionary conservation of this cell type from small freshwater organisms to humans is
indicative of its functional significance. What is an epithelial cell? What does it do? It is
within the following pages that we present our current understanding of epithelial cell
formation and the functional importance of this cell type.

Over 1 billion years ago an evolutionary milestone occurred; the emergence of
multicellular organisms. This evolutionary change required cells to adhere to one another
and act as a unit, adjusting their cellular structure to accommodate animal growth and
function (Purves et al., 1998). The attachment between the sides of these cells, or
junctions, maintains their unity and together they form a multicellular sheet, or
epithelium. From the simple classification of organisms such as sea anemones, jellyfish,
and corals to complex higher organisms such as humans, the epithelium is of fundamental
importance (Alberts et al., 2002). The health and life advancements of multicellular
organisms depended and still depend upon maintaining a stable internal condition, or
homeostasis, in response to ever changing environmental climates. The epithelial sheet
contributes to the regulation of this homeostatic environment. Through cellular junctions,
these cells function as a barrier regulating the movement of chemicals, food, nutrients and
foreign substances into the organism’s body. In arthropods, the epithelial sheet secretes a
cuticle which gives rise to a protective exoskeleton (Payre, 2004). In lower organisms
such as Hydra, the outer epithelial cells produce a poison capsule that is projected into
and kills the animals upon which they feed (Tardent and Holstein, 1982). In humans, the
epithelial cells of the skin respond to injury and function in wound healing (Gurtner et al.,

2008). It is important to mention that the epithelial sheet, while central to regulating



PhD Thesis — Katherine E. Moyer McMaster University — Biology

internal exposure to external substances, is also required for maintaining internal
homeostasis and organ morphogenesis. In humans, the internal intestinal wall is lined
with epithelia that absorb nutrients. In flies, lumenal structures such as the trachea
require a proper epithelial seal or barrier to inflate with air. Additionally, epithelial cells
require controlled growth and development as perturbations in these processes can lead to
cancerous outcomes and ultimately death (Woods and Bryant, 1991). How do epithelial
cells distinguish inside from outside environments? How do the cellular attachments
regulate the movement of chemicals or absorption of nutrients? We will explore the
answers to these questions using Drosophila melanogaster as a model system. By
examining cell junction components and their interaction at sites of cell contact we will
identify fundamental machinery necessary for maintaining internal homeostasis and
overall barrier function.

The functional parallels of epithelia between vertebrate and invertebrate systems,
in particular humans and flies, and the conservation of cellular components that establish
epithelia suggest that epithelial arrangement is evolutionarily conserved. Drosophila
melanogaster, the fruit fly, is a relatively simple and a well studied model organism. The
life cycle, developmental events and genomic structure have been extensively
characterized. Furthermore, the technical advances of molecular and genetic tools enable
the manipulation of genes and proteins to elucidate their functional role during cellular
processes (Venken and Bellen, 2005). The conservation of molecular and genetic
pathways between humans and flies permits the exploration of human disease and

possible therapeutic targets for the treatment of those diseases.



PhD Thesis — Katherine E. Moyer McMaster University — Biology

We will revisit the conservation of these pathways in the latter part of this work,
but for now it is best to begin at...well, just that...the beginning. We will outline how
the epithelial sheet is established and focus upon the maintenance and functional roles of
this tissue within Drosophila.

1.1 Cellularization of the Epithelial Sheet

Drosophila embryonic development begins upon fertilization of the female egg.
This event triggers zygotic nuclei to rapidly divide 13 times in the absence of cytokinesis
creating a multinucleated mass of cytoplasm. Initiation of the 14" cleavage is concurrent
with a dramatic remodeling of the plasma membrane such that over 5000 nuclei are
packaged by invaginating membrane in a process termed cellularization (Foe and Alberts,
1983; Foe et al., 1993). This hybrid mechanism of cytokinesis and polarization gives rise
to a single layer of epithelia ready to undergo rearrangement and eventual tissue
morphogenesis (Fig. 1.1).

1.2 Cell Polarization

Cell polarization refers to the asymmetry of cell shape, cell function and
distrubtion of cellular components such as proteins. Polarization is evident in cell types
such as neurons and epithelia and is fundamental for proper function. For example, the
directional regulation of epithelial vectorial functions such as secretion, absorption and
protection depend upon polarized organization (Simons and Fuller, 1985). Polarization is
also reflected in the asymmetric distribution of cellular components. In the early stages
of studying polarization, the directed trafficking of membrane components was observed

in epithelial cells infected with enveloped viruses. The polarized release of virions from
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Figure 1.1: Nuclear cycles and cellularization during early embryogenesis in
Drosophila melanogaster.

(A) Prior to cellularization, nuclei undergo 13 rounds of division. (i-iii) While the first
seven divisions occur synchronously in the egg interior, over the next three divisions
nuclei start to move toward to egg surface, leaving few nuclei in the interior. (iv)

Following three more synchronous divisions, mitosis is halted at interphase of cycle 14.

(B) The onset of cellularization is characterized by dome-like plasma membrane
invaginations that umbrella over each individual nuclei. A series of four phases complete
the cellularization process. During step one, the leading edge of each membrane
invagination forms a bulbous structure called the furrow canal and marks the invagination
front. Step two coincides with nuclei elongation and a slow ingression of the membrane
front until the furrow canals reach the basal end of the nuclei, marking the end of step
three. Step four and completion of cellularization involves and increase in the speed of
ingression and establishing individual epithelial cells with defined membrane regions
(Adapted from BioEssays, Vol. 24, Mazumdar, A., Mazumdar, M., How one becomes
many: blastoderm cellularization in Drosophila melanogaster, 2002, with permission

pending from Wiley Periodicals, Inc., October 27™2008).



Preblastoderm
— Cydes19 Ny

(i) Cycles 4-6 (i) Cycles 8-9
Nuclear migration towards cortex

. [

f?\ &
ot ol
(iii) Syncytial Blastoderm (iv) Cellularization interphase 14

cycles 10-13

Cellular Blastoderm

W Step One
0,00
Furrow Canal/

Step Two

Step Three

Step Four




PhD Thesis — Katherine E. Moyer ' McMaster University — Biology

these cells was reflected in changes of the cell surface by the incorporation of
glycoproteins to specific membrane domains. This phenomenon enabled scientists to
explore the biogenesis and transport of proteins to the cell surface (Rodriguez-Boulan and
Sabatini, 1978). In addition to membrane specific proteins, lipids and organelles
including Golgi, nuclei and centrioles are also polarized (reviewed in Fristrom, 1988)
(Fig. 1.2A). Moreover, establishing polarized membrane regions involves sorting of
components, a role suspected to be attributed to the Golgi apparatus. While membrane
proteins are transported through a common Golgi, they become segregated and are finally
inserted into opposing membrane domains (Matter and Mellman, 1994).
1.3 Organization of an Epithelium

Extensive work has focused upon epithelial architecture and ultrastructure. Two
fundamental structural features have emerged, an apical-basal axis of polarity and the
assembly of intercellular junctions connecting the cells as a sheet (Fristrom, 1988).
1.3.1 Apical-Basal Axis

The typical monolayered epithelium is divided into functionally and
biochemically distinct but physically continuous domains; apical, lateral and basal
(Miiller, 2000) (Fig. 1.2A). The apical plasma membrane is a specialized surface that is
not usually in contact with other cells (Fristrom, 1988). This surface often faces the
external environment, or the lumen of tubular structures such as the trachea, hindgut and
salivary glands. Microvillous projections covering the apical surface increase the surface
area of these cells and enhance the secretory and absorptive functions (Matter and

Mellman, 1994). The basal surface secretes an extracellular basal lamina which, in
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Figure 1.2: Organization of polarized epithelia in Drosophila and vertebrates.

(A) Schematic representation of polarized epithelial cells. Left, organization of the actin
and microtubule cytoskeletons; right, organization of vesicle transport pathways to
different plasma membrane domains either directly from the Golgi complex, or indirectly
via apical or basal endosomes through endocytic or transcytotic pathways (Reprinted
from Nature, Vol.422, Nelson, W.J., Adaptation of core mechanisms to generate cell

polarity, 766-774, 2003, with permission from Elsevier).

(B) Comparision of cell junctions in Drosophila and vertebrate epithelia. In both
Drosophila and vertebrates, the apical and basal domains remain distinctly segregated by
cellular junctions organized along the lateral domain. The adherens junctions, which
form the mature Zonula Adherens (ZA) (red), predominantly regulate the adhesive
properties between cells. Both Septate Junctions (SJ) (blue) in Drosophila and Tight
Junctions (TJ) (green) in vertebrates, regulate trans-epithelial movement between cells.
However, TJs lie apical to the ZA whereas in Drosophila, SJs lie basal to the ZA. In
Drosopihla, the Sub-Apical Region (SAR) (green) lies apical to the ZA, in a position
analogous to the TJ. (Reprinted with minor modification from Current Opinion in Cell
Biology, Vol.15, Gibson, M.C., Perrimon, N., Apicobasal polarization: epithelial form

and function, 747-752, 2003, with permission from Elsevier).
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vertebrates contacts neighbouring mesenchyme or in invertebrates faces the fluid body
cavity.

The apical and basal domains remain distinctly segregated by cellular junctions
organized along the lateral domain. These junctional organizations wrap
circumferentially around each epithelial cell like a belt and form connections with
neighbouring epithelial cells. The assembly of cellular junctions is pivotal for metazoans
to maintain a homeostatic environment. Through these junctions, cells strongly adhere to
one another, are able to communicate, synchronize function and modify the paracellular
flow of molecules (Erez et al., 2005; Knust and Bossinger, 2002; Tsukita et al., 2001;
Rodriguez Boulan and Nelson, 1989). Furthermore, junctional structures appear to
mediate epithelial polarity and control cell proliferation (Woods and Bryant, 1993).

1.3.2 Cellular Junctions

Functional characterization of cellular junctions has revealed an important role for
each junction type. Adherens Junctions (AJs), as the name suggests, predominantly
regulates adhesive properties between cells. Actin microfilaments associated with these
junctions primarily regulate membrane shape and movement (Ebnet, 2008; Niessen and
Gottardi, 2008). Tight Junctions (TJs) and Septate Junctions (SJs) function as
permeability barriers regulating the movement of molecules across epithelial sheets and
prevent the mixing of molecules from apical and basal membrane domains (Banerjee et
al., 2006; Tsukita et al., 2001). Gap Junctions (GJs) couple cells both chemically and
electrically and may regulate choreographed morphogenetic events by controlling the

transfer of ions and small molecules from one cell to another. In this manner, GJs can act

11
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as communication devices for patterning (see Prochnow and Dermietzel, 2008; Phelan,
2005 for reviews). Als are the structural landmark for polarization, providing signaling
cues for multi-protein complex assembly whereas SJs are not required for initial
polarization (Banerjee et al., 2006). This is evidenced by the absence of SJs during early
stages of development and normal polarization in several SJ mutants such as neurexinlV
and coracle (Tepass and Hartenstein, 1994; Baumgartner et al., 1996; Lamb et al., 1998).
We will discuss these genes, the functional importance of the SJ and more in the sections
to come.

The composition of junctional structures differs between vertebrate and
invertebrate species. In vertebrates, several epithelial intercellular junctions exist, the
two most widely studied being TJs and AJs (D'Souza-Schorey, 2005; Matter and Balda,
2003). Invertebrate species also possess AJs and although they lack TJs, invertebrates
assemble a functionally analogous junction, the septate junction (Tepass and Hartenstein,
1994) (Fig. 1.2B). Despite a difference in lateral membrane location, TJs (apical to AJs)
and SJs (basal to AJs) both form an intercellular barrier to regulate the trans-epithelial
diffusion of solutes (Tepass et al., 2001). The establishment and maintenance of septate
junctions is of great significance to this work, however before we begin our exploration
of the septate junction, we will first provide a brief overview of adherens junction
assembly and the junctional involvement in establishing polarization.

Zonula Adherens

The adherens junctions appear as a dense network of fibres adjacent to the

cytoplasmic surface. This dense specialization is referred to as the undercoat which
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connects to the microfilament network. The spot AJ (sAJ) is commonly observed in
epithelia and is the first and only known junction to appear as early as cellularization
(Tepass and Hartenstein, 1994). sAJs coalesce into a belt-like structure that surrounds the
cell apex forming the mature zonula adherens (ZA) (Tepass, 1997). The establishment of
ZA defines the apical and basolateral domains, and as a result, epithelial polarization
(Tepass, 2002).

When visualized by electron microscopy, it is suggested that junctions are an
assembly of multiprotein complexes including transmembrane and cytoskeletal proteins
that perform adapter functions and organize signaling centres. Pioneering genetic screens
performed by Niisslein-Volhard, Wieschaus and Jiirgens in the early 1980’s involved
mutagenesis induced lesions to identify genes involved in pattern formation. From these
early genetic works, several zygotic mutants showed strong defects in the surface of the
ectodermal epithelium. Of these mutants, six appeared to be involved in the maintenance
of the surface epithelium including shotgun (shg), crumbs (crb), stardust (sdt), bazooka
(baz), lethal giant larvae (Igl) and discs large (dlg). Research over the past several years
has identified three major protein complexes that contribute to the overall establishment
of polarization, the Crb complex, the Baz complex and the Lgl complex. We will take a
moment to briefly introduce each complex followed by a short summary of how these
complexes intertwine to establish a polarized epithelial cell (Fig. 1.3).

Shotgun. The adhesive function of AJs is in part regulated by cell adhesion
molecules (CAMs). Cadherins are adhesion molecules that localize to sites of cell-cell

contact. Cadherins are transmembrane proteins that are able to link adjacent cells
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through homophilic interactions. Additionally, the cytoplasmic tail of cadherins binds to
catenins which associate with F-actin forming a link between the cell surface and the
cytoskeleton. This multiprotein association creates a filamentous connection through the
entire epithelial sheet (Ebnet, 2008). In Drosophila, the cadherin protein complex is
composed of epithelial cadherin, encoded by the shotgun gene (DE-cadherin), a-catenin
and Armadillo (Arm), the Drosophila homologue of B-catenin (Pai et al., 1996), localizes
to the ZA. In the absence of shotgun, epithelial cells undergoing morphogenetic
rearrangement lose integrity and breakdown however epithelial polarity may still be
established (Harris and Peifer, 2004). Although the role of cadherins may indirectly
regulate polarization by maintaining mature ZA, the primary role of this complex appears
to involve cell adhesion and signaling (Le Bivic, 2005). Cadherin-mediated adhesion and
signalling are not the focus of this work, and therefore will not be discussed further.

The Crumbs Complex. For nearly two decades, the role of the transmembrane
protein Crumbs (Crb) in epithelial polarity has been extensively studied. The onset of
Crumbs expression is first detected at the apical membrane during gastrulation and
regulates cell polarization through characterization of the apical membrane and regulating
epithelial organization (Patthy, 1991; Tepass et al., 1990). Although not a component of
ZA, Crb localizes to the lateral membrane apical of ZA, a region known as the Sub-
Apical Region (SAR) (Fig. 1.3A) (Tepass, 1996). In the absence of crb, epithelial cells
of ectodermal origin become severely disorganized and eventually undergo cell death
(Tepass et al., 1990). Moreover, sAJs fail to accumulate at the apical cell surface and as a

consequence, ZA fail to develop (Grawe et al., 1996). Overexpression of crb results in
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Figure 1.3: Distribution and activity of polarity complexes in Drosophila and
vertebrate epithelia.

(A) Drosophila epithelial cells exhibit two principal sets of junctions: adherens
junctions, which form the ZA (red), and SJs (blue). Proteins of the Lgl group localize at
or below the level of the SJ. The SAR (green) lies apical to the ZA in a position
analogous to the vertebrate TJ. Proteins of the Drosophila Crb and Baz/Par3 complexes

localize to the SAR, or marginal zone.

(B) (i) Model for the activity of polarity protein complexes in Drosophila epithelial
polarization and ZA morphogenesis. (ii) Model for the activity of polarity protein
complexes in mammalian epithelia. Here, mammalian Lgl binds and inactivates
Par6/aPKC in the lateral plasma membrane domain, but dissociates upon phosphorylation
by aPKC. Par6/aPKC is then free to bind Par3 and form an active complex that mediates
TJ morphogenesis through interactions between Par6 and PALS1 of the Crb complex
(Reprinted with minor modification from Current Opinion in Cell Biology, Vol.15,
Gibson, M.C., Perrimon, N., Apicobasal polarization: epithelial form and function, 747-

752, 2003, with permission from Elsevier).
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the expansion of the apical surface and concurrent reduction in the basal surface (Wodarz
et al., 1995). However, deletion of the cytoplasmic tail leads to a complete loss of
function and loss of cell polarity, suggesting that the tail end of Crb is vital for proper
function (Wodarz et al., 1995). The C-terminal portion of Crb contains two important
binding motifs. The first motif may recognize protein 4.1 family member Drosophila
Moesin (DMoesin) and through this association is able to recruit Bgeayvy-Spectrin. It is
speculated that Crumbs may play a role in the redistribution of actin, a process required
during the maturation of sAJs to ZA (Médina et al., 2002). The second motif
characteristically binds PDZ domains (named after founding proteins Post-Synaptic
Density 95 (PSD95)/Discs-large (Dlg)/Zona Occludens 1 (ZO-1)) (Klebes and Knust,
2000) and has been shown to interact with the PDZ domain of Stardust, a Membrane
Associated GUanylate Kinase (MAGUK) family member (Bachmann et al., 2001; Hong
et al.,, 2001). Studies have shown that these two proteins function in the same genetic
pathway to regulate epithelial organization (Tepass and Knust, 1993).

Stardust. Scaffolding proteins such as Stardust (Sdt) consist of multiple protein-
protein interaction domains. Based on the composition of interaction domains encoded
within the Stardust protein [two L27 domains (L27N and L27C, named after founding
proteins Lin-2 and Lin-7), one PDZ, one src homology 3 (SH3) and one guanylate kinase
(GUK) domain], Stardust is classified as a MAGUK family member (Bachmann et al.,
2001; Hong et al., 2001). A detailed look at the MAGUK family will be provided in later
sections. In Drosophila, the absence of sdt results in ectodermally-derived epithelial

breakdown during organogenesis whereby cells cluster into multilayers and finally
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undergo extensive cell death (Tepass and Knust, 1993). This phenotype is almost
identical to that of crb and through genetic manipulation it has been shown that these two
proteins function in the same genetic pathway. Sdt has been shown to co-localize with
Crb at the SAR in ectodermal epithelia and both proteins are interdependent in their
localization suggesting that together they form a complex regulating epithelial
organization (Hong et al., 2001). Moreover, Drosophila Pals1 Associated TJ (DPatj)
protein directly interacts with Sdt (Bulgakova et al., 2008; Wang et al., 2004) and
together these three proteins form a complex and are mutually dependent for their
localization and stability (Fig. 1.3A). The interaction between Crb, Sdt and DPatj is now
well known as the Crumbs complex and is conserved among vertebrate systems (Roh et
al., 2002). During embryogenesis, the absence of sdt also affects the accumulation of
Bazooka (Baz), a PDZ protein found to regulate epithelial organization (Wieschaus et al.,
1984). Mutations in both sdr and baz result in phenotypes more severe than single
mutants suggesting these proteins function in separate pathways (Miiller and Wieschaus,
1996). Additionally, Sdt is able to interact with Drosophila melanogaster Par6
(DmPar6), a member of the Bazooka complex (Bulgakova et al., 2008; Wang et al.,
2004). Similarly, DmPar6 directly interacts with DPatj which is suggested to mediate its
apical localization. These interactions serve as possible links connecting two
multiprotein complexes to regulate polarity (Hutterer et al., 2004).

The Bazooka Complex. Partitioning-defective or Par genes were originally
characterized in C. elegans and functionally elucidated for their role in asymmetric

polarization during several stages of development. The association between Par-3, Par-6
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and a seventh par gene, PKC3 (atypical protein kinase C), was necessary for their
asymmetric localization to the apical cortex and proper cell division (reviewed in Nance,
2005). Homologues of the Par proteins have been identified in Drosophila and function
in the polarization of epithelial cells and neurons (Ohno, 2001). Par-3, known as
Bazooka in Drosophila, localizes to the apical surface in epithelia and to the apical
cytocortex in neuroblasts. Mislocalization of baz disrupts axis polarity in both tissue
types (Kuchinke et al., 1998) and severe malformations of the embryonic epidermis
develop (Wieschaus et al., 1984). As seen in crb and sdt mutants, baz mutants fail to
accumulate sAJs along the apex of the cell surface and do not develop ZA. Although
similar to crb and sdt mutations, Baz has been shown genetically to function in a parallel
yet different pathway (Miiller and Wieschaus, 1996). Similar to the tripartite complex
found in C. elegans, Baz has been shown to directly associate with Drosophila atypical
protein kinase C (DaPKC) and DmPar6 at the SAR (Wodarz et al., 2000; Petronczki and
Knoblich, 2001) (Fig. 1.3A). Proper localization and maintenance of epithelial
architecture and polarity is mutually dependent within this protein complex (Petronczki
and Knoblich, 2001). A fourth member of the Bazooka complex has recently been
introduced (Hutterer et al., 2004). Binding of DmPar6 to Cell division cycle 42 (Cdc42)
is a requirement for proper DmPar6 apical targeting. In the absence of this interaction
neither Baz nor DPatj accumulate apically and thus polarity is not established. The apical
localization of DmPar6 and the subsequent association of DaPKC results in the

phosphorylation of Lethal giant larvae (Lgl) which is suggested to facilitate its targeting
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to the lateral membrane. In turn, phosphorylated Lgl repels DmPar6 from the basolateral
membrane and helps to maintain polarization (Hutterer et al., 2004).

The Lethal Giant Larvae Complex. The curious phenotype associated with the
loss of the lethal giant larvae (Igl) gene has received much attention. In the 1930s, it was
discovered that /gl was required for normal growth of brain and imaginal disc tissue and
it soon became well known for its noninvasive neoplasms resulting from a loss of
epithelial architecture and cell shape (Gateff, 1978). These cellular properties were
similar to characteristics of human tumors and as such, Lgl was classified as a neoplastic
tumor suppressor (Gateff, 1978). Besides acting as a tumor suppressor protein, Lgl was
also found to play a role in the development of other tissues (Strand et al., 1994a; Wirtz-
Peitz and Knoblich, 2006). Subcellularly localized in the cytoplasm and on the inner
surface of the lateral membrane, Lgl is also able to interact with the cytoskeleton (Strand
et al., 1994b). During embryogenesis, loss of /gl results in cell shape changes (Manfruelli
et al., 1996) suspected to be brought about by the failure of /gl mutant cells to establish
apical-basal polarity. In addition, the plasma membrane fails to segregate into distinct
apical and basal domains and apical determinants leak into basolateral domain (Hutterer
et al., 2004). Prior to the establishment of polarity, Lgl can be detected at the apical
surface. It is proposed that through the interaction between Lgl and DmPar6, Lgl is
brought into close proximity of DaPKC and undergoes phosphorylation in a DaPKC-
dependent manner (Betschinger et al., 2003). The phosphorylated form of Lgl is
prevented from associating with the Par complex in the apical domain and facilitates its

targeting to the lateral membrane. In response to the lateral localization, DmPar6 is
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repelled from the basolateral membrane and maintains apical-basal segregation (Hutterer
et al., 2004) (Fig. 1.3B). The idea that Lgl helps to maintain apical-basal segregation is
supported by the aberrant distribution of Crb in the absence of lgl. Moreover, AJs are
fragmented and do not develop belt-like characteristics (Bilder et al., 2000). Dosage
sensitive experiments indicate that [g/ and crb function in separate genetic pathways
(Tanentzapf and Tepass, 2003). It is well established that a tumor suppressor protein,
Discs Large (Dlg) (Woods and Bryant, 1991), multi-PDZ protein Scribble (Scrib) (Bilder
and Perrimon, 2000) and Lgl colocalize at the lateral membrane and together function in
a common pathway to organize epithelial architecture (Bilder et al., 2000) (Fig. 1.3A).

Discs Large. Similar to the tumorous outgrowths seen in /g/ mutants, imaginal
discs in discs large (dlg) mutants produce a neoplastic overgrowth phenotype whereby
larval brains and discs grow beyond normal size and fuse with each other (Stewart et al.,
1972). In addition to cell proliferation, cellular events such as establishing cell polarity,
cell adhesion and cell differentiation depend on Dlg. Depletion of dlg from imaginal
epithelia results in columnar cells losing their cellular architecture by rounding up and
detaching from neighbouring cells (Woods and Bryant, 1993a). Similar to Sdt, DIg is a
MAGUK family member that possesses three PDZ domains, an SH3 domain, a HOOK
motif and an inactive GUK domain (Woods and Bryant, 1993b). The potential for Dlg to
connect the cell surface to the cytoskeleton is directed by this domain composition. In
dlg mutants, actin, tubulin, transmembrane proteins FasciclinIII (FasIII) and Neuroglian
(Nrg), in addition to membrane cytoskeletal protein Coracle (Cora) (Fig. 1.4), are

aberrantly organized resulting in abnormally developed epithelia (Woods and Bryant,
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1996). Furthermore, SJ structure is lost (Bryant, 1997). Epithelial defects observed in
dlg mutants during embryogenesis occur before SJs form suggesting that this abnormality
might be the result of polarity disruption (Perrimon, 1988). Dlg localizes to a small
apical belt at the lateral membrane corresponding to the SJ in imaginal epithelia (Woods
and Bryant, 1991). Dlg and Lgl colocalize at the lateral membrane although the
expression of Lgl is broader along the lateral surface. A more distinct overlap in
expression pattern is seen between Dlg and Scrib (Bilder et al., 2000). Mutant scrib
phenotypes are consistent with those of dig and /gl. Epidermal cells are disrupted into
multilayered strips which are frequently interrupted by rounded up cells that are
separating from one another. The effects of scrib on epithelial polarity are observed prior
to the emergence of SJs. Apical markers Crb and Arm show an unrestricted localization
and AJs form at ectopic basolateral positions (Bilder and Perrimon, 2000). In addition,
Dlg and Lgl fail to target to the lateral surface. Moreover, evidence suggests that Dlg is
required for a stable association of Scrib at SJ, while Scrib is required for cortical
association of Lgl, and all three genes are required to localize Dlg and Scrib to the SJ
(Bilder et al., 2000).

Establishment and Maintenance of Polarized Epithelia

Over the last decade, studies have focused on how the Baz, Crb, and Lgl
complexes work together to yield polarized epithelia (Fig. 1.3). Analysis of double
mutants in all three complexes has revealed that the Baz complex is epistatic to both the
Crb and Scrib complexes and that the Scrib complex is epistatic to the Crb complex.

Since baz-mutants display a more severe phenotype than crb-mutants and scrib-mutants,
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it is hypothesized that the Baz complex plays a role in the stability of adherens junctions
whereas the Crb and Scrib complexes play a role in assembling the ZA from sAJs
(Tanentzapf and Tepass, 2003). Live imaging data has revealed that Baz may initially be
positioned apically by cytoskeletal cues and dynein-mediated transport. This positioning
promotes the apicalization of DaPKC and DmPar6, triggering the formation of the apical
domain (Harris and Peifer, 2005). Bitesize (Btsz), a synaptotagmin-like protein may be
recruited apically by Baz. Together with DMoesin, Btsz could spatially define the SAR
through actin organization (Pilot et al., 2006; Fehon, 2006). The localization of the Lgl
complex denotes the basolateral domain and restricts the Baz and Crb complexes to the
apical domain. Recruitment of the Crumbs complex to the apical domain counteracts the
function of the Lgl complex (Bilder et al., 2003; Hurd et al., 2003; Tanentzapf and
Tepass, 2003). Yurt, a protein 4.1 family member is also proposed to negatively regulate
Crb activity in the SAR (Laprise et al., 2006). Crb and its complex partners are recruited
by Baz to the SAR. It is proposed that DaPKC-dependent phosphorylation of Crb is
necessary to maintain apical Baz (Sotillos et al., 2004). The antagonistic relationship
between apical and basal complexes prevents apical proteins from expanding into the
basolateral domain. Together these scaffolding protein complexes, in addition to novel
proteins effecting polarity, provide the boundaries of the apical and basal membrane
domains. It remains unclear however, what cues are required for localization of Lgl and

its partners to the basolateral membrane and future site of the SJ.
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Septate Junctions

The Septate Junction is common to all epithelia (Tepass and Hartenstein, 1994).
From an evolutionary perspective, SJs have progressed from appearing as straight shelves
across the lateral cell surface, to pleated shelves and finally developed into hexagonal
arrangements that are seen in insects such as Drosophila (Banerjee et al., 2006; Gilula et
al., 1970). Early electron microscopy work revealed an electron-dense material between
neighbouring cells, within the interseptal space. Combined with freeze-fracture analysis,
this dense material was resolved into rows of septa that are continuous with the junctional
membrane, traverse the intercellular space and join adjacent cells (Gilula et al., 1970).
Rows of septa are arranged perpendicular to the cell membrane separating the apical and
basal intercellular space (Noirot-Timothée et al., 1982; Fristrom, 1982). Ultrastructure
and additional freeze-fracture analysis of cell junctions reveal that SJs maintain a
constant distance between epithelial cells through ladder-like septa that spiral on the
outside of the cell and fill the intermembrane space (Tepass and Hartenstein, 1994).
These encircling septa extend the travel distance for molecules to traverse the paracellular
path, thereby regulating the flow of material (Carlson et al., 2000). Functionally
analogous to the SJ, the tight junction (TJ), also known as the occluding junction,
functions as a permeability barrier regulating the diffusion of small molecules through the
intercellular space and across the epithelium (Fristrom, 1988). Unlike the ladder
organization of the SJ, TJs appear as a series of contact points, or ‘kissing sites’.
Opposing membranes are held together by rows of proteinaceous adhesive elements that

bridge the width of the junctional membrane. Freeze-fracture analysis reveals that TJs
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consist of interconnecting mesh-works of fibrils forming a band-like structure around the
cell and in turn an epithelial seal (Stachelin, 1973). In spite of a diverged morphology,
globular and transmembrane proteins are suspected to form the bridge between cells
filling the intermembrane space of TJs and SJs, respectively (Stachelin, 1973; Tepass et
al., 2001). In Drosophila, SJs first appear during stage 14 of embryogenesis. Septa
appear as individual strands or as small groups of septae. Septa are continuously added
until the SJ covers one to two thirds of the lateral surface. The late emergence of the SJ
suggests it is involved structurally and/or physiologically in epithelia rather than in
epithelial morphogenesis (Tepass and Hartenstein, 1994).

Two types of SJs have been observed in Drosophila, smooth (sSJs) and pleated
(pSJs). Smooth SJs, which lack ladder-like septae are found in tissues such as the midgut
and malpighian tubules and cover the apical 20% of the lateral surface (Tepass and
Hartenstein, 1994). The septa of the sSJ are arranged in closely packed parallel rows that
are not clearly seen until larval stages (Graf et al., 1982; Tepass and Hartenstein, 1994).
Septa of the sSJ may be positively charged allowing the permeability of a variety of
substances that are uncharged or negatively charged and of relatively small diameter
creating an electrical potential difference between the lumen and hemolymph (Skaer et
al., 1987)

Pleated SJs are found in all ectodermally derived epithelial tissues such as trachea,
salivary glands, hindgut and epidermis as well as in glial cells and are proposed to play a
role in the formation of barriers, maintenance of cell polarity, mediating cell-cell

interactions and regulating tube size (Tepass et al., 2001; Wu and Beitel, 2004).
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Septate Junctions: A Paracellular Barrier

The SJ is thought to act as an impermeable obstacle within the paracellular route
creating a ‘collective detour effect’ (Kukulies and Komnick, 1983). As such, SJs have
been thought to enforce impenetrable permeability barriers (Noirot-Timothée and Noirot,
1980). Paracellular barrier function has been evidenced by the injection of tracer dyes
showing an exclusion of dye at the SJ (Carlson et al., 2000).

Within the last decade key molecular elements of pSJs have been identified and
shown to be involved in this barrier process. Through genetic analysis, various
transmembrane and membrane-associated proteins have been identified as vital
components in the formation of the SJ (Fig. 1.4). The two most widely studied SJ
components are NeurexinIV (NrxIV) and Coracle (Cora) (Baumgartner et al., 1996;
Fehon et al., 1994). Additional constituents including Neuroglian (Nrg), Na*/K* ATPase
(ATPa), Nervana 2 (Nrv2), Gliotactin (Gli), Contactin (Cont), Sinuous (Sinu),
Megatrachea (Mega), Lachesin (Lac), Moody and Discs Large (Dlg) have also been
implicated in regulating SJ formation and/or function (Genova and Fehon, 2003; Paul et
al., 2003; Faivre-Sarrailh et al., 2004; Wu et al., 2004; Behr et al., 2003; Llimargas et al.,
2004; Schwabe et al., 2005; Woods and Bryant, 1991).

NeurexinlV. Among the first identified SJ components was NeurexinIV
(NrxIV), a member of the neurexin gene family and transmembrane protein encoding a
large extracellular domain and transmembrane-spanning domain. The earliest detection
of NrxIV occurs during embryogenesis one hour prior to the emergence of SJs. NrxIV is

expressed in all ectodermally-derived epithelia and glial cells of the central nervous
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Figure 1.4: Structure and composition of Drosophila septate junctions.

A simplified, schematic representation of septate junction components of Drosophila and
their interactions. The diagram incorporates aspects of both epithelial and glial-axonal
septate junctions. Several of the septate junction components might be required on both
cellular sides of the junctional complex, e.g. Neuroglian and FasciclinIII might
participate in homophilic, adhesive contacts. The molecular interactions between the
Drosophila septate-junction proteins NeurexinIV, Coracle and the two Ig-domain cell-
adhesion molecules (CAMs) Neuroglian (NRG) and Dcontactin have either been
experimentally demonstrated or can be deduced from their vertebrate homologs.
Postulated interactions between the cytoplasmic PDZ-binding domains of Gliotactin and
NeurexinlV with the PDZ domains of the Scribble or the DLG protein, as well as
interactions between the Coracle protein and the 4.1-protein-binding domain of DLG, are
indicated by broken arrows. An extracellular ligand of Gliotactin, as well as heterophilic
extracellular interactions involving the septate junction markers FasciclinIIl and the
Na*/K" ATPase, are currently unknown. All of the depicted molecules, with the
exception of Fasciclinlll and the Drosophila ankyrins, have now been demonstrated to be
essential for the function of septate junctions in the epithelia or the nervous system of
Drosophila (Reprinted from TRENDS in Cell Biology, Vol.13, Hortsch, M., Margolis,
B., Septate and paranodal junctions: kissing cousins, 557-561, 2003, with permission

from Elsevier).
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system (CNS) and peripheral nervous system (PNS). Localizing adjacent to apical
marker Crumbs, NrxIV was found to accumulate at the SJ and suspected to play a role in
SJ formation and function in both epithelia and glia. This hypothesis was evidenced by
the absence of ladder-like septa in nrx/V mutants (Baumgartner et al., 1996). The
cytoplasmic portion of NrxIV shares 68% similarity with the cytoplasmic domain of
Glycophorin C, a transmembrane binding partner for the N-terminus of Protein 4.1
(Anderson and Lovrien, 1984). The Drosophila homologue of Protein 4.1, Coracle,
colocalizes with NrxIV in epithelial pSJs (Fehon et al., 1994; Ward et al., 1998). In
nrxIV mutants, Coracle expression at the lateral membrane becomes unrestricted.
Localization of DIg remains unaffected suggesting a possible interaction between NrxIV
and Cora (Baumgartner et al., 1996).

Coracle. Drosophila Coracle, a member of the Protein 4.1 family, is expressed
shortly before the appearance of pSJs in epithelia derived from the ectoderm but is absent
from pSJs in the CNS and its derivatives (Fehon et al., 1994; Ward et al., 1998). Unlike
vertebrate Protein 4.1, Cora does not encode a spectrin/actin binding site suggesting the
interaction with the cytoskeleton is not conserved (Fehon et al., 1994). Cora interacts
however, with transmembrane proteins forming a link to the cytoplasmic surface of the
plasma membrane (Lamb et al., 1998). Cora binds to the C-terminus of NrxIV in vitro
and this interaction is necessary in order to maintain their proper SJ localization (Ward et
al., 1998). The interdependent localization of these proteins suggests that a third protein
member is involved this complex. It is predicted that a PDZ containing protein may be

an appropriate candidate. Initial thoughts of Dlg as a third party member were discarded
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based on a failure to detect any interactions between these proteins and dissimilarity in
mutant phenotypes (Ward et al., 1998). As it stands, the third party protein is still
unknown. As in nrxIV mutants, cora mutants lack intermembrane septa. The
effectiveness of the paracellular seal was tested by injecting 10 kDa rhodamine-
conjugated dextran into late stage embryos. Unlike wildtype embryos, where dye was
excluded from lumenal spaces for up to one hour, dye could be detected in the lumenal
space of the salivary gland in the absence of cora. This result implied that the
intermembrane septa may be responsible for ensuring an effective paracellular seal and
Cora is required to maintain this barrier function (Lamb et al., 1998).

Neuroglian, Na"K*ATPase and Gliotactin. Cora and NrxIV have been found to
interact with Nrg at the pSJ as well as form a complex independently with ATPa (Genova
and Fehon, 2003). Nrg is an integral membrane glycoprotein that localizes to the lateral
membrane of epithelial cells such as the trachea, salivary gland and hindgut, in addition
to the surface of glial cells, regulating the adhesion between neurons and glial cells
(Bieber et al., 1989; Dubreuil et al., 1997). The Na"K"ATPase is an o/p heteromultimer
that creates an electrochemical gradient across the plasma membrane (Paul et al., 2003).
Two subunits of Na"K*ATPase, ATPo. and Nrv2 (a B subunit) were identified as essential
SJ components. Mutations in ATPa, nrv2 or nrg results in mislocalization of Cora and
NrxIV and disrupts SJ structure by depleting the number of septa arrays. Although fewer
septa are observed, regular spacing between plasma membranes is maintained (Genova

and Fehon, 2003).
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Gliotactin, a transmembrane protein, belongs to a class of adhesion molecules
called electrotactins (Auld et al., 1995). Gli colocalizes with NrxIV at pSJs but shortly
after becomes restricted to a specialized region, the tricellular junction. Septa number is
unaffected in gli mutants, however septa fail to compact and remain loosely arrayed, a
phenotype distinct from cora and nrxIV (Schulte et al., 2003). Disruption of SJ structure
in nrg, ATPa, nrv2, and gli mutants facilitates a paracellular seal leaky to tracer dyes
(Genova and Fehon, 2003). However, FasciclinIIl, an adhesion and transmembrane
molecule associated with the SJ (Woods and Bryant, 1993a; Patel et al., 1984), is
properly localized suggesting that part of the SJ remains intact (Genova and Fehon,
2003). This also suggests that protein mislocalization is a consequence of the
independent relationship required for proper localization and not a result of junctional
breakdown. It is important to note that in the above mutants, epithelial integrity, apico-
basal polarization and the localization of SJ protein DIg were unaffected suggesting Dlg
plays a broader role in establishing epithelial morphology (Hortsch and Margolis, 2003;
Lamb et al., 1998). Dlg localization is disturbed however in g/i mutants suggesting a
possible physical association between Gli and SJ strands. The restriction of Gli to the
tricellular plug suggests that it plays a role in the maturation of pSJ, not the development
septa strands as seen in cora and nrxIV (Schulte et al., 2003).

Contactin. Organization of SJ strands requires Contactin (Cont), a
glycophosphatidylinositol (GPI)-anchored membrane-associated cell adhesion molecule
(Faivre-Sarrailh et al., 2004). Cont interdependently localizes with NrxIV and Nrg at the

ST in all epithelia derived from the ectoderm and in glia of the PNS suggesting these three
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proteins may form a complex. NrxIV has been shown to be responsible for targeting
Cont to the plasma membrane and a heterophilic cis-interaction between these proteins
has been proposed. It is unknown if this protein pair interacts with Nrg within the same
cell or between cells. In the absence of cont, SJ strands are clustered into small groups
suggesting that, like Gli and claudin-like protein Sinuous, Cont functions in organizing
interseptal strands and facilitates their lateral position. A leaky paracellular barrier in
cont mutants further supports the necessity of this protein within the SJ (Faivre-Sarrailh
et al., 2004). It appears as though some SJ components are required for SJ strand
formation while others are required for strand organization. It will be interesting to
discover if distinct multiprotein complexes are needed to fulfill each step in strand
synthesis and how these complexes intertwine to form the mature SJ.

Claudin Proteins: Megatrachea and Sinuous. The presence of claudin-like
proteins in Drosophila further supports the functional analogy between TJs and SJs.
Claudins are localized to the TJs in vertebrates and function in regulating paracellular
diffusion (for a comprehensive review see Ebnet, 2008). Sinuous (Sinu) and
Megatrachea (Mega) are two claudin-like proteins composed of four transmembrane
domains and cytoplasmic N- and C-terminal domains. Both proteins contain PDZ
domain-binding motifs capable of binding proteins such as MAGUKSs. Each protein
localizes to pSJs in ectodermally-derived epithelia and fails to overlap with apical
markers such as Armadillo. This is reminiscent of Cora and NrxIV expression. Both
Cora and NrxIV are mislocalized in sinu and mega mutants and in turn, both require the

presence of Cora and NrxIV for localization (Wu et al., 2004; Behr et al., 2003).
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Overexpression of mega can mislocalize Cora and NrxIV suggesting a direct or indirect
connection between these three proteins (Behr et al., 2003). In addition, Mega is
required for proper Sinu localization but it is unknown if Sinu is required for Mega
localization (Wu et al., 2004). The claudin-like proteins differ however in their
mutational effect on SJ strands. While septa number is reduced in sinu mutants
reminiscent of gli mutants, a lack of ladder-like septa are seen in mega mutants
reminiscent of cora and nrx/V mutants. Dye permeability assays however show that both
sinu and mega are required for a proper paracellular seal. Although the expression of
Sinu and Mega may be redundant, both proteins are essential for the barrier function of
SJs (Wu et al., 2004; Behr et al., 2003).

Collectively, these studies have shown that the SJ is composed of multiprotein
complexes that are mutually dependent. These complexes function together, either within
or between epithelial cells, to assemble the protein scaffold regulating paracellular
movement.

Septate Junctions: Blood Barriers

Insects such as Drosophila possess an open circulatory system whereby the
surrounding hemolymph, with a high concentration of potassium ions and low
concentration of sodium ions, permeates the entire animal. Drosophila have evolved
complex barriers that block the passage of blood-borne elements from coming in contact
with underlying neuronal surfaces of the peripheral (blood-nerve barrier) and central
nervous systems (blood-brain barrier) as well as the visual system (blood-eye barrier)

(Carlson et al., 2000).
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Glia provide a plethora of functions during nervous system development such as
cues for migrating neurons, axonal conduction and neurotransmitter uptake in addition to
providing nutrients for neurons. Consequently, glia provide an environment fundamental
for normal functioning of neurons (Stork et al., 2008). SJs have been detected between
ensheathing glial membranes providing the first line of ionic permeability barrier
(Banerjee et al., 2008). Neurons are surrounded by several glial types that form a
diffusion barrier between neurons and hemolymph (Hortsch and Margolis, 2003; Parker
and Auld, 2006; Carlson et al., 1997). A compromised barrier prevents action potential
propagation resulting in paralysis of the animal (Schwabe et al., 2005).

Neurons of the larval CNS are covered by two layers of glial cells, an outer layer
(perineurium) and an inner layer (subperineurium). The subperineurium develops by
early stage 17 and contains maturing pSJs (Tepass and Hartenstein, 1994). Glia are
differentially organized in the PNS and CNS. In the PNS, glia wrap around individual
axons of nerves and contain autocellular SJs. In the CNS, neuropile glia are located
below the subperineurial glial layer where they cover neuronal cell bodies, axon tracts
and dendritic compartments (Stork et al., 2008). SJs exist between glial membranes and
may also provide an adhesive function in addition to its barrier properties. This is
evidenced by an increase in the spacing between outer and inner glial layers in nrg
mutants (Banerjee et al., 2006b). Glial cells ensheathing peripheral nerves are derived
from the ectoderm and are continuous with the subperineurium of the CNS (Tepass and

Hartenstein, 1994).
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The SJ is considered the structural basis of the blood barriers as proved by kinetic
studies using injection of tracer dyes. These experimental studies have shown that barrier
function is mostly attributed to the subperineurial cells (Stork et al., 2008). Similar to the
composition of SJs in epithelia, SJ components of glia include NrxIV, Cont and Nrg.
These proteins, in addition to Gli are found at the SJ in subperineurial cells whereas novel
components such as Moody are expressed at the SJ in the perineurium of the CNS (Stork
et al., 2008; Banerjee et al., 2006b). Moody is a G-coupled receptor that upon ligand
binding catalyzes GDP to GTP. Loss of moody disrupts cortical actin which may cause a
shortening of the SJ resulting in a greater permeability of the barrier (Schwabe et al.,
2005). nrxIV and moody mutants both display a leaky barrier to 10 kDa dyes. For larger
molecular weight dyes, penetration of the barrier was significantly reduced suggesting
that are other mechanisms besides the subperineurium regulating barrier function. cora,
nrv2, nrg and cont mutants produced similar phenotypes as nrxIV (Stork et al., 2008).

Loss of any gene essential in the formation of SJs may lead to embryonic
paralysis (Banerjee et al., 2006). A severe reduction in coordinated muscle propagation
waves was observed in nrx/V mutants and animals appear paralyzed. The reduced ability
to propagate action potentials under high K™ conditions is consistent with observations of
gliotactin mutants (Baumgartner et al., 1996; Auld et al., 1995). Muscular contractions
are also severely diminished during late embryogenesis in cora, nrv2, Atpa, and nrg
mutants (Ward et al., 1998; Genova and Fehon, 2003). It is proposed then, that NrxIV
and in turn the SJ, is required for proper axonal insulation and blood barrier formation

(Baumgartner et al., 1996).
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The Drosophila eye is a characteristic hexagonal array of nearly 800 ommatidia.
Each ommatidium is composed of eight photoreceptor cells, four cone cells and three
types of pigment cells all housed in a cylindrical cassette that maximizes the amount of
light absorbing membranes. Protection of photoreceptors from the surrounding
hemolymph is necessary for phototransduction processes. Banerjee and colleagues
(2008) have identified apical and basal SJs between cone cells, pigment cells, and
cone/pigment cells of the adult eye. Compromising junctional structure disrupts a blood-
eye barrier. These studies showed that NrxIV localizes to the SJ in the larval and pupal
discs and the mature adult eye. Loss of nrxIV results in the absence of septa strands
between the cone cells and lack of exclusion of dextran dye into the adult eye.

The blood-brain barrier, blood-nerve barrier and blood-eye barrier share a
common fundamental junction, the septate junction. The consistent inability to exclude
permeable dyes in flies with mutant components of the SJ provides additional validation
to the idea that SJs regulate permeability barriers.

Septate Junctions: Regulating Tube Size

Tubular organs require tightly regulated processes to guide tube formation and
growth in order to sufficiently transport gases and liquids necessary to support an
organism’s needs (Beitel and Krasnow, 2000). The Drosophila tracheal system is a
developmentally regulated and highly organized tubular network that allows easy
dissection of pathways regulating tube formation. The system arises from ectodermal
clusters of cells that invaginate to form 10 bilateral epithelial sacs which undergo

extensive sprouting and extension and interconnect forming a ramifying network of
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approx 10,000 oxygen transporting tubes (Ghabrial et al., 2003). The simplicity of this
monolayered epithelial tube structure provides an eloquent system for studying tube size
regulation (Beitel and Krasnow, 2000). During embryonic stages 11 to 13, a period
where primary branching and growth are occurring, epithelial tube size remains constant.
However, during stages 14 to 16, tube diameter almost triples (Cabernard et al., 2004;
Myat, 2005). Tube length, in contrast to tube dilation, increases steadily from embryonic
to larval stages implying that these developmental mechanisms are independent (Beitel
and Krasnow, 2000).

A trend has emerged linking SJ components to the regulation of tracheal tube size.
By the end of embryogenesis, trachea of nrxIV, cora, nrv2, Atpa, nrg and gli mutants fail
to inflate with air (Baumgartner et al., 1996; Ward et al., 1998; Genova and Fehon, 2003).
Genetic studies have shown that sinu may function in the same genetic pathway as nrxIV
and scrib to regulate tube length, but not nrv2. sinu mutants also display an irregular
folded pattern of taenidium implying defective lumenal cuticle secretion leading to
elongated and tortuous tracheal trunks (Wu et al., 2004). Studies have shown that the
increase in tube size is a result of the expansion of the epithelial apical surface. While the
apical surface enlarges, little change is occurring at the basal surface (Beitel, and
Krasnow, 2000). The apical surface acts as an independent structure isolated from other
parts of the cell and enlargement is necessary for the proper secretion of lumenal proteins.
Secretion, assembly and growth of a chitin cylindrical matrix within the tracheal lumen
coordinates radial expansion, while modifications of chitin structure terminate tube

elongation (Wang et al., 2006). Vermiform (Verm) and Serpentine (Serp) are
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extracellular matrix proteins required to preserve the tight texture of the chitinous
lumenal cylindrical cable, regulating tube length (Luschnig et al., 2006; Beitel and
Krasnow, 2000). Lumenal accumulation of Verm, by a pathway that may be regulated by
SJ components, is reduced in A7pa and sinu mutants possibly resulting in the observed
elongated tracheal trunks (Wang et al., 2006). In addition, increasing tube diameter
requires formation of lumenal chitin-based matrix and in its absence, Breavy-spectrin is
disrupted indicating that the chitin matrix signals cells to reorganize their cytoskeleton
(Swanson and Beitel, 2006). SJ machinery may functionally regulate both tube length
and tube diameter as mutations in these genes cause tracheal length or diameter defects
(Wu and Beitel, 2004). However, the role of the SJ in paracellular barriers and tube size
expansion may operate by separate mechanisms. This is evidenced by abnormal tracheal
cell shape in mega and lachesin (lac) mutants with no prominent cytoskeletal
organization defects (Behr et al., 2003; Llimargas et al., 2004). Lachesin is a cell surface
immunoglobulin adhesion molecule and component of pSJs. It is also possible these two
proteins point to a novel role for SJs in morphogenesis (Llimargas et al., 2004).
Additionally, the presence or absence of septa is not responsible for tracheal tube size
defects (Wu et al., 2004). It is hypothesized that SJ mediate the secretion of structural
components, such as enzymes involved in chitin matrix modification (Kerman et al.,
2006). Taken together, it appears that the size of epithelial tubes in the Drosophila
tracheal system depend heavily upon the SJ and its constituents.

A common core connection between junctional components of epithelia is the

accumulation and association of multiple proteins collectively functioning to assemble
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structures necessary for completing a variety of cellular processes. It is still unknown
however, how these membrane proteins are maintained within their surface domain. It is
hypothesized that scaffolding proteins such as those belonging to the MAGUK
superfamily are responsible for maintaining polarity and cell junction structure (Caruana,
2002).
1.4 Scaffolding Proteins at Cellular Junctions

Generating distinct membrane domains requires trafficking of scaffolding proteins
(Tanentzapf et al., 2000). Scaffolding proteins ensure the localization of specific protein
complexes to regions of the cell where signal transduction is required or subcellular
domains need to be defined. Scaffolding proteins are typically characterized by modular
structures that function in protein-protein interactions. These modular structures
comprise domains such as the PDZ and SH3 domains, among others. A protein is often
referred to as a scaffolding protein when more than one of these domains are present
within a single polypeptide (Sierralta and Mendoza, 2004).
1.4.1 PDZ Proteins

The PDZ domain is a common motif encoded in a variety of signaling molecules
found at the plasma membrane. Proteins such as Bazooka, Stardust and Discs Large
contain PDZ domains leading to the speculation that these domains function in the
clustering of signaling complexes at particular plasma membrane domains (Fanning and
Anderson, 1996). The number of PDZ domain containing proteins has increased with
multicellularity suggesting this domain has prevailed throughout evolution to

accommodate the signaling demands of multicellular animals (Zimmermann, 2006).
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PDZ domain. The domain was originally named DHR (Discs-large Homology
Region) for a series of three GLGF repeats within the N-terminus of Post-Synaptic
Density-95 protein (PSD-95) (Cho et al., 1992). The discovery of two additional
proteins, Drosophila Dlg and vertebrate tight junction protein ZO-1, were found to
encode the repeated GLGF series (Woods and Bryant, 1991; Willott et al., 1993). To
reflect the origin of the domain, the more suitable name PDZ (PSD-95/Dlg/Z0O-1) was
chosen (Kennedy, 1995). PDZ domains are small, approximately 80-100 amino acids,
and fold into a globular shape with the N and C- termini in close proximity (Sierralta and
Mendoza, 2004). The binding site of these proteins resides in the carboxy tail of its target
ligand with overlapping promiscuity between domain and target ligands (Sierralta and
Mendoza, 2004; Jemth and Gianni, 2007). The domain has a globular structure
consisting of siz B strands (BA-F) and two a helices (a¢A-B). The C-terminus of the
ligand docks in the cavity of the PDZ domain between strands BB and aB and a
‘carboxlyate-binding loop’ connecting BA and BB strands. The first residue of the aB
strand (aB1) confers some specificity for the last four amino acids (-3 to 0) in the C-
terminus of the target ligand and the basis for domain classification (Zimmermann,
2006). The classification presented here is an oversimplified explanation that needs
revisiting, which is beyond the scope of this work. The side chain at position -2 in the
target ligand comes into direct contact with aB1 providing the basis of PDZ grouping.
For example, the aB1 residue in class I PDZ domains is a Histidine that recognizes a
Serine/Threonine at -2 position of the ligand. Class I PDZ domains are characterized by

a hydrophobic residue at both the -2 and aB1 positions. An aB1 Tyrosine residue in
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nNOS (neuronal nitric oxide synthase) PDZ domains prefers negatively charged amino
acids in the ligand. It may also be possible for PDZ domains to dimerize as well as
interact with internal sequences that are structurally mimicking a free C-terminus (Zhang
and Wang, 2003; Hung and Sheng, 2002).

PDZ proteins located in the cytoplasm thus have the ability to connect the cell
surface to the cytoskeleton and to cytosolic signaling proteins. Typically PDZ proteins
contain multiple protein interacting domains, either as additional PDZ domains or
domains like SH3 and LRR (leucine rich repeats) allowing these proteins to form large
multiprotein complexes at the cell membrane (Bilder, 2001).

1.4.2 MAGUKs: Membrane Associated Guanylate Kinases

PDZ proteins are often found in multiprotein complexes with a family of proteins
called Membrane Associated GUanylate Kinases, MAGUKs. MAGUKSs are a class of
scaffolding proteins that tether adhesion molecules at sites of cell-cell contact, such as
septate and tight junctions (reviewed in Funke et al., 2005). Large protein complexes
assembled on MAGUK scaffolds are implicated in maintaining cell junction structure,
apical-basal polarity, cell adhesion, targeting of proteins to the membrane, and polarizing
signaling cascades (reviewed in Funke et al., 2005). Disruption of these processes results
in developmental defects such as multi-layered epithelia, cell overproliferation, and cell
invasion (Caruana, 2002). Moreover, MAGUKSs have been extensively studied for their
role in targeting proteins in polarized cells such as neurons and epithelia. MAGUK
members are not found in protozoans, fungi and plants but throughout animal phyla and

encode a heterologous group with diverse biological functions. In vertebrates, 22
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MAGUK proteins have been identified whereas only five have been discovered in
Drosophila including Stardust, Discs-large, Polychaetoid (Pyd), Camguk (Cmg) and
Skiff (te Velthuis et al., 2007). In the previous sections we have detailed the importance
of MAGUK members Sdt and Dlg in the regulation of epithelial morphogenesis. Other
members, with the exception of the uncharacterized gene skiff, regulate different
biological functions such as cell fate specification and synaptic transmission during
Drosophila development.

Polychaetoid. The PNS is composed of several types of sensory organs including
mechanosensory (bristles) and touch receptors. The sensory organ develops from a
sensory precursor cell which is singled out from the imaginal disc. Mutations in
Pyd/tamou display extra mechanosensory organs possibly due to extra precursor cells
(Chen et al., 1996; Takahisa et al., 1996). Localizing to sites of cell-cell contact, Pyd
partly overlaps with DE-cadherin and also extends slightly basal (Takahisa et al., 1996;
Wei and Ellis, 2001). Pyd associates with PDZ protein Canoe at the adherens junction, a
requirement for correct dorsal closure (Takahashi et al. 1998). Additionally, the C-
terminus of Pyd is involved in associating with the actin cytoskeleton (Katusbe et al.,
1998). Cell fate and cell specification in the imaginal disc and trachea, respectively,
require functional Pyd (Chen et al., 1996; Jung et al., 2006). Moreover, Pyd was recently
shown to regulate patterning of the adult eye by modulating levels of AJ-proteins and
adhesive properties (Seppa et al., 2008).

Camguk. This unique MAGUK encodes a calcium/calmodulin-dependent

protein kinase catalytic domain (CaMK) and calmodulin binding domain. Also known as
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Caki, Camguk (Cmg) plays a role in synaptic plasticity (Dimitratos et al., 1997). In the
absence of cmg, adult flies have reduced walking speeds, impaired flight ability and
altered courtship conditioning indicative of defects in associative learning (Martin and
Ollo, 1996; Zordan et al., 2005; Lu et al., 2003). Cmg is expressed almost exclusively in
the ventral nerve cord and brain. More specifically, Cmg has been detected at pre- and
post-synaptic membranes of the neuromuscular junction (NMJ) (Zordan et al., 2005).
Nurse cells and tissues such as malpighian tubules and the hindgut also express Cmg
(Martin and Ollo, 1996; Lopes et al., 2001). Defective synaptic transmission of cmg
mutants (Martin and Ollo, 1996) suggests a role in regulating neurotransmitter release at
the synapse (Zordan et al., 2005).

We have presented here, evidence that MAGUKSs are involved in a plethora of
cellular events that require the propagation of cell signals. It is perhaps through the
multiple protein — protein interaction domains encoded within MAGUKSs that they are
able to regulate the flow of communication between cells as well as between external and
internal environments.

MAGUK proteins contain a core domain structure consisting of 1-3 PDZ
domains, an SH3 domain and a GUK (Dimitratos et al., 1999). In addition, some
MAGUK members encode an N-terminal L27 domain which functions in protein-protein
interactions (Kaech et al., 1998). This multi-domain composition allows MAGUKSs to
function as the backbone onto which protein complexes can assemble (Caruana, 2002).
These complexes then bring together functionally dissimilar proteins to link

transmembrane proteins with the cytoskeleton (Gonzélez-Mariscal et al., 2000). A
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number of subfamilies make up the MAGUK protein family including Dlg, Lin-2, ZO-1
and palmitoylated membrane protein 55 (p55). The Dlg subfamily, consisting of Dlg,
Synapse Assoicated Protein 97 (SAP 97), PSD-95, SAP 102 and p-Dlg, contains the core
MAGUK protein made up of the PDZ/SH3/GUK domains, plus two more PDZ domains.
The Lin-2/CASK/Camguk subfamily contains the MAGUK core along with an N-
terminal calcium/calmodulin-dependent protein kinase and a repeated L.27 domain
(Caruana, 2002). The ZO-1 family members (Pyd/Z0O-1, 2, 3) consist of 3 PDZ domains,
SH3 and GUK domains along with C-terminal proline-rich regions. The pS5 subfamily,
1s made up of the MAGUK core plus a repeated L27 domain, excluding p5S5. Members
of this family include p55, DIg2, Dlg3, Protein Assoicated with Lin-7 1 (PALS1) and
PALS?2/Veli-Associated MAGUK 1 (VAM-1). Several MAGUK proteins also contain a
HOOK/4.1 binding domain, which binds actin-associated proteins, linking MAGUKSs to
the cytoskeleton (Caruana, 2002).

L27 Domain. The L27 domain is named from a pair of C. elegans proteins Lin-2
and Lin-7. Lin-2, homologous to Drosophila Camguk, and Lin-7, a small PDZ protein,
homologous to Drosophila Lin-7 (DLin-7) (Dimitratos et al., 1997; Bachmann, 2004)
share a small region of homology at their N-terminus (Doerks et al., 2000). Together
with Lin-10, these three proteins function as a complex to target LET-23, a receptor
tyrosine kinase to the basolateral domain of epithelia cells in turn regulating vulval
induction (Simske et al., 1996). L27 domains are ~50 amino acids long and have a
regular folding pattern despite low sequence identity. The sequence differences are

suspected to prevent incorrect association and avoid self-association between L.27

+4



PhD Thesis — Katherine E. Moyer McMaster University — Biology

domains (Li et al., 2004). It was proposed that the L27 domains of Lin-2 and Lin-7 form
a heterodimer interaction, suggesting this protein-protein interaction domain may
facilitate the assembly of scaffolding complexes (Doerks et al., 2000; Harris et al., 2002;
Liet al., 2004). Such a case is observed in the assembly of the Crumbs complex in which
Stardust interacts with DPatj through heterodimerizing L27 domains (Wang et al., 2004).
Individual L.27 domains appear to have an unfolded structure which becomes rigid upon
heteromultimerization (Harris et al., 2002). Each domain is composed of three helices
which upon dimerization create a tetrameric or four-helical bundle (Li et al., 2004; Feng
et al., 2004). The C-terminal helix is critical in choosing its binding partner and
specificity in complex assembly (Feng et al., 2005). Furthermore, L27 domains can be
categorized into A and B types where an A/B pair heterodimerizes whereby their
specificity is optimized by negative design such that A/A and B/B pairs are repulsed.
Two keystone positions in each L27 domain, (¢B3 and aC2) determine domain type.
Positively and negatively charged amino acids at aB3 determine A and B types,
respectively. In addition a hydrophobic and polar amino acid at aC2 determines A or B
type, respectively. This finding is supported by the interaction between Lin-7 and Lin-2
L27 domains, which are type A and B, respectively, and between Stardust and DPatj
which have type B and type A L27 domains, respectively (Petrosky et al., 2005).

SH3, HOOK and GUK Domains. The Src homology 3 domain is ~50-70 amino
acids in length and is noncatalytically active (Gonzdlez-Mariscal et al., 2000). It is
suggested that this domain mediates protein-protein interactions targeting signaling

components to the plasma membrane (Gonzdlez-Mariscal et al., 2000; Hough et al.,
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2007). Canonical ligands for the SH3 domain are a minimum of seven residues in length
and contain polyproline (PXXP) motifs, however the domain structure is unique in
MAGUK proteins. Typically, SH3 domains are composed of five  strands (A-E)
whereas in MAGUKSs, the domain is composed of six B strands (A-F) (McGee et al.,
2001). Analysis of functional domains in dlg revealed that the SH3 domain is not
required for proper SJ localization but is required for SJ formation (Hough et al., 1997).
A single amino acid substitution (Leu632 to Pro) causes a loss of SJs in imaginal discs
and results an overgrowth phenotype (Woods et al., 1996; Hough et al., 1997). In
MAGUKSs the canonical SH3 hydrophobic binding surface required to bind polyproline
motifs is replaced by a large hinged region that occludes the polyproline binding site
(McGee et al., 2001). Once thought of as an independent domain, the hinged region or
HOOK domain, is now known as a part of the SH3 domain. The HOOK domain,
including characterized amino acid sequence KKKK (Tseng et al., 2001), is able to bind
members of protein 4.1/ERM family of actin-associated proteins. The HOOK domain of
dlg is required as a membrane targeting signal where dlg, in the absence of the HOOK, is
not associated with the membrane but found in the nucleus (Hough et al., 1997). f
strands E and F of the SH3 domain are separated by the GUK domain (McGee et al.,
2001). The GUK domain shares sequence homology with S. cerevisiae guanylate kinase,
an enzyme that catalyzes the conversion of GMP to GDP using ATP. GUK domains of
MAGUKSs typically lack the key residues necessary for ATP binding and are therefore
assumed to be catalytically inactive (te Velthuis et al., 2007; Gonzédlez-Mariscal et al.

2000). dlg function was not affected in the absence of the GUK, however a dlg allele
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truncating the protein just prior to the GUK domain appears to play a negative regulatory
role in imaginal discs, possibly though binding of another protein (Hough et al., 1997).
The SH3 and GUK domains of MAGUKSs have surpassed their canonical function and
interact with each other to form a super domain (te Velthuis et al., 2007). The two
domains form an integrated structural unit that can potentially occur intermolecularly as
well as intramolecularly, however, intramolecular interaction is favoured preventing
intermolecular interactions (McGee and Bredt, 1999). The SH3/GUK interaction appears
vital for MAGUK function (Reese et al., 2007). Genetic mutations of the SH3 and GUK
domain of dlg complement each other by rescuing viability suggesting that the SH3/GUK
interaction may oligomerize MAGUK scaffolds (Woods et al., 1996; Olsen and Bredt,
2003).

Splice Variations. The function of many scaffolding proteins includes regulating
more than a single process. Oftentimes the same protein may be expressed in different
tissues and participate in very different processes. The diversity of such proteins may
sometimes be attributed to variations in protein composition due to alternative splicing.
This mechanism promotes altered protein composition, localization and function (Funke
et al., 2005). The best example can be provided by the well known and extensively
studied protein, Dlg. The dlg gene has at least 23 exons that give rise to several different
mRNAs and is expressed in both epithelia and neurons where it interacts with a variety of
proteins such as ion channels, cell adhesion molecules and other scaffolding proteins.
One Dlg splice variant includes the addition of an N-terminal region encoding a domain

homologous to the N-terminus of vertebrate SAP97. This variant is expressed in neuropil
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regions of the CNS and at NMJs of late embryos and larvae and is referred to as DIg-S97
(Mendoza et al., 2003). SAP97 localizes to the presynaptic nerve termini, along bundles
of unmyelinated axons, and along the basal lateral membrane in epithelial cells.
Moreover, SAP97 is classified as a vertebrate homologue of Drosophila Dlg (Miiller et
al., 1995). During early stages of Drosophila embryogenesis, both Dlg and DIg-S97 are
expressed in the blastoderm however DIg-S97 has a more diffuse expression. By stage
11, DIg-S97 is found predominantly in the nervous system followed by the developing
muscle at stage15 and is no longer detected in epithelial cells (Mendoza et al., 2003). Dlg
and DLin-7 segregate to different membrane domains in epithelia, however DIg-S97 and
DLin-7 form a complex at the post-synaptic membrane at NMJs. It has also be shown
that localization of DLin-7 requires the N-terminal S97 domain of DIlg-S97 (Bachmann,
2004). Other MAGUK members, such as Sdt and Pyd also produce alternately spliced
isoforms. Several isoforms of Sdt exist, two of which are expressed during
embryogenesis and two are expressed during development of the adult eye (Berger et al.,
2007). Two isoforms of Pyd, produced from alternate splicing of a 78 amino acid exon
differentially control protein localization and the addition of this exon may on its own
function in protein-protein interactions. The Pyd isoform containing the spliced exon
tightly localizes to AJ whereas without the exon, Pyd is more loosely distributed along
cell membrane (Wei and Ellis, 2001).
1.4.3 PALS: Proteins Associated with Lin-7

Two novel MAGUK proteins were identified in a far western overlay assay

designed to isolate interacting partners of mouse Lin-7 (Kamberov et al., 2000). These
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proteins, PALS1 and PALS?2, which make up the PALS (Proteins Associated with Lin-7)
subfamily of MAGUK proteins anchor scaffolding complexes at junctional regions
(Funke et al., 2005; Kamberov et al., 2000). Both proteins contain the core MAGUK
structure but differ in the N-terminal region. PALS1 contains a repeated L27 domain as
well as an unknown domain (U1) whereas PALS2 lacks the Ul domain (Roh et al.,
2002). It is believed that these MAGUKSs interact with the .27 domain located in the N-
terminal region of Lin-7 (Roh et al., 2002; Kamberov et al., 2000).

Studies using vertebrate models have shown that PALS1 localizes to tight
junctions where it functions as an adaptor protein linking together Crumbs and PATJ
(Roh et al., 2002). It was further demonstrated that the Ul domain interacts with Par6, a
member of the PAR3/Bazooka complex (Wang et al., 2004). More recently, PALS1 was
shown to bind Ezrin, a band 4.1 protein, providing a direct link to the cytoskeleton (Cao
et al., 2005). Similarly, in Drosophila, the PALS1 orthologue Stardust, functions as an
adaptor protein joining Crumbs and DPatj (Bachmann et al., 2001; Hong et al., 2001). As
was previously mentioned, Stardust interacts with DmPar6 through similar mechanisms
(Wang et al., 2004). These findings provide a connection between two major scaffolding
complexes involved in epithelial polarity as well as demonstrate an evolutionary
conservation of function between vertebrates and invertebrates.

Studies using vertebrate models to elucidate the function of PALS2 remain
limited. PALS2 has been shown to localize below tight junctions, at spot-like adhesion
sites along the lateral plasma membrane, however protein function remains unclear (Roh

et al., 2002). In 2003, Shingai and colleagues demonstrated that PALS?2 interacts with
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Nectin-like molecule 2 (Necl-2). Nectins, a subfamily of four, are cell-cell adhesion
molecules involved in the organization of cell-cell junctions functioning with or
independently of Cadherins. Nectins are Ca’-independent proteins that link to the
cytoskeleton through Afadin, which directly binds the C-terminal four amino acids of
each Nectin (Ogita and Takai, 2008). Five Nectin-like molecules (Necl) were identified
based on domain structures similar to those of nectin. Each Necl contains an extracellular
region with three immunoglobulin-like loops, a transmembrane domain and a
cytoplasmic region unable to bind Afadin (Takai et al., 2003). Necl-2 is a Ca’-
independent cell-cell adhesion molecule with both homophilic and heterophilic properties
binding to Necl-1 and Nectin-3 (Shingai et al., 2003). In addition, Necl-2 binds MAGUK
member PALS2. The interaction between Necl-2 and PALS2 has been localized to the
extra-junctional regions of the basolateral surface of epithelial cells and is mediated
through the C-terminal four amino acid residues of Necl-2 (EYFI) and the PDZ domain
of PALS2 (Shingai et al., 2003). It is speculated that Necl-2 is recruited to Nectin-3 sites
of cell-cell adhesion during the formation of AJs and is then relocated to the basolateral
surface. Necl-2 also binds band 4.1 protein DAL-1, implicating PALS2 in membrane
organization and scaffold assembly (Shingai et al., 2003).

Veli-Associated MAGUK 1 (VAM-1), a homolog of PALS2, has been identified
in humans. VAM-1 was mapped to human chromosome 7p15-21, a region reported to
show alterations in malignant peripheral nerve sheath tumors and in certain tumors such
as Wilm’s tumors. This altered chromosomal region suggests the presence of a tumor

suppressor gene in kidney epithelial cells (Tseng et al., 2001).

50



PhD Thesis — Katherine E. Moyer McMaster University — Biology

Identifying PALS1 and PALS?2 as interactors of Lin-7 was an intriguing finding
as characterizing the function of Drosophila Lin-7 has been one of the major areas of
study in our laboratory. As the homology between PALS1 and Drosophila Stardust is
well established, we focused our efforts toward investigating PALS?2 in Drosophila. The
evolutionary conservation of vertebrate and invertebrate junctional proteins prompted our
search for the invertebrate homologue of PALS?2 to elucidate its molecular and genetic
function. Our search identified Drosophila CG9326, also reported recently as the gene
interrupted in the varicose (vari) mutation (Beitel and Krasnow, 2000; Wu et al., 2007;
Bachmann et al., 2008). Our previously reported senz’aria (szar) alleles (Moyer and
Jacobs, 2006) are thus renamed as alleles of vari. We propose that Vari, based on our
knowledge of characterized MAGUKSs, tethers adhesion molecules in-turn organizing cell

junctions and specializing regions of the epithelial cell surface.

1.5 Objectives

Our experimental approach was designed to address three major questions.
Where is Varicose expressed throughout the Drosophila life cycle? What happens when
Varicose expression is depleted? What proteins interact with Varicose, either directly or
indirectly? To answer our first question, we focused on the expression pattern of
Varicose in a variety of embryonic tissues in addition to larval, pupal and adult tissues.
We were able to identify the specific membrane domain and cell junction to which
Varicose was targeted. P-element mutagenesis was performed to generate mutant alleles

of Varicose and elucidate the answer to our second question. Characterization of these
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mutant alleles was carried out to determine the breakpoints associated with each allele
and to examine the domains required for proper Varicose function. We then investigated
the phenotypic effects associated with each allele. To determine if these phenotypic
effects were attributed solely to the absence of Varicose we engineered transgenic
varicose genes to rescue the observed phenotypic effects. Employing yeast two-hybrid
and genetic screening approaches we have begun to explore possible Varicose interaction
partners. We discuss the results of these experiments in regards to epithelial
morphogenesis and conclude with how this work has provided novel insights into the

conservation of invertebrate and vertebrate scaffolding complexes.
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Methods and Materials

CHAPTER TWO
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2.1 Fly Maintenance

All fly stocks were maintained at room temperature, approximately 21-23°C.
Flies were housed in large fly vials (Fisher, AS519) plugged with rayon rope (Fisher, 12
640 41). Weaker stocks and/or small crosses (2-10 flies) were raised in 16 x 100 mm
glass tubes (Fisher, 14-961-29). All flies were fed a basic yeast/sugar agar medium made
as follows: a 1.8% agar solution was supplemented with final concentrations of 10%
sucrose, 0.8% sodium potassium tartrate, 0.1% di-potassium hydrogen orthophosphate
(dibasic) and 0.05% of each sodium chloride, calcium chloride, magnesium chloride and
ferric sulfate. In a separate flask, a solution of 5% dry yeast in deionized and distilled
water (ddH,0O) was mixed. Food and yeast solutions were autoclaved, combined, cooled
to 54°C and treated with 7% methyl 4-hydroxybenzoate (tegosept — 10% stock solution in
ethanol) and 0.5% acid mix solution [42% proprionic and 4.2% phosphoric acid in
ddH,0]. Flies were transferred to fresh food vials every 14 days. Adult flies were
cleared from vials one week after transfer.
2.2 Genetic Stocks

The following table is a list of all fly stocks used in this thesis. All imprecise
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excision stocks were outcrossed to ensure clean backgrounds. vari sl

,vari varim,
vari™ and vari® were generated by imprecise excision of GE13049 (Appendix B).
Df(2L)Exel’’” deficiency deletes genomic region 38E6-38F3 which includes 19 genes in
addition to vari; Caudal (CG1759), CG9324, CG9328, CG9329, CG14405, CGI9331,
CG31673, CG31674, CGY9333, CG9334, CG31676, CG14402, CGYH335, CG14400,

CG9336, CG9337, CGI9338, CG31675, and CG14401.
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Table 2.1: A list of all stocks used in this thesis

McMaster University — Biology

Stock Stock Number Source

Canton-S P (CS-P) Jacobs lab central stocks

P-element insertion GE13049 13049 GenExel, Inc.

w-; vari t/Cy0 This thesis

w-; variB4/CyO This thesis

w-; vari*'/CyO This thesis

w-; vari*/Cy0 This thesis

w-; vari®/Cy0 This thesis

w-; varime/CyO 11359 Bloomington Drosophila Stock Centre

P{UAS-vari®™} 24156 Vienna Drosophila RNAi Centre

w-; Df(2L)Exel””””/Cy0O 7852 Bloomington Drosophila Stock Centre

w-; wee/CyO,{Actin GFP} Shelagh Campbell

w-; Sco/CyO, {Engrailed LacZ) Corey Goodman Lab

Nrg™/FM7c 5708 Bloomington Drosophila Stock Centre

]\irg”g;M% 1 5595 Bloomington Drosophila Stock Centre

?e’r;’y i S 14591 Bloomington Drosophila Stock Centre

rul K Nrx-IV° % st ry’®e’/TM6B, Th' 4380 Bloomington Drosophila Stock Centre

y'w; P{lacWjawd™*/TM3,Sb" 12167 Bloomington Drosophila Stock Centre

Djlng"z/Basc - Vivian Budnik

ZF;J_{Q’;OTI;;S?D%B;;FO AETRAE, Fylas- 7209 Bloomington Drosophila Stock Centre

w'; P{neoFRT}82Bpygo>"/TM3, Sb'Ser’ 7208 Bloomington Drosophila Stock Centre

Bdillchen™/TM3 Maria Leptin

Béillchen™/TM3 Maria Leptin

YW=, PllacWjcord ™ /Cy0 10801 Bloomington Drosophila Stock Centre

?%{2}{;] ] /gz [OI ]H{w[ b 2078 Bloomington Drosophila Stock Centre

w(*]; P{w[+mC]=GAL4-Hsp70.PB}89-2-1 1799 Bloomington Drosophila Stock Centre

P{Single minded GAL4) John Nambu

ﬁ;;?f;fg;:gfé;i?géb]{lgfp 12 8807 Bloomington Drosophila Stock Centre

w[1118]; P{da-GAL4.w[-]}3 8641 Bloomington Drosophila Stock Centre

P{GAL4::VP16-nos.UTR}MVDI1 4937 Bloomington Drosophila Stock Centre

P{GawB}C855a 6990 Bloomington Drosophila Stock Centre
*]. i = 3

g : C]}Ll)'[czjj PIZ;{VI[ZC’;?COFPLCX[;g gggﬁ) c7 5194 Bloomington Drosophila Stock Centre

w-; Sco/CyO " Jacobs Lab Central Stocks

w-; D/TM3,Sb’ Jacobs Lab Central Stocks

y'w*P{UAS-mCD8::GFP.LJLLS 5137 Bloomington Drosophila Stock Centre

2.3 Single Embryo DNA Extraction

These experiments were used to isolate DNA from homozygous embryos for

imprecise excision mapping. Stocks were maintained over a green fluorescent protein
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(GFP) balancer, and homozygous embryos were selected by the absence of GFP. Each
embryo was placed in a single 0.2 mL microfuge tube (DiaMed, AD0210-FCN) and 50
uL of squishing buffer [10 mM Tris-HCI pH 8.2, 2 mM Ethylenediamine-tetraacetic acid
(EDTA), 0.2% Triton X-100, 100 pg/mL Proteinase K, fresh] was added. Each embryo
was homogenized several times, vortexed and incubated at 37°C for 30 minutes
(vortexing every 10 minutes). Following incubation, the embryo extract was heated to
95°C for 5 minutes and cooled on ice for 2 minutes. The extract was centrifuged for 5
minutes at 4°C at 14,000 rpm. The supernatant was transferred to a fresh microfuge tube
and stored at 4°C for up to one week.

3 uL of DNA extraction was used per polymerase chain reaction (PCR). The
reagent mix was prepared for 50 pL reactions and kept on ice until placed in the
thermocycler (Biometra, T Personal-48). Each reaction included a final concentration of
2.5 uM forward and reverse primers, 1X PCR buffer (supplied with tag DNA
polymerase), 0.3 mM MgCl,, 5 mM dNTP mix (Invitrogen, 18427-013) and 0.5 pL (2.5
U) of taqg DNA polymerase (Invitrogen, 18038-042). Sterile ddH,O was used to complete
the 50 pL volume. PCR reactions were completed using hot-start conditions; the
thermocycler was preheated to 94°C before adding the reactions. 30 PCR cycles were
carried out as follows, denaturing 94°C for 30 seconds, annealing 60°C for 30 seconds,
extension 72°C for 1 minute 30 seconds. PCR products were stored at 4°C until
examination by electrophoresis.

PCR products were analyzed on a 0.8% agarose gel. Products required for

sequencing were purified using phenol:chloroform. Products were excised from the
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agarose gel using a scalpel blade (MAGNA, No. 11) and placed in a 1.5 mL microfuge
tube (DiaMed, DPE155-N) at -20°C overnight. The tubes were centrifuged at 14,000 rpm
for 30 minutes at 4°C. The supernatant was transferred to a fresh 1.5 mL tube and an
equal volume of phenol:chloroform, 1:1, was added. Each tube was vortexed briefly and
centrifuged for 10 minutes at 10,000 rpm at 4°C. The upper layer was transferred to a
fresh 1.5 mL tube and the DNA was ethanol precipitated using 1/10 volume of 3 M
sodium acetate, pH 5.2 and 2.5 volumes of cold 100% ethanol. The tubes were mixed by
inversion and placed at -80°C for 15 minutes. DNA was pelleted by centrifugation for 30
minutes at 14,000 rpm at 4°C and washed with 100 pL of 70% ethanol in sterile ddH,O.
The pellets were dried at room temperature for 10 minutes and resuspended in 5 pL of
sterile ddH,O at 37°C for 5 minutes. DNA concentration was determined by mass gel
electrophoresis. 0.5 pL of purified DNA was run alongside a low DNA mass ladder
(Invitrogen, 10068-013) on a 0.8% agarose gel. DNA concentration was determined by
comparison of band intensity against the known ladder standards. Samples were prepared
for sequencing on an Applied Biosystems 3730 DNA Analyzer using ABI BigDye
Terminator Chemistry (MOBIXlab, McMaster University). Using ClustalW online
software, sequence results were aligned to the extended gene region of varicose (Crosby
et al., 2007). Excision breakpoints were determined by the absence of genomic DNA and
documented.
2.4 Mutant Viability

All vari alleles generated by imprecise excision are homozygous lethal. To

determine the stage of lethality, vari alleles were crossed to wildtype, Canton S-P (CS-P).
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Trans-heterozygotes (w-; vari/+) were crossed and embryos were collected on apple juice
agar plates [apple juice agar — a flask of 3% agar in ddH,O, and a flask of 10% sucrose in
apple juice were autoclaved, combined, cooled to 45°C and supplemented with 1%
tegosept (10% stock solution in ethanol)]. 50 embryos were aligned on a fresh apple
juice agar plate, incubated at room temperature and monitored for 24-48 hours. The
number of hatched embryos was recorded. Embryos that failed to hatch were placed on a
microscope slide covered in double-sided tape. Using fine forceps, embryos were
unrolled from their chorion layer. The number of fertilized unhatched embryos and
unfertilized unhatched embryos were recorded. 600 embryos were scored for each vari
allele and % viability was calculated.

% Viability = # of Fertilized Unhatched Embryos X 100
Total number of embryos - # of Unfertilized Unhatched embryos

2.5 Antibody Production (Vari and Vari**)
2.5a_ Vari
Rat polyclonal antibody, Vari, was generated and purified by Kelly Teal (Teal,
2005).
2.5b Vari"”’
2.5b.1 Preparation of Vari* Histidine (His) Fusion Construct

Rat polyclonal antibody, Vari™’

was designed to the full-length sequence of
varicose transcript B. EST clone RE31492, corresponding to transcript B was obtained

from the Drosophila Genomics Resource Centre. The plasmid DNA was received on a

Whatman FTA disc placed within a microfuge tube, requiring transformation into
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bacterial cells. To remove the DNA from the disc, 50 pL of sterile 1X TE [0.1 M Tris-
HCI, 10 mM EDTA, pH 8.0] was added to the tube, pipetted up and down twice quickly
and completely removed from the tube. 50 pL of chemically competent DHS5a cells
(Invitrogen, 18265-017) were added and the tube was placed on ice for 30 minutes. The
cells and disc were heat shocked for 2 minutes at 37°C and cooled on ice for 2 minutes.
Bacterial cells (not the disc) were transferred to 1 mL of Luria Bertani (LB) medium [10
g tryptone, 5 g yeast extract, 10 g NaCl, 20 g agar (for plates), 950 mL ddH,O per 1 L of
medium] and incubated for 1 hour at 37°C with shaking. Transformed cells were spread
evenly onto LB plates containing 10 mg/mL of ampicillin, inverted and incubated for 16-
18 hours at 37°C. Successful transformants were isolated and stock plates were
generated. Colonies containing clones with the appropriately sized insert were screened
by restriction digest and electrophoresis followed by sequencing. DNA was extracted
from several clones using GenElute Plasmid Miniprep kit (Sigma, PLN350-1KT) or
QIAprep Spin Miniprep kit (Qiagen, 27104). DNA was digested with 1 pL of REact 3
and 1 pL (10 U) of BamH I at 37°C overnight and heat inactivated at 65°C (Invitrogen,
15201-023). Digests were analyzed on a 0.8% agarose gel. Positive clones were
sequenced using gene specific primers ML3746 and ML1508 and vector specific primers
T7 Promoter and T7 Terminator.

Vari“*”® was PCR amplified from an RE31492 clone using sense primer
ML16977, antisense primer ML15551 and platinum taq DNA polymerase high fidelity
(Invitrogen, 11304-011). The reaction mix was prepared as previously described. PCR

was performed using a hot-start and 30 cycles as follows, denaturing 94°C for 30
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seconds, annealing 60°C for 30 seconds, extension 72°C for 2 minutes. The amplified
product was immediately used for ligation into vector pCR2.1. The ligation reaction was
performed using 1 pL of PCR product, 50 ng of vector pCR2.1, 1X ligation buffer, 1 pL
(4 U) of T4 DNA ligase and sterile ddH,O to a final volume of 10 pL. The reaction was
incubated overnight at 15°C (TA Cloning® Kit, Invitrogen, K2020-20). The ligation was
transformed into DHS5a cells and selected on LB plates containing 33 mg/mL of
kanamycin, 40 pL of 100 mM Isopropylthio-beta-D-galactoside (IPTG) and 40 mg/mL of
5-Bromo-4-chloro-3-indolyl f-D-galactopyranoside (X-Gal). Colonies were screened by
blue/white selection where colonies containing an insert remain white due to disruption
of the lacZ gene. White colonies were restriction digested and sequenced using vector
specific primers M 13 forward and M13 reverse.

The Vari“*’® insert was shuttled from pCR2.1 into expression vector pET29b(+).
DNA was digested with 1 uL. of REact 4 buffer and 1 pL (10 U) of restriction enzyme
Kpn T at 37°C for 3 hours (Invitrogen, 15232-010), heat inactivated at 65°C for 15
minutes and briefly centrifuged. DNA was ethanol precipitated and digested with 1 pL of
REact 10 buffer and 1 pL (10 U) of restriction enzyme Sal I at 37°C overnight
(Invitrogen,15217-011). The cut DNA was purified by phenol:chloroform and ligated
overnight at 15°C using 2 puL of 5X ligation buffer and 1 pL (5 U) of T4 DNA ligase
(Invitrogen, 15224-041). Ligations were transformed and positive colonies were

:L27B

sequenced. Results confirmed the Vari insert was in-frame for fusion with a C-

terminal histidine tag in vector pET29b(+).
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2.5b.2 Induction of Vari**’ His Fusion Protein

Vari™*’® cDNA in pET29b(+) was transformed into bacterial strain BL21ADE3
(Invitrogen, C6000-03) and inoculated into 10 mL of LB containing kanamycin and
grown for 16-18 hours at 37°C with shaking. This culture was used to inoculate 500 mL
of LB containing kanamycin and incubated at 37°C with shaking until the cells reached
an ODgog ~ 0.4. The culture was then induced with 0.5 mM IPTG and incubated at 37°C
for 3 hours with shaking. Cells were harvested by centrifugation at 6,500 rpm for 10
minutes at 4°C and the supernatant was removed. The cell pellet was dried and stored at
-20°C until protein purification.
2.5b.3 Purification of Vari*?’ His Fusion Protein

The fusion protein was purified from inclusion bodies by affinity chromatography
using His-Select Nickel Affinity Gel (Sigma, P 6611) under denaturing conditions.
Harvested cells were resuspended in 200 mL of binding buffer [50 mM Na,PO,, 300 mM
NaCl, 20 mM imidazole, pH 8.0] and sonicated for 5 minutes with a 30 second pause
between each minute. Inclusion bodies and cellular debris were separated from proteins
in solution by centrifugation at 5,000 g for 15 minutes at 4°C. The supernatant was
discarded and the pellet was resuspended in 100 mL of binding buffer followed by 3
minutes of sonication with 30 second breaks between each minute. The pellet was
collected through centrifugation at 5,000 g for 15 minutes at 4°C and resuspended in 25
mL of binding buffer containing 8 M urea. Protein was dissolved on ice for one hour.
Insoluble material was removed by centrifugation at 16,000 g for 30 minutes at 4°C.

Prior to affinity chromatography, the supernatant was loaded into a 60 mL syringe with a
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luer-lok tip (BD, REF 309653) and filtered through a 0.45 pm acrodisc syringe filter (Pall
Life Sciences, PN4614).

A column was prepared by adding His-Select Nickel Affinity Gel to a
chromatography column and allowed to settle under gravity flow until a resin bed volume
of 1.5 mL was reached. The column was washed with 3 volumes of ddH,O followed by
3 volumes of binding buffer containing 8 M urea. The filtered supernatant was loaded
into the column and eluted at a rate of 10 volumes per hour. The flow-through was run
through the column a second time and then washed with 30 mL of wash buffer [50 mM
Na,POy4, 300 mM NaCl, 20 mM imidazole, pH 6.3]. Protein was eluted in 12 mL of
elution buffer [5S0 mM Na,PO,, 300 mM NaCl,, 500 mM imidazole, pH 5.0] containing 8
M urea, collected in 1.5 mL fractions and stored at -20°C until dialysis.

Dialysis was used to remove urea from the solution of purified protein. Dialysis
tubing was cut in 20 cm lengths and boiled for 10 minutes in 500 mL of 2% w/v sodium
bicarbonate containing 1 mM EDTA, pH 8.0. The tubing was rinsed thoroughly with
distilled water and boiled again for 10 minutes in | mM EDTA, pH 8.0. The tubing and
solution were allowed to cool and stored at 4°C. Before use, the tubing was rinsed inside
and out with distilled water.

Eluted fractions were combined and dialyzed overnight at 4°C with stirring in 1X
phosphate buffered saline (PBS) [0.256% Na,H,PO,*H,0, 1.194% Na,HPO,, and
10.22% NaCl in ddH,0, pH 7.4 adjusted with 10 N NaOH] containing 6 M urea. The
next day, the dialysis solution was substituted for 1X PBS containing 4 M urea and once

again with 1X PBS containing 2 M urea for overnight. On the third day, the dialysis
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solution was changed every 3 hours to fresh 1X PBS and dialyzed in fresh 1X PBS
overnight at 4°C. Dialyzed protein was transferred to a 1.5 mL centrifuge tube and the
concentration was determined by Sodium Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis (SDS-PAGE).

Protein samples (1 pL dialyzed protein, and known concentrations of protein
standard Bovine Serum Albumin (BSA) — 1 pg, 5 pg, 10 pg) were mixed with an equal
volume of 2X Laemli buffer in ddH,0 [5X stock — 60 mM Tris-HCI (pH 6.8), 25%
glycerol, 2% SDS, 14.4 M 2-mercaptoethanol, 0.1% bromophenol blue], heated for 5
minutes at 95°C and centrifuged for 10 minutes at 10,000 rpm. Samples were loaded
onto a 10% resolving gel (BioRad, 161-1101) for PAGE. Proteins were identified by
coomassie staining [0.03% coomassie brilliant blue, 50% methanol, 10% acetic acid]
followed by destaining [10% methanol, 10% acetic acid]. The dialyzed protein
concentration was estimated against the protein standards.
2.5b.4 Preparation of Vari’ Antiserum

Purified Vari“*” His fusion protein in 1X PBS (final concentration 100 pg/mL)
was mixed with an equal volume of Freund’s complete adjuvant (Sigma, F5881) using an
18 gauge needle. The mixture was injected into 3 white male Wistar rats 3 months of
age. Each rat was subjected to 3 subcutaneous injections, 0.1 mL per site. All injections
were performed by the Central Animal Facility, McMaster University. To optimize
immunization, rats were given booster shots every 14 days for a period of 8 weeks.
Booster shots contained Freund’s incomplete adjuvant (Sigma, F5506) instead of

complete. A tail bleed of 0.5 mL was taken prior to the first injection and 3" booster
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shots. Sera was prepared by incubating the bleeds at 37°C for 1 hour to enhance clotting,
then placed on ice at 4°C for overnight. Blood samples were centrifuged at 13,000 rpm
for 10 minutes and the supernatant was collected. Samples were frozen at -20°C until
affinity purification.
2.5b.5 Affinity Purification of Vari**’ Serum

Vari™?’ post-immune serum was affinity purified using CNBr activated sepharose
4B (Amersham Biosciences, 17-0430-01). Sepharose beads (330 mg=1 mL) were
washed with 1 mM HCI for 15 minutes (70 mL HCL for 1 mL beads). The amount of
sepharose required depends upon the amount of protein to be coupled (5-10 mg
protein/mL gel). The swollen sepharose beads were transferred to a sintered glass funnel,
washed with 200 mL of 1 mM HCI followed by 5 mL of coupling buffer [0.1 M
NaHCOs, pH 8.3, 0.5 M NaCl, 2 M urea].

Vari"*” antigen was dialyzed in 0.1 M NaHCO3, pH 8.3, 0.5 M NaCl and 2 M
urea. The sepharose beads were transfered to the antigen solution (1 mg protein in 5 mL
coupling buffer) and mixed gently overnight at 4°C. To remove unbound antigen, the
beads were washed with 5 volumes of coupling buffer. The conjugated protein beads
were incubated in 0.1 M Tris, pH 8.0 for 2 hours at room temperature to block the
remaining active groups. Beads were washed 3 times with alternating pHs [0.5 M NaCl,
0.1 M NaAc, pH 4.0 and 0.5 M NaCl, 0.1 M Tris, pH 8.0] followed by 10 mL of PBS.

The conjugated beads were combined with Vari™’ post-immune serum, 4
volumes of PBS and incubated overnight at 4°C on a roller. Beads were washed with 10

mL of PBS and packed into a chromatography column. Purified antibody was eluted
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with 0.1 M glycine, pH 2.4, neutralized by the addition of 30 pL of 3 M Tris, pH 8.8 and
20 uL of 5 M NaCl and then dialyzed in 1X PBS.
2.6 Immunohistochemistry

Embryos were collected on apple juice agar plates and aged at 25°C for 8 hours
followed by 16 hours at 18°C to stage embryos from mid to late embryogenesis.
Embryos were dechorionated in 50% bleach in ddH,O and incubated in fixative [4.5 mL
of 1X PBS, 0.5 mL of 37% formaldehyde, 5 mL of heptane] on a rotator for 30 minutes.
Vitelline membranes were cracked with 100% methanol and washed with methanol
several times to remove traces of fixative. Immunohistochemistry techniques were
adapted from Patel (Patel, 1994). Prior to antibody labeling, embryos were washed 5
times in 0.1% PBT [1X PBS, 0.1% Triton X-100] and washed on a rotator for 20 minutes
in 0.1% PBT. Embryos were allowed to settle by gravity flow and blocked in 0.5% PBT
and 10% normal goat serum (NGS) on a shaker for 40 minutes. Primary antibody was
added at the appropriate dilution and incubated overnight on a shaker at 4°C. Primary
antibodies were used at the following dilutions: rat anti-Vari (1:15), rat anti-Vari™’
(1:15), rabbit anti-NrxIV (1:300) (gift from H.J. Bellen, Baylor College of Medicine,
Houston, TX), chicken anti-B-galactosidase (B-Gal) (1:150) (MacMullin and Jacobs,
2006), and anti-Phosphotyrosine (1:300) (Millipore). The following monoclonal
antibodies were obtained from the Developmental Studies Hybridoma Bank: Crumbs
(1:30), o-Spectrin (1:30), Dlg (1:30), Na"K"ATPase (1:300), MAb2A12 (1:30), Repo
(1:7), Elav (1:75), Prospero (1:4), and FaslIII (1:30). Embryos were washed for 4-8 hours

in 0.1% PBT, changing 0.1% PBT every hour. Embryos were blocked as above and
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incubated in secondary antibody (1:150) for 2 hours at room temperature on a shaker.
Embryos were washed several times in 0.1% PBT and reacted according to secondary
antibody type. Embryos labeled with fluorescent secondary antibodies, Alexa 488 and
Alex 594 (Molecular Probes) were protected from light using tinfoil and stored in 70%
glycerol in 1X PBS at 4°C. Embryos were mounted in 70% glycerol on microscope
slides and coverslips were sealed with nail polish 1 hour prior to visualization by
confocal microscopy using Zeiss LSM510. MAb2A12 was detected using secondary
antibody goat anti-mouse conjugated to horseradish peroxidase (HRP) (Jackson
ImmunoResearch Laboratories, Inc.) and 3,3-Diaminobenzidine Tetra hydrochloride
(DAB, Gibco-BRL). Anti-B-Gal was detected using biotinylated secondary antibody
(Vector Laboratories) followed by incubation with Vector Laboratories Elite ABC and
DAB. Embryos were dehydrated using an ethanol gradient (30, 50, 70, 80, 90, 95%
ethanol in ddH,O and 100% ethanol) and stored at room temperature in methyl salicylate
(Fisher, 03695-500). Embryos were mounted in D.P.X neutral mounting medium
(Sigma, 31,761-6) and visualized using Zeiss Axioskop microscope. Images were
processed using OpenLab, ImageJ and Adobe Photoshop® 7.0.
2.7 Tissue Dissection

Larvae — wandering third instar larval brains were dissected in cold 1X PBS using
2 sets of forceps. The posterior end of the larva was held steady with one set of forceps
while the other was used to pull gently on the mouth hooks, separating the mouth hooks,
brain and imaginal discs from the larval body. Brains were cleared away from the extra

tissue and fixed in 4% paraformaldyhyde [4 g of paraformaldehyde, 50 mL of ddH,0, 1
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mL of 1 M NaOH, 10 mL of 10X PBS, pH 7.4 adjusted with 1 M HCl, 0.45 pm filter
sterilized]. Following several washes in 0.3% PBT, the brains were incubated in primary
and secondary antibody as described above.

Pupae — embryos were collected on apple juice agar plates and aged at 25°C until
48-50 hours after pupal formation (APF). To dissect pupal brains, the pupal case was
removed and the pupal head was separated from the body using iradectomy scissors
(F.S.T, 15008-08). Brains were removed by gently turning the pupal head inside out and
clearing away extra tissue from the brain. Pupal brains were fixed and labeled as per
larval brains. FaslI antibody was diluted 1:30 in 0.5% PBT and 10% NGS.

Ovaries — immunohistochemical labeling of ovaries was adapted from the
Spradling Lab (Lin and Spradling, 1993). Females were fed a high yeast diet for 3-5
days. Ovaries were dissected in 1X Ringers Solution (130 mM NaCl, 4.7 mM KCI, 1.9
mM CaCl,, 10 mM Hepes, pH 6.9) (Goldstein and Fyrberg, 1994). Ovaries were fixed
and labeled as outlined above.

2.8 UAS-vari Transgenic Construct
2.8.1 RNA Preparation

All solutions used were prepared with Diethyl Pyrocarbonate (DEPC) (Sigma,
D5758) treated water. DEPC was added to ddH-»O to a final concentration of 0.1%,
incubated at 37°C overnight and autoclaved. Total RNA was extracted from Canton-S P
adults using TRIzol (Invitrogen, 15596-018). Approximately 200 adult flies were
collected and stored in a foodless fly vial for 1-2 hours to minimize ingested yeast. Flies

were stored at -20°C until use.
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Flies were ground in liquid nitrogen with a pre-cooled mortar and pestle and
transferred to a cooled dounce homogenizer containing 2 mL of TRIzol. Fly carcasses
were homogenized to free cells and nuclei. The extraction was transferred to a 1.5 mL
microfuge tube and centrifuged at 4,000 rpm for 4 minutes at 4°C. Cellular debris was
pelleted and the supernatant was transferred to a clean tube. Chloroform was added (0.2
mL per 1 mL TRIzol) and the tube contents were briefly vortexed and centrifuged at
10,000 rpm for 10 minutes at 4°C. The upper aqueous layer was transferred to a clean
tube with an equal volume of isopropyl alcohol, mixed by inversion and stored at -80°C
for 15 minutes. The RNA was pelleted by centrifugation at 14,000 rpm for 30 minutes at
4°C and washed with 70% ethanol. The pellet was air dried for 5 minutes and
resuspended in DEPC-ddH,0O. RNA concentration and purity was determined by
absorbance at 260 nm and 260/280 nm, respectively.

2.8.2 Reverse Transcription and Cloning

cDNA was generated from total RNA by reverse transcription (RT). In a 0.2 mL
microfuge tube, 1 pg of total RNA, 1 pL of M-MLV Reverse Transcriptase, 1 pL (1 U) of
RNase inhibitor and final concentrations of 1X RT buffer and 0.2 uM random decamers
were added. Nuclease-free water was added to adjust the reaction volume to 20 pL (First
Choice RLM-RACE kit, Ambion, 1700). The reaction was mixed gently and spun briefly
to pool the contents. The reverse transcription was carried out at 42°C for 1 hour and
then stored at -20°C until PCR amplification.

Full-length vari transcript C was amplified from the above cDNA template using

the sense primer ML3596 and the antisense primer ML3033. The reaction mix is
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described in 'Single Embryo DNA Extraction' and PCR was performed using a hot-start
and 30 cycles were completed as follows, denaturing 94°C for 30 seconds, annealing
60°C for 30 seconds, extension 72°C for 1 minute and 30 seconds. This PCR product was
ligated into vector pCR2.1, and sequenced. The cDNA insert was shuttled into the
transformation vector pUASt (Brand and Perrimon, 1993). DNA was digested using 1
uL REact 2 buffer and 1 pL (10 U) of restriction enzyme Xba I (Invitrogen, 15226-012).
Insert and vector pUASt were ligated, transformed into DH5a, and insert orientation was
determined by sequencing using ML.5220, a primer designed to the hsp70 TATA region.
The transgenic construct and helper vector DNA (a gift from G. Boulianne) were
prepared for microinjection using an EndoFree Plasmid Maxi Kit (Qiagen, 12362).
Plasmid DNA was injected into yw- embryos by Xiao-Li Zhao using standard techniques
(Roberts, 1986).
2.8.3 Expression Analysis of UAS-vari
Heat Shock

To ensure transgenic expression of full-length Vari protein, 1 day old adult flies
w-, heat shock GALA or w-;UAS-vari or w-;heat shock GAL4,;UAS-vari were subjected to
heat shock at 37°C for 45 minutes. Flies were recovered at room temperature for 1 hour
and the heat shock and recovery treatments were repeated. Adults were homogenized in
cold RIPA buffer [150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 50
mM Tris-HCl, pH 8.0] supplemented with protease inhibitor cocktail tablets (1/50 mL)
(Roche Diagnostics, 11 873 580 001) and incubated on ice for 10 minutes. Fly carcasses

were pelleted by centrifugation at 10,000 rpm for 10 minutes at 4°C. The supernatant

69



PhD Thesis — Katherine E. Moyer McMaster University — Biology

was collected and protein concentration was determined by Bradford assay. All steps
were performed on ice and samples were stored in 50 pg aliquots at -80°C until western
blot analysis.
Western Blot

Protein samples were thawed in an equal volume of 2X Laemli buffer and heated
at 95°C for 5 minutes. Samples were spun at 10,000 rpm for 10 minutes, loaded onto a
10% resolving gel, separated by PAGE and transferred to PVDF membrane (Pall Life
Sciences, 30718) at 100 V for 1 hour at 4°C in transfer buffer [200 mL of methanol, 3 g
Tris, 14.4 g glycine, 0.75 g SDS per 1 litre]. The membrane was washed 2 times for 10
minutes each in TTBS [25 mM Tris-HCl, pH 7.4, 150 mM NacCl, 0.5% Tween 20],
blocked for 30 minutes in TBS [no Tween 20] with 5% milk powder and incubated
overnight in a 1:1000 dilution of Vari antibody in 2% milk powder in TBS. The
membrane was washed 3 times for 10 minutes each in TTBS followed by 2 hours of
incubation in a 1:5000 dilution of goat anti-rat-HRP conjugated secondary antibody
(Jackson ImmunoResearch Laboratories, Inc.) in TBS with 2% milk powder. Following
3 more 10 minute washes with TTBS, the tagged antibody was reacted with ECL western
blotting detection reagents (Amersham, RPN2106) and detected on hyperfilm
(Amersham, 28-9068039).

UAS-vari Rescue of vari>EF Null Embryos

Embryonic lethality of homozygous null embryos is rescued by ubiquitous
expression of UAS-vari by daughterlessGAL4. w-; vari**¥*/Cy0, Actin-GFP; UAS-vari

flies were crossed to w-; varz48£P/Cy0, Actin-GFP; daGALA flies and viability was
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calculated as described in ‘Mutant Viability’. Crosses were raised at 25°C. Phenotypes
were only assessed in adults fully hatched from their pupal casings. To visualize defects
in wing and leg hairs, whole flies were dehydrated using an ethanol gradient. Flies were
washed in 30%, 50%, 70%, 80%, 90%, 95% and 3X in 100% ethanol and stored in
methyl salicylate. Wings and legs were dissected from fly bodies using spring scissors
(F.S.T., 91500-09), mounted in D.P.X. on microscope slides and sealed with coverslips.
Hairs were visualized on Nikon SMZ1500 and Zeiss Axioskop microscopes. Adult eyes
were imaged as described below in ‘Scanning Electron Microscopy’. Images were
processed using OpenLab, Nikon Coolpix-990 and Adobe Photoshop® 7.0.
2.9 Scanning Electron Microscopy

Adult flies were frozen at -20°C within 3 days of eclosion. Several flies were
mounted on each stub with a graphite/white glue mixture, and viewed at 0.3 Torr in a
Philips Electroscan 2020 Environmental Scanning Electron Microscope (ESEM). At
least10 female eyes from each genotype were imaged at 140X and 300X, and 200 dpi
images were recorded as TIFF files. The images were processed with Adobe Photoshop®
7.0.
2.10 Dye Permeability Assay

Fluorescent dye injection was performed as described (Lamb et al., 1998).
Embryos were collected every 2 hours and aged at room temperature. Dechorionated
stage 17 embryos were mounted on double sided tape, and immersed in Volatef
halocarbon oil. Embryos were visualized on an inverted microscope. Employing a

micromanipulator, a glass microelectrode filled with Rhodamine-labeled dextran (10,000
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mol wt; Invitrogen, D-1817) reconstituted to 3 mM in embryo injection buffer [S mM
KCl, 0.1 mM phosphatase buffer, pH 6.8: 0.074 g KCI, 10 mL stock phosphatase buffer,
pH 6.8, 190 mL H,O — Stock Phosphatase Buffer, pH 6.8: 46.3 mL of 1 M Na,HPO,,
53.7 mL of 1 M NaH,POy (Schulte et al., 2003)], was used to pierce the posterior end of
the embryo and dye was injected by air pressure (from building compressed air). Stage
17 embryos were examined within 30 minutes of injection on a Zeiss LSM510. Mutants
were identified by lack of GFP expression from the balancer (CyO, Kr-GAL4, UAS-
GFP).
2.11 Electron Microscopy

Stage 17 embryos were mounted on double sided tape, and immersed in primary
fixative [5% glutaraldehyde in 0.05 M Cacodylate buffer, pH 7.2]. Embryos were
visualised on an inverted microscope. Employing a micromanipulator, a glass
microelectrode filled with primary fixative was used to pierce the posterior end of the
embryo as described (Prokop et al., 1998), and fixative was injected by air pressure (from
building compressed air). After 60 minutes of fixation, embryos were washed in
Cacodylate buffer, post-fixed in 1.0% Osmium tetroxide in cacodylate buffer for 60
minutes, washed in ddH,O and stained en bloc with aqueous 2% uranyl acetate. Embryos
were dehydrated in an ethanol series, and infiltrated with Epon plastic in a 1:1, 1:3 and
100% series. Plastic was cured, trimmed, sectioned and post-stained with Sato’s Lead
Citrate with established methods (Jacobs and Goodman, 1989). Semi-serial sections were

visualised on a Jeol 120CX electron microscope (Sato, 1967).
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2.12 Library Scale Yeast Two Hybrid Screen
2.12.1 Varicose-GAL4 DNA-Binding Domain Fusion Construct

Full-length varicose transcript C was PCR amplified from a cDNA template
generated from total RNA as described above. PCR was performed using sense primer
ML3746 and antisense primer ‘Y2H bait construct’ following the same conditions
described in 'Transgenic Construct'. The PCR product was ligated into pCR2.1 then
shuttled into yeast two-hybrid (Y2H) vector pPGBKT7 (MATCHMAKER GAL4 Two-
Hybrid System 3, Clontech, PT3247-1). Insert and Y2H vector were digested with 1 pL
of REact 6 buffer and 1 pL (5 U) of Nde I (Invitrogen, 15426-018) followed by digestion
with Sal I. Digested DNA was ligated, transformed and clones were screened for the
appropriate insert by restriction digest and sequencing using T7 promoter primer. Results
verified the insert was in-frame with the GAL4 DNA-binding domain (BD) and an N-
terminal c-Myc epitope tag.
2.12.2 Verification of Yeast Strain AH109

To become familiar with the yeast strain and to verify its phenotype and
nutritional requirements, strain AH109 was streaked on adenine supplemented YPD
(YPDA) plates [20g difco peptone, 10 g yeast extract, 20 g agar (for plates), 15 mL of
0.2% adenine hemisulfate per litre of medium, adjusted to pH 6.5, autoclaved and cooled
to 55°C before adding a final concentration of 2% dextrose] and incubated at 30°C for 3-5
days. Using isolated colonies, 3-4 colonies were streaked onto plates containing minimal
SD base (Clontech,8602-1) and the appropriate drop-out (DO) supplement and incubated

at 30°C for 4-6 days. Stock plates were sealed with parafilm and stored at 4°C for up to 4
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weeks. The following table depicts the conditions required for growth (+) or no growth
(-) of strain AH109.

Table 2.2: Media requirements for growth of yeast strain AH109

Strain | SD/-Leu | SD/-Trp | SD/-Ade/-His/-Leu/-Trp | SD/-Ura YPDA

AHI109 - . . + +

2.12.3 Verifying Varicose-GAL4 DNA-BD Fusion does not Activate Reporter Genes

Each Y2H construct was transformed into strain AH109 and selected using the
appropriate DO supplement. Transformations were performed using small scale
conditions. The following table lists the vectors used throughout the Y2H screen along
with their antibiotic resistance marker, nutritional marker and epitope tag.

Table 2.3: DNA plasmids required for the yeast two hybrid screen

. Antibiotic Nutritional | Epitope
Yeclor sl Resistance Marker '%‘agp
pGBKT7-Vari BD-bait Kanamycin" TRP1 c-Myc
pACT2-library clone AD-library (prey) Ampicillin’ LEU?2 HA
pGBKT7-p53 BD-p53 Kanamycin" LEU2 c-Myc
pGADTT-SVA0T AD-T antigen Ampicilli’ | LEU2 | HA
antigen
pCL1 GAL4 Ampicillin’ LEU2
~ pGBKT7-lam BD-lamin C Kanamycin' TRP1 c-Myc

Small Scale Yeast Transformation

To transform yeast strain AH109, 1-3 week old colonies were used to inoculate
liquid culture. Using a sterile toothpick, a single colony was resuspended in 1 mL of
YPDA medium by vortexing and transferred to a flask containing 50 mL of YPDA. The
inoculated culture was incubated at 30°C for 16-18 hours with shaking or until stationary
phase was reached (ODgpo>1.5). The culture was transferred to 300 mL of YPDA (to

produce ODg0=0.2-0.3) and incubated at 30°C for another 3 hours or until an ODggo =
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0.5+0.1 was obtained. Cells were split into 50mL tubes and centrifuged at 1,000 g for 5
minutes at room temperature. Pelleted cells were resuspended by vortexing in 25-50 mL
of IX TE, pH 7.5. The resuspensions were pooled and centrifugation was repeated. The
supernatant was decanted and the cells were resuspended in 1.5 mL of freshly prepared
sterile 1X TE/LiAc solution [made from 10X TE and 10X LiAc (1 M lithium acetate,
Sigma, L-6883, adjusted to pH 7.5 with dilute acetic acid)]. For the highest
transformation efficiency, cells were transformed within 1 hour of preparation.

In a separate 1.5 mL microfuge tube, 0.1 pg of transforming plasmid DNA and
0.1 mg of herring testes carrier DNA (10 mg/mL, Clontech, K1606-A) were mixed. 0.1
mL of yeast competent cells and 0.6 mL of freshly prepared sterile PEG/LiAc solution
[40% PEG 4000, 1X TE, 1X LiA<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>