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Abstract

Planar polarity is a conserved phenomenon in metazoans such that cells in epithelial
sheets obtain the same orientation in the plane of the sheet. There is a set of proteins,
the so-called “core planar polarity proteins”, that specify planar polarity in the
Drosophila pupal wing by being sorted to opposite cell ends forming “distal” and
“proximal” protein complexes. The mechanism for this planar polarity establishment is
still unclear.

Several lines of evidence show that kinases regulate planar polarity in various model
systems. Elucidating which kinases regulate planar polarity in the simple model, the
single-layer epithelium of Drosophila pupal wings, will provide insights into
mechanisms of planar polarity establishment.

By first screening a set of candidate kinases, | provide evidence supporting the planar
polarity regulation role of atypical Protein Kinase C (aPKC), and evidence partly
supporting those of Abelson (Abl), Misshapen (Msn), and Nemo (Nmo), but not that of
Par-1.

The role of Discs Overgrown (Dco, Casein Kinase g in vertebrates) kinase in regulating
planar polarity in Drosophila wings has been previously investigated. In this work, |
show that acute knock-down of Dco affects planar polarity, and chemical inhibition of
Dco destabilises Dishevelled (a distal protein) and stabilises Strabismus (a proximal
protein). My data also show that Dco is localised asymmetrically on distal ends in
Drosophila pupal wing cells, supporting a model where Dco localises on distal cell ends
and locally stabilises Dishevelled and mobilises Strabismus, thus enhancing the
sorting of core planar polarity proteins to opposite cell edges.

The most promising candidate kinase showing a regulatory role in planar polarity in
pupal wings, aPKC, is also further investigated. Here | showed that aPKC positively
regulates planar polarity in Drosophila pupal wings, although the mechanism remains
unclear.
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CHAPTER 1

General Introduction




The subject of this thesis consists of three concepts, 1) kinases, 2) planar polarity, and
3) Drosophila. To explain these concepts, | am going to discuss in this chapter why

Drosophila is used as the model system, what planar polarity is, and what kinases are.

1.1 Drosophila as a model animal

Drosophila melanogaster (D. melanogaster, also known as fruit fly, or fly, or Drosophila
in short in this thesis) is a widely used model animal. The easy husbandry, short
generation time, and the high potential in genetic manipulation of Drosophila have
attracted a huge society of scientists from a vast range of biomedical research fields.
Up to the time of writing, six Nobel Prices have been awarded to Drosophila related

research (in the year 1933, 1946, 1995, 2004, 2011, and 2017).

Drosophila has a small genome size. It has only four pairs of chromosomes: one pair
of sex chromosomes (XY) and three pairs of autosomal chromosomes (l1/2, 111/3, 1V/4).
To map the exact loci of genes or insertions, the chromosomes are also labelled as X,
2L, 2R, 3L, 3R, and 4. The L and R here refer to the left arm and the right arm of the
chromosome, respectively. The X and the 4 chromosomes have long left arms and tiny

right arms. See (Hafen, 1997; Hales et al., 2015) for more information.

1.1.1 Drosophila life cycle
Drosophila can be kept in a range of temperatures from 18°C to 29°C. The lower the
temperature is, the slower the generation time would be. Drosophila has the highest

reproductive yield and best viability at 25°C and 60% relative humidity.

The generation time at 25°C is approximately 10 days from eggs to adult (Figure 1.1,
reviewed in (Hales et al., 2015)). During the one-day egg stage, embryogenesis
establishes the segmentation of the body before hatching. The newly hatched larvae

reach a stage called 1% instar. The 1% instar larva takes one day to grow into the 2"



instar larva, which grows into the 3" instar larva another day later. After about two days
of 3" instar larva stage, the larva stops growing and wanders to find an appropriate
site for pupariation. The start time of the pupating process is marked as 0 hours after
puparium formation (APF), when the pupa is still white before the cuticle starts to get
tanned and harden. The larva undergoes metamorphosis during an approximately
four-day pupal stage after puparium formation, before emergence (eclosion) of the

adult fly. The female fly becomes sexually mature 8 to 12 hours after emergence.

first instar larva

Drosophila life cycle egg 1 day
25°C /
‘ ’ 1 day

second instar larva
1 day
_third instar larva

Figure 1.1 Drosophila life cycle

Schematic showing Drosophila life cycle at 25°C. The 1% instar larva takes one day to
grow into the 2" instar larva, and another day to grow into the 3" instar larva. The 3"
instar larva takes two days to form pupa. The newly formed pupa is white, whose
cuticle gets tanned and harden in pupal stage. The adult fly emerges from pupa cuticle
four days after puparium formation. The female fly becomes sexually mature 8 to 12
hours after emergence, then mates and lays eggs to start a new life cycle.



1.1.2 Drosophila wing development

Drosophila is an excellent model animal in planar polarity research not only due to its
short generation time but also the easily observable epithelial patterning phenotype in
this system, including ommatidia in the eye, and hairs and bristles on the wing,

abdomen, leg, and notum. In this thesis, the wings are used as the model system.

The Drosophila wing derives from the larval wing imaginal disc. The larval wing
imaginal disc (‘wing disc’ in short) is specified during embryogenesis and grows in size

during the growth of larva.

The wing discs undergo a series of major morphogenetic transformations after the
formation of the pupa. During the larval stages the wings disc has two layers: the future
wing tissue and a peripodial membrane. In early pre-pupal morphogenesis at end of
3 instar stage, the peripodial membrane disintegrates and the wing tissue everts
(Aldaz et al., 2010; 2013). The pouch region of the apical-outside wing disc then
elongates into a flat double-layer epithelial wing blade (Aldaz et al., 2010; 2013;
Fristrom et al., 1993).

The wing blade undergoes a series of morphogenetic transformations to form the adult
wing (Figure 1.2). After the eversion and elongation, at about 6 h APF, the pupal cuticle
is secreted (Waddington, 1939). The wing then flattens (Fristrom et al., 1993;
Waddington, 1939). The wing hinge, developed from the hinge region of wing disc,
anchoring the wing blade to the pupal cuticle, begins to contract at about 16 h APF.
Such contraction applies a force on the wing blade that regulates wing morphogenesis
(Aigouy et al., 2010; Etournay et al., 2015; Ray et al., 2015). During hinge contraction,
the poorly packed wing blade cells transform into hexagonal shapes (16-30 h APF,
Aigouy et al., 2010; Classen et al., 2005), simultaneous to the establishment of the
asymmetric localisation of the core planar polarity proteins (16-32 h APF, Aigouy et al.,
2010; Axelrod, 2001; Bastock et al., 2003; Usui et al., 1999). See Section 1.2.2 and
1.2.3). Subsequently, the trichomes emerge apico-distally (32 h APF). After 46 h APF,

-4 -



the wing continues growing and folds in the pupal cuticle (Fristrom et al., 1993). Folded
wings get unfolded after eclosion by pumping hemolymph into the adult wing through

wing veins (Johnson and Milner, 1987; Togel et al., 2008).

Ds hi ge—ﬁ ~ wingblade
eversion and elongation

@ 0 h APF ﬁGhAPF:/
wing disc M
oV

16 h APF el 32 h APF @/hair formation

hinge contraction
and
re-establishment of
planar polarity

anterior

proximal distal

posterior

Figure 1.2 Drosophila wing development

Schematic showing Drosophila wing development. In early pre-pupal morphogenesis
at end of the 3" instar stage, the wing disc everts and then elongates into the wing
blade. In the wing disc, Fj is expressed higher distally and lower proximally (shown in
orange), while Ds is expressed proximally in the hinge region (shown in purple); in the
pupal wing, the expression of Fj is higher at the wing margin (shown in orange), while
Ds is expressed along the centre stripe of the wing (shown in purple). In this stage, the
core planar polarity is oriented in a radial pattern (indicated by blue arrows). At about
6 h APF, the pupal cuticle is secreted. At about 16 h APF the wing hinge begins to
contract. During hinge contraction, the poorly packed wing blade cells transform into
hexagonal shapes, simultaneous to the re-establishment of the proximodistal core
pathway planar polarity (indicated by blue arrows). The trichomes emerge apico-
distally at 32 h APF, which then grow into wing hairs in adult wings.



1.2The axes of polarity in epithelial tissue

The presence of epithelial tissue is conserved in all metazoans and is evolutionarily
crucial for metazoans. The sponge-like simple metazoans have an epithelium
separating the organism from its the feeding chamber and absorbing nutrients from

the seawater in the chamber (Leys and Hill, 2012).

A similar function of the epithelium is also present in morphologically complex animals
like mammals. For most of the organs in mammals, the structure is defined by and the
main functions are performed by the epithelia. For instance, the outer layer of the skin
is a stratified epithelium that separates the body interior from the outside environment;
the one-cell thick simple epithelium of the small intestine borders the gut and absorbs
nutrients from it; lung epithelium is directly exposed to air and performs inhalation and

exhalation. Epithelia are also crucial in blood vessels, renal tubules, etc.

1.2.1 The polarity in the apicobasal axis

The function of the epithelium requires the cells to coordinate into a specific structure.
Take the widely studied columnar shape epithelial cells of the mammalian intestine as
an example (Klunder et al., 2017). There are three compartments categorised by their
position: the ‘apical surface’ is the free surface facing the intestine lumen, specialised
for absorbing nutrients from the intestine; the ‘lateral surface’ contacts and binds to
adjacent cells; and the ‘basal surface’ contacts the basement membrane, extracellular
matrix and blood vessels. Furthermore, the basal and lateral surfaces are often
collectively referred to as the basolateral surface because they share a similar

composition (Figure 1.3 A).

Between the distinct apical and basolateral surface of the cell lies the apical junctional
complexes that mediate the adhesion between adjacent epithelial cells and recruit

proteins to different membrane domains, reviewed in (Buckley and St Johnston, 2022;



Nelson, 2003). The separation of the apical surface and the basolateral surface
indicates the anisotropy of the epithelial cells. This kind of anisotropy of the cell is
referred to as ‘apicobasal polarity’, involving the asymmetry of the cell surface, the
directional intracellular vesicle trafficking, and the polarised cytoskeleton, reviewed in
(Bryant and Mostov, 2008; Li and Gundersen, 2008; Mellman and Nelson, 2008;
Nelson, 2003). The apicobasal polarity regulates cell proliferation, differentiation,

migration, adhesion, and death (Tepass, 2012).

A ooima Disal B Vertebrates Drosophila
Anterior Crb, Patj, Pals1 . Crb, Patj, Sdt
\ PKC m . ght  Marginal
Par-3, Par-6, a = junction sone | Baz, Par-6, aPKC
[ E-cadherin . DE-cadherin
B-catenin Adherens junction Armadillo
(Basolateral) Lgl, Scrib, Dig Septate @ | g1, Scrib, Dig

junction

Figure 1.3 Polarity axis and apicobasal polarity

(A) Schematic showing three axes of polarities in hexagonal cells.

(B) Schematic showing relative spatial relations of cell junctions and apicobasal
polarity components in typical Drosophila (left) and vertebrate (right) epidermal cells.
Apical side is on the top.



1.2.1.1 the apical junctional complexes
Regulating apicobasal polarity, there are three protein complexes localised
asymmetrically on cell membranes. To demonstrate the spatial pattern of these

complexes, | will first describe the apicobasal structure of the apical junctional complex.

Epithelial cells in both Drosophila and vertebrates have a structure called the adherens
junctions (AJ) below the apical surface. Apical to the AJ, vertebrate epithelial cells have
a tight junction (TJ) forming an impermeable barrier, whereas in Drosophila epithelial
cells, there is no TJ structure but a sub-apical region called the marginal zone (MZ). In
addition, a septate junction (SJ) localised basal to the AJ is present in the Drosophila
epithelial cells to perform the barrier function (Figure 1.3, B). In the following of this

section, | will focus on Drosophila epithelial cells.

The AJ is an adhesive structure that mediates cell-cell contacts and associates with
the actin cytoskeleton, consisting of DE-cadherin (the homologue of E-cadherin in

vertebrates), Armadillo (B-catenin in vertebrates), a-catenin, efc.

DE-cadherin belongs to the cadherin protein superfamily. The extracellular cadherin
repeat domains (CADs) of cadherin protein superfamily members mediate cell-cell
contacts via trans interactions between neighbouring cells (Boggon et al., 2002). The
cytoplasmic domain of cadherins binds to catenins (including a-catenin, Armadillo, and
p120-catenin, reviewed in (Shapiro and Weis, 2009)) and transduces extracellular
force to the actin cytoskeleton (Borghi et al., 2012; Yonemura et al., 2010). p120-
catenin interacts with Rho GTPases which mediates cytoskeletal dynamics and
cadherin endocytosis (Pieters et al., 2012). Armadillo binds to a-catenin (a filamentous-
actin-binding protein, Rimm et al., 1995) and links cadherin-mediated cell-cell contacts
to the actomyosin cytoskeleton (Desai et al., 2013). The linkage via AJs transduces
mechanical forces to the actomyosin cytoskeleton and regulates tissue morphogenesis

(reviewed in (Pannekoek et al., 2019)). Besides, the actin and microtubule



cytoskeletons are rearranged in response to cell-cell contact, facilitating polarised

vesicle trafficking, and maintaining cell shape, reviewed (Mellman and Nelson, 2008).

1.2.1.2 the apicobasal polarity determinants

Above the AJ, in the MZ and the apical surface of the cell membrane, localise a set of
proteins that define apicobasal polarity (Figure 1.3, B). Specifically, 1) the Crumbs
complex: consisting of Crumbs (Crb) (Tepass, 1996), Pals-associated tight-junction
protein (Patj; PATJ and MUPP1 in vertebrates) (Bhat et al., 1999; Pielage et al., 2003;
Zhou and Hong, 2012), and Stardust (Sdt; PALS1/MPP5 in mammals) (Tepass and
Knust, 1993); 2) the Par (partition defective) complex (Goldstein and Macara, 2007;
Suzuki and Ohno, 2006): consisting of the Rho family GTPase Cdc42, Bazooka (Baz;
Par-3 in vertebrates), Par-6, and atypical protein kinase C (aPKC, Harris and Peifer,
2005; Hutterer et al., 2004; Wodarz et al., 2000); 3) other proteins: e.g. PTEN, Moesin,
and Yurt (reviewed in (Tepass, 2012)). Note that the protein listed above are
categorised into complexes for historical reasons. These proteins function as a whole
network rather than independent protein complexes. For instance, Baz recruits apical
Crb (Bilder et al., 2003) and also interacts with Sdt (Krahn et al., 2010); aPKC stabilises
apical Crb (Sotillos et al., 2004), and Crb, in turn, stabilises apical Baz (Harris and
Peifer, 2004); PAR-6 interact and recruit apical Patj (Hutterer et al., 2004), and also
interact with Crb, enhancing the apical recruitment of Par6/aPKC (Walther and Pichaud,

2010).

Besides the apical polarity proteins, there is also a series of proteins defining
basolateral polarity (Figure 1.3, B): the Scribble module (consisting of Lethal giant
larvae (Lgl), Scribble (Scrib), and Disc large (DIg), reviewed in (Carmena, 2020)); Par-
1 and Par-5 serine/threonine kinases, reviewed in (Goldstein and Macara, 2007);
FERM proteins Yurt (Yrt) and Coracle (Cora) (Laprise et al., 2009); Rac GTPase
(Couto et al., 2017), etc.



The basolateral polarity proteins and the apical polarity proteins are mutually
antagonistic to ensure the apical/basolateral localisation of the polarity proteins
(Benton and St Johnston, 2003; Bilder et al., 2003; Chartier et al., 2011; Hutterer et al.,
2004; Laprise et al., 2009; Tanentzapf and Tepass, 2003; Ventura et al., 2020),
reviewed in (Buckley and St Johnston, 2022; Flores-Benitez and Knust, 2016). For
instance, DIg and Scrib repress aPKC ectopic localisation and aPKC restricts Lgl on
basolateral surface (Ventura et al., 2020). The correct localisation of apical polarity
proteins helps the AJs to be limited at apical-lateral surface boarder, for instance, Baz
is required for apical DE-cadherin complex formation (Harris and Peifer, 2004),

reviewed in (Buckley and St Johnston, 2022).

1.2.2 The core planar polarity pathway - polarity in the plane of epithelial
sheets

The epithelium is a 3-D structure with not only one axis of polarity (Figure 1.3 A). In the
plane orthogonal to the axis of apicobasal polarity, there is another axis of polarity,

planar polarity, or planar cell polarity (PCP). Planar polarity is the focus of this thesis.

Planar polarity is well characterised by the conserved phenotype among metazoans,
where cells in the plane of the epithelial sheets are coordinated and aligned in the
same direction. As a consequence, structures in the epithelium can serve as a readout
for planar polarity. In Drosophila, planar polarity can be observed in the orientation of
hairs in adult wings (Figure 1.4), of ommatidia in the eye, and of the bristles on the
thorax and abdomen. In vertebrates, many developmental processes of vertebrates
have been shown to be regulated by planar polarity genes, for instance, vertebrate
gastrulation (Heisenberg et al., 2000; Tada et al., 2002; Wallingford et al., 2000); neural
tube closure (Kibar et al., 2001; Murdoch et al., 2001), mammalian inner ear
development (Copley et al., 2013; Curtin et al., 2003; Montcouquiol et al., 2006);

oriented cell divisions (Segalen et al., 2010); left/right patterning (Song et al., 2010);
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kidney (Yates et al., 2010a) and lung (Yates et al., 2010b) branching, reviewed in
(Butler and Wallingford, 2017). Consistently, planar polarity is also observable in the
orientation of hair bundles in inner ear sensory cells (Etheridge et al., 2008;
Montcouquiol et al., 2006; Wang et al., 2005; Wang et al., 2006¢) and the orientation
of hair on the skin (Devenport and Fuchs, 2008; Guo et al., 2004; Wang et al., 2006b),
reviewed in (Butler and Wallingford, 2017; Devenport, 2014; Goodrich and Strutt,
2011).

There is a set of proteins named ‘core planar polarity proteins’ (or ‘core proteins’ in
short in this thesis) that specify cell polarity by being sorted to opposite cell edges in
the Drosophila wings. The earliest asymmetric localisation of core proteins observed
in Drosophila wing development is in late third instar wing discs and prepupal wings
(Classen et al., 2005). From this stage to about 15 h APF, the core proteins are
localised in a radial polarity pointing to the vein 3 (Aigouy et al., 2010; Classen et al.,
2005)(blue arrows in Figure 1.2 indicate the axis of planar polarity). After 18 h APF,
when pupal wings undergo the hinge contraction process, the alignment of the planar
polarity decreases and reaches the nadir at about 20 h APF (Aigouy et al., 2010),
during which the localisations of the core proteins are largely symmetric (Axelrod, 2001;
Usui et al., 1999). Then, the planar polarity gets re-established after hinge contraction
in the proximodistal axis, followed by the strongest asymmetric localisation of the core
proteins at 32 h APF, just before the emergence of the trichome (Aigouy et al., 2010;
Axelrod, 2001; Bastock et al., 2003; Strutt, 2001; Tree et al., 2002; Usui et al.,

1999)(Figure 1.2, blue arrows indicate the axis of planar polarity).

In this thesis, the term ‘establishment of planar polarity’ refers to the re-establishment
process of planar polarity from 24 h to 32 h APF. Actually, the planar polarity was
believed to be established only in this stage, until it is observed in wing discs and 6 h
APF prepupal wings (Classen et al., 2005). However, unlike the planar polarity
throughout the whole tissue in 24 h to 32 h APF, the polarity of the core proteins in

early pupal wings is only observed in part of the cells (Classen et al., 2005). Consistent
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with this, localisation of Dsh and Pk is reported to be symmetric in about 2 - 2.5 h (2h
for Dsh; 2.5 h for Pk) APF pre-pupal wings (Axelrod, 2001; Tree et al., 2002). The re-
establishment of planar polarity regulates the downstream effectors (see Section 1.2.4)

and positions the trichome emerges at 32 h APF (Strutt, 2001).

1.2.2.1 Core planar polarity proteins

In 24 h to 32 h APF stage pupal wings, the proximodistal sorted core proteins are
clustered into ‘distal complex’ and ‘proximal complex’, named after their subcellular
localisation. Specifically, the ‘distal complex’ consists of Frizzled (Fz), Dishevelled
(Dsh; DvI1-3 in mammals), Diego (Dgo; Inversin/Diversin in vertebrates), and Flamingo
(Fmi; also known as Starry night/ Stan in Drosophila; Celsr in mammals); while the
‘proximal complex’ consists of Strabismus (Stbm; also known as Van Gogh/Vang;
Vang-like/Vangl in vertebrates), Prickle (Pk), and also Fmi (Axelrod, 2001; Bastock et
al., 2003; Das et al., 2004; Feiguin et al., 2001; Shimada et al., 2001; Strutt, 2001; Tree
et al., 2002; Usui et al., 1999), reviewed in (Goodrich and Strutt, 2011)(Figure 1.5, A).

In the field of planar polarity research, the ommatidia in the Drosophila eye are another
major multicellular level readout system. Similar to the distribution of core proteins in
the wing, the core proteins are accumulated along the R3/R4 photoreceptor cell
boundary and localised asymmetrically in the developing Drosophila ommatidia.
Specifically, Fz is localised to the R3 side while Stbm to the R4 side (Das et al., 2002;
Rawls and Wolff, 2003; Strutt and Strutt, 2002)(Figure 1.5, A).

Besides Drosophila, the vertebrate homologues are also asymmetrically localised and
regulate planar polarity via a similar mechanism. For instance, in the sensory hair cells
of the inner ear (Etheridge et al., 2008; Montcouquiol et al., 2006; Wang et al., 2005;
Wang et al., 2006¢) and mouse skin (Devenport and Fuchs, 2008; Guo et al., 2004;
Wang et al., 2006b).
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Figure 1.4 Example phenotypes of core planar polarity gene mutant

(A) The pattern of the adult wing hairs in w[71118] wild-type Drosophila wing. The red
arrow indicates the distal-pointing direction of wing hairs. Scale bar 200 ym.

(B) The pattern of the adult wing hairs in fz[P21] mutant Drosophila wing. The
proximodistal alignment of wing hairs is no observed. Scale bar 200 ym.

(C) The pattern of hairs on paw in Frizzled6 heterozygotes mouse. The red arrow
indicates the distal-pointing direction of hairs.

(D) The pattern of hairs on paw in Frizzled6 homozygotes mouse.

(E) The pattern of sensory receptor cells in the mouse cochlea. The red arrow
indicates the actin-rich stereocilia face to the cochlear lumen.

(F) The pattern of sensory receptor cells in the mouse cochlea is disrupted in Vangl2
mutant mouse.

Images in (E) and (F) were reused with permission from (Zallen, 2007).

Images in (C) and (D) were reused with permission from (Guo et al., 2004) Copyright
(2004) National Academy of Sciences, U.S.A.
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Figure 1.5 Core planar polarity protein complex

(A) Schematic showing core planar polarity protein forming intercellular complex. Fmi,
Fz, Dsh, and Dgo localise on the distal cell end of the cell on the proximal side or on
the R3 photoreceptor cell boundary (shown on the left); Fmi, Stom, and Pk localise on
the proximal cell end of the cell on the distal side or on the R4 photoreceptor cell
boundary (shown on the right). The light green box region on Fz indicates the KTxxxW
motif.

(B) Schematic showing three cytoplasm core planar polarity proteins. Dsh is
consisting of 623 amino acids, with three major conserved domains: DIX, PDZ, and
DEP. Locations of S/T236-247 and Y473 are also indicated. Dgo is consisting of 927
amino acids, containing six ankyrin (ANK) repeats on its N terminus. Pk is consisting
of 963 amino acids, containing a PET domain, three LIM domains, and a C-terminal
prenylation motif (CaaX).
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Frizzled (Fz)
The 7-pass transmembrane protein Frizzled, consisting with 581 amino acids (aa),

obtains distal cell localisation in planar polarity re-establishment.

As well as acting in planar polarity, Fz also is involved in an evolutionarily conserved
canonical Wnt signalling pathway (also known as Wingless (Wg) signalling pathway in
Drosophila, Chen and Struhl, 1999). For this reason, the planar polarity pathway is
sometimes referred to as a ‘non-canonical Wnt pathway’, or Wnt/PCP pathway

(Goodrich and Strutt, 2011).

In Wnt/Wg signalling pathway, Fz acts as a receptor for Wnt ligands. Wnt ligands bind
to the N-terminal extracellular domain of Fz family receptors (Bhanot et al., 1996; Cong
et al., 2004b; Hsieh et al., 1999). After Wnt binding, Fz recruits Dsh and triggers the
nuclear localisation of Armadillo/B-Catenin, thus, activating Wnt/Wg target gene
expression (Cong et al., 2004a; b; Povelones et al., 2005; Umbhauer et al., 2000),

reviewed in (MacDonald et al., 2009).

The recruitment of Dsh is mediated by the C-terminal tail and the intracellular loops in

the transmembrane region:

The transmembrane region consists of seven transmembrane domains and the
associated intracellular loops and extracellular loops. The intracellular loops regulate
canonical Wnt pathway in vertebrates (Cong et al., 2004b); and both canonical Wnt
pathway and planar polarity in Drosophila (Jones et al., 1996; Povelones et al., 2005;

Strutt et al., 2012; Wu et al., 2008).

On the C-terminal side of the transmembrane region is the C-terminal tail which
contains a “KTxxxW” motif (Fz residues 557-561 in Drosophila, light green box region
in Figure 1.5 A indicates the KTxxxW motif on Fz). Mutations in the “KTxxxW” motif

reveal its importance in canonical Wnt pathway in vertebrates (Cong et al., 2004b;
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Umbhauer et al., 2000) and both canonical Wnt pathway and core planar polarity

pathway in Drosophila (Strutt et al., 2012; Wu et al., 2008).

Mutations in the intracellular loops and the C-terminal tail of vertebrate Fz block its
binding to Dsh (Cong et al., 2004b; Tauriello et al., 2012; Umbhauer et al., 2000; Wong
et al., 2003). Reduced or lost Dsh membrane localisation is also reported when these

two regions in Drosophila Fz are mutated (Strutt et al., 2012).

There are four Frizzled family receptors in Drosophila, Fz, Fz2, Fz3, and Fz4. While
the function of Fz3 and Fz4 is less well studied, Fz and Fz2 are redundant receptors
for Wg (Bhanot et al., 1999; Bhat, 1998; Chen and Struhl, 1999). Fz2 does not regulate
planar polarity, thus for planar polarity only Fz is involved. The pathway specificity may
be due to their subcellular localisation mediated by cytoplasmic tail. Fz has a shorter
cytoplasmic tail which localises it to the subapical region of cells, while Fz2 has a longer
cytoplasmic tail which localises it to the basolateral surface (Boutros et al., 2000; Wu

et al., 2004).

Dishevelled (Dsh)
Dsh is a cytoplasmic protein consisting of 623 aa, of which three homologs exist in

vertebrates (Dvl1, Dvl2, and DvI3).

In the context of planar polarity, Dsh is recruited to the distal complex by Fz (Axelrod,

2001; Shimada et al., 2001).

Similar to Fz, Dsh also participates in both Wg signalling pathway and core planar
polarity. If Fz is overexpressed in the wing, an increased level of Dsh is recruited to
and trapped in the distal subapical junctional region by Fz, which causes a reduction
in Wg signalling (Wu et al., 2004). Sharing between distinct pathways, there must be

a mechanism of Dsh that transduce signals selectively.
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Dsh has a delicate mechanism of transducing signals via binding to distinct
downstream components with distinct domains. Widely accepted, there are three
major conserved domains on Dsh: DIX (Dishevelled and Axin), PDZ (Post-synaptic
density protein-95, Disc large tumor suppressor, Zonula occludens-1) and DEP
(Dishevelled, EGL-10 and Pleckstrin)(Figure 1.5 B). All three domains have been
implicated in protein-protein interactions. Having no catalytic activity reported, Dsh
might serve as an adaptor or scaffold molecule (Boutros and Mlodzik, 1999;

Wallingford and Habas, 2005).

The DIX domain undergoes head-to-tail multimerization of Dsh (Schwarz-Romond et
al., 2007). The DEP domain is bound to Frizzled (Gammons et al., 2016; Tauriello et
al., 2012), and is essential to rescue planar polarity defects (Boutros et al., 1998) and
for Dsh to be recruited by Fz (Axelrod et al., 1998). Historically, The DIX and PDZ
domains are found essential for Wnt/Wg signalling, while The PDZ and DEP domains
participate in planar polarity signalling, reviewed in (Wallingford and Habas, 2005).
Recent publications point out that the PDZ domain is not required in canonical Wg
signalling in flies (Mieszczanek et al., 2022) and in vertebrates (Gammons et al., 2016).
Also, the DEP domain is found required for canonical signalling in vertebrates
(Gammons et al., 2016). Thus, to summarise, the DIX domain function is restricted in
canonical Wnt/Wg signalling and interacts with itself via homodimerization; the PDZ
domain function is restricted in non-canonical Wnt/Wg signalling planar polarity
pathway; while the DEP domain regulates the binding to Fz and participates in both

canonical and non-canonical Wnt/Wg signalling.

Diego (Dgo)

Dgo is a cytoplasmic protein with 927 amino acids containing six ankyrin (ANK) repeats
on its N terminus (Figure 1.5 B). Dgo is a member of distal complex binds to Dsh
(Jenny et al., 2005), whose junctional localisation requires Fz (Das et al., 2004; Feiguin

et al., 2001) and partially dependent on Dsh (Wu et al., 2008).
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Notably, Dgo participate in Dsh recruitment by Fz. In Dgo overexpressed wing discs,
Dsh-GFP is relocalised into subapical regions instead of cytoplasmic and basolateral

regions in a Fz-dependent manner (Wu et al., 2008).

Strabismus (Stbm)

The proximal complex protein Stbm is a transmembrane protein, consisting with 608
aa, with 4 transmembrane domains and a C-terminal PDZ-binding motif (Wolff and
Rubin, 1998). To date, no function of Stbm other than regulating planar polarity has
been reported. In the context of planar polarity, Stbm is asymmetrically localised to

proximal cell edges and recruits Pk (Bastock et al., 2003).

Prickle (Pk)

PK[Pk], Pk[Sple], and Pk[M] are three isoforms of the Prickle gene in Drosophila, only
differing in their N-terminal. Pk is the dominant isoform in the wing and notum, while
Sple dominantly functions in the legs, abdomen and eye (Gubb et al., 1999). The
balance of Pk/Sple isoform is crucial for planar polarity (Collu et al., 2018; Gubb et al.,
1999). Pk[M] is only expressed in embryo and has no phenotype in adults, whose

function is also unknown (Gubb et al., 1999).

Pk contains a PET domain (Prickle, Espinas, and Testin), three LIM domains (Gubb et
al., 1999), and a C-terminal prenylation motif (Figure 1.5 B). The proximal protein Pk
is reported to bind to Stbm (Bastock et al., 2003; Jenny et al., 2003). Such binding is
likely mediated by LIM domain as the LIM domain is usually involved in protein binding
via the two zinc-finger motifs. The prenylation motif, which mediates the membrane
localisation of cytoplasmic proteins via prenylation (Maurer-Stroh et al., 2007), is also
required for the normal localisation and function of Pk in planar polarity pathway (Lin
and Gubb, 2009; Strutt et al., 2013b; Veeman et al., 2003). The prenylation of Pk

promotes its interaction with Stbm (Strutt et al., 2013b).
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Flamingo (Fmi)

The atypical cadherin Fmi is a large protocadherin with about 3,600 amino acids,
contains seven transmembrane domains and a large extracellular domain, which
consists of nine cadherin motifs, four EGF-like motifs, and two laminin G motifs (Chae
etal., 1999; Usui et al., 1999). Unlike the classical cadherins, Fmi lacks catenin binding
site, suggesting that it is not directly linked to the cytoskeleton mediated cell adhesion
(Chae et al., 1999; Usui et al., 1999). Instead, Fmi may be involved in intercellular

adhesion as it undergoes homophilic interactions in vitro (Usui et al., 1999).

Although it is previously noted that Fmi is also known as Stan, Fmi and Stan are two
isoforms of the fmi gene. The more common Stan isoform has a PDZ-binding motif on

its C-terminal, which is absent in Fmi isoform (Wasserscheid et al., 2007).

1.2.3 The mechanisms of planar polarity

As stated above, the planar polarity is re-established before 32 h APF (Aigouy et al.,
2010; Axelrod, 2001; Bastock et al., 2003; Strutt, 2001; Tree et al., 2002; Usui et al.,
1999). Dsh and Pk are found recruited to apical junctional region symmetrically at early
pupal stage (Axelrod, 2001; Tree et al., 2002). Subsequently, at 18-24 h APF, Fz and
Dsh obtain distal localisation, which peaks at 30 h APF just before the emergence of

the trichomes (Axelrod, 2001; Strutt, 2001; Tree et al., 2002).

There are three levels of mechanism required in the establishment process of the
tissue scale planar polarity: 1) The molecular-scale local sorting and feedback, 2) The

cell-scale sorting to opposite cell ends, and 3) tissue level upstream signals.

1.2.3.1 The molecular scale mechanisms
The molecular scale mechanisms describe the formation of the core planar polarity

protein complex at cell junctions. Because the formation of the intercellular complex
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involves the complexes forming within cells and the intercellular binding of the

transmembrane proteins, | would describe these two processes separately.

Intercellular recognition and binding

One of the features of the planar polarity is the non-autonomous signalling between
adjacent cells, which depends on the intercellular interactions of core proteins (Figure
1.6). When Fz is absent within a clone, Stbm within the clone localises to the clone
boundary where it can interact with Fz in the neighbouring wild type cells; Fz protein
of the neighbouring wild-type cells accumulates on the clone boundary (Figure 1.6 A,
Chen et al., 2008; Strutt and Strutt, 2007; Strutt, 2001). Also, trichomes of surrounding
wild-type cells point towards the fz- clone (Adler et al., 2000; Gubb and Garcia-Bellido,
1982; Lawrence et al., 2004; Struhl et al., 2012; Vinson and Adler, 1987). Such non-
autonomy can be propagated over several rows of cells (Vinson and Adler, 1987).
Similarly, at the edge of the stbm- clone, wild-type cells localise their proximal complex
at the clone boundary and thus reorient trichomes away from the clone (Figure 1.6 B,
Chen et al., 2008; Lawrence et al., 2004; Strutt and Strutt, 2007; Taylor et al., 1998).
Unlike fz- or stbm- clones, clones of fmi- mutation have no non-autonomous changes
in trichome direction (Chen et al., 2008; Lawrence et al., 2004; Struhl et al., 2012; Strutt
and Strutt, 2007), and co-mutant of fmi- and fz-/stbm- abolishes the change in trichome
direction in fz- and stbm- clones (Strutt and Strutt, 2007). The loss of non-autonomy
suggests that Fmi is required for coordinating intercellular planar polarity formation at

both sides of cell boundaries.

The non-autonomous signalling requires the recognition and binding between the

distal complex proteins and the proximal complex proteins in their intercellular domains:

Fmi can interact homophilically between adjacent cells via its extracellular cadherin

repeats (Usui et al., 1999). Fmi:Fmi (“:” represents intercellular binding) homodimers

are asymmetrically distributed, recruiting Fz and Stbm at each side of the cell boundary,
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where it serves as an intercellular bridge (Chen et al., 2008; Struhl et al., 2012; Strutt
and Strutt, 2007). Comparing to Stbm, Fz is preferred to be recruited to the clone
border by Fmi:Fmi, suggesting that Fmi has higher affinity for Fz than Stbm (Chen et
al., 2008; Strutt and Strutt, 2008). Furthermore, The Fz-Fmi:Fmi complex is necessary

and sulfficient to polarise trichomes in cells, in the absence of Stbm (Struhl et al., 2012).

The formation of the Fz-Fmi:Fmi complex is crucial for the planar polarity establishment.
The mutation of either component largely disrupts the apical junctional localisation of
other core proteins (Struhl et al., 2012; Strutt and Strutt, 2007; Strutt, 2001). The
correct localisation of Fz-Fmi:Fmi complex might be the first step of the planar polarity
establishment, as it recruits Stom of neighbouring cells (Chen et al., 2008), which in
turn stabilises Fmi (Strutt and Strutt, 2008) and Fz (Warrington et al., 2017) on
membrane (Figure 1.7). Despite the colocalisation and the mutual recruitment between
Fz and Stbm (Chen et al., 2008; Strutt and Strutt, 2007), whether Fz and Stbm
physically bind to each other is unclear. (Wu and Mlodzik, 2008) report the physical
interaction in in vitro pull-down experiments and in ex vivo cell interaction experiments;
while (Chen et al., 2008) show that there is no direct evidence for the physical
interaction, in this case, the recruitment and the stabilising function of Stbm is likely via

cis- binding to Fmi.
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Figure 1.6 Non-autonomous effect of fz- and stbm- mutant clones

proximal distal

posterior

Schematics showing the non-autonomous effect of fz- (A) and stbm- (B) mutant clones.
Fz cell membrane localisation is represented by green lines; Stbm cell membrane
localisation is represented by red lines.

(A) fz- clone alters Fz and Stbm localisation and trichome direction in neighbouring
wild-type cells. Black arrows indicate the orientation of trichomes in neighbouring wild-
type cells point towards the fz- clone.

(B) stbm- clone alters Fz and Stbm localisation and trichome direction in neighbouring
wild-type cells. Black arrows indicate the orientation of trichomes in neighbouring wild-
type cells point away from the stbm- clone.
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Figure 1.7 Fz-Fmi:Fmi:Stbm bridge

(A) Fmi can interact homophilically between adjacent cells, and recruits Fz and Stbm.
(B) Fzis preferred to be recruited to Fmi:Fmi.

(C) Fz-Fmi:Fmi complex recruits Stbm and forming the intercellular Fz-Fmi:Fmi:Stbm
bridge
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Formation of the distal and proximal complex

After the formation of the intercellular bridge of Fmi, cytoplasmic core proteins
accumulate and form highly dense structure described as puncta, where asymmetry is
greater and core proteins are highly stable with lower turnover rates (Figure 1.8 A, red

arrows indicate puncta)(Brittle et al., 2022; Cho et al., 2015a; Strutt et al., 2011).

The formation of puncta results from the networks of interactions within the distal
complex components and within the proximal complex components, respectively.
Within the distal complex, Fz recruits Dsh (Shimada et al., 2001; Strutt et al., 2012)(see
Section 1.2.2.1-Frizzled (Fz)) and may also recruit Dgo (Wu et al., 2008); while Dsh
recruits Dgo (Wu et al., 2008). Within the distal complex, Stbm recruits Pk (Bastock et
al., 2003; Strutt et al., 2013b). Evidence in physical interactions also supports the view
of the networks of interactions, summarised in Table 1.1 and reviewed in (Harrison et

al., 2020).

Cytoplasmic core proteins in the puncta contribute to stabilising the core proteins. The
stability of Fz in puncta is weakened in the absence of cytoplasmic Dsh, Dgo, and Pk,
as well as reduced polarity (Strutt et al., 2011; Warrington et al., 2017); the
overexpression of these cytoplasmic core proteins, in contrast, leads to the formation
of larger puncta (Cho et al., 2015b; Feiguin et al., 2001; Tree et al., 2002). Besides, Pk
localises symmetrically on cell membrane in both fz- and dsh- tissue (Tree et al., 2002)
and the acute sequestration of Dsh weakens the membrane localisation of Pk in the
adjacent cell (Ressurreicao et al., 2018), suggesting a stabilisation function of Dsh
across junctions. Also, the absence of Pk reduces Dsh distal membrane localisation in
adjacent cells (Tree et al., 2002). However, aside from stabilising core proteins,
cytoplasmic proteins Dsh and Pk are not required for intercellular signalling as dsh- or
pk- mutant clones still exhibit non-autonomous Fmi localisation in adjacent cells (Strutt

and Strutt, 2007).
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Cloud model and feedback

The previous two sections introduce the local intracellular interactions and the
intercellular binding of core proteins. Such multiple binding suggests that the core
proteins stabilise into a signalosome-like complex in a mutual binding manner (Strutt
et al., 2016). However, mutual bindings cannot explain the alignment of complexes
within the puncta. How the core proteins complex establishes its asymmetricity is still

unclear. Here, | will introduce a molecular level ‘feedback’ model.

The basic principle of the ‘feedback’ model is that complexes with the same orientation
will be stabilised in the puncta, while complexes of the opposite orientation will be
destabilised (Figure 1.8 B). Specifically, distal complexes stabilise other distal
complexes and destabilise proximal complexes on cell junctions; while proximal

complexes stabilise other proximal complexes and destabilise distal complexes.
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Figure 1.8 Feedback model

(A) Fmi immunolabelling in 28 h APF w([71118] wild-type pupal wings. Red arrows
indicate Fmi puncta with high intensity. Scale bar 5 ym.

(B) Schematic showing the feedback model where distal complexes stabilise other
distal complexes and destabilise proximal complexes; while proximal complexes
stabilise other proximal complexes and destabilise distal complexes. Thus, two sets of
proteins localise to opposite cell ends.
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Table 1.1 Direct interactions between core proteins
Direct distal complex Both Proximal complex
interaction complex
Fz Dsh Dgo Fmi Stbm Pk
distal Fz / / / / /
Dsh | PEPS / / / /
complex CAN-
based
ELISA
(Taurie
llo et
al.,
2012)
Dgo Co-IP / / /
GST
(Jenny
et al.,
2005)
Both Fmi Co-IP / /
complex (Chen
et al.,
2008)
Proximal | Stbm | Co-IP | Co-IP GST Co-IP GST /
** (Bastock | (Das et | *** (Jenny et
complex (Montc | et al., al., (Devenp | al., 2003)
ouquiol | 2003) 2004) ort and Co-IP,
et al., GST Fuchs, yeast
2006) | (Jenny 2008) two-
et al., hybrid
2003) (Belotti
etal.,
2012)
Pk GST GST Co-IP GST
Tree et (Das et (Bastock | (Jenny et
al., 2002 | al., etal., al., 2003)
(Jenny 2004) 2003)
et al., GST
2005) (Jenny et
al., 2003)

*  Mouse Fzd5 binds to DvI1

**  Mouse Fzd3 binds to Vangl2
*** Mouse Celsr1 binds to Vang|2
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One example of feedback is between Pk and Fz/Dsh. On the one hand, Pk localisation
is regulated by the distal Fz/Dsh complex as Pk localises symmetrically in both fz- and
dsh- tissue (Tree et al., 2002). On the other hand, the distal complex is also regulated
by Pk as the pk- mutant experiments show that the proximal localisation of Pk is
required for the correct distal localisation of Fz (Strutt, 2001) and Dsh (Tree et al.,
2002), and for the overexpression phenotype of Dsh and Fz (Tree et al., 2002).
Besides, induced expression of Pk in pk- mutant background decreases Fz-EGFP
stable amount on cell junctions (Warrington et al., 2017). The decreasing effect of
induced Pk on Fz is Dsh dependent, as induction of Pk in pk-,dsh- double mutant
background increases Fz-EGFP stable amount instead (Warrington et al., 2017). This
suggests a model where when Pk mis-localises distally it interacts with Fz-Dsh
complex and destabilise Fz/Dsh complex from the distal cell junction. Supporting this
model, Pk is reported to bind to Dsh (Jenny et al., 2005; Tree et al., 2002) and block
Dsh membrane localisation when co-transfected in human cells (Tree et al., 2002). An
in vitro experiment also shows that Pk competes with Dgo for Dsh binding (Jenny et
al., 2005). This can be the mechanism for the decreasing effect of Pk on Fz-EGFP in
(Warrington et al., 2017) where induced Pk mis-localises distally and binds to Dsh to

reduce its membrane localisation, thus, destabilises the distal complex.

Another example of feedback model is that overexpression of Pk induces Fmi/Vang/Pk
complex internalisation in pupal wings (Cho et al., 2015b). Interestingly, such
internalisation requires the presence of Fz (Cho et al., 2015b), suggesting a negative
feedback model where overexpressed Pk mis-localises Fmi/Vang/Pk complex to distal
cell ends thus being internalised in a Fz dependent manner. Supporting this, core
protein puncta are larger and less asymmetric in Pk overexpressed tissue (Bastock et

al., 2003; Cho et al., 2015b), suggesting a mis-localisation of Fmi/VVang/Pk complex.

Other than the internalisation of Fmi/Vang/Pk complex stated above (Cho et al., 2015b),
Fz (Warrington et al., 2017) and Fmi (Strutt and Strutt, 2008) are also found to be

endocytosed. Fmi and Fz are proposed to be co-trafficked as blocking trafficking to
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late endosomes leads to early endosomes accumulation of Fmi and Fz (Strutt and
Strutt, 2008). In addition, the loss of Rabenosyn-5 (Rbsn-5), an evolutionarily
conserved effector of the small GTPase Rab5, results in intracellular accumulation of
the recycling Fmi fraction (Mottola et al., 2010), suggesting recycling of Fmi.
Interestingly, Fmi directly associates with Snx27 in vitro, a retromer-associated cargo
adaptor which controls endosomal recycling, and loss of Snx27 reduces Fmi and Stbm
junctional levels in pupal wings clones, suggesting a Fmi mediated endosomal
recycling of Fmi and Stbm back to the plasma membrane (Strutt et al., 2019b). Also,
Rbsn-5 is found distributed in proximodistal axis in a Fmi-dependent manner (Mottola
et al., 2010), and the exocyst component Sec5, whose mutation tissue accumulates
Cadherin in internal vesicles, is also recruited by Fmi (Classen et al., 2005), suggesting
Fmi regulates vesicles recycle. Thus, these examples suggest that the internalised

vesicles may get recycled back onto the cell junction in a feedback manner.

Another piece of evidence supporting the feedback model is the mutual interaction
between distal components and proximal components (summarised in Table 1.1). The
physical interactions suggest the possibly destabilising interaction between the
oppositely oriented complex and the correctly oriented complex. However, there is no
direct evidence showing the existence of the mixed opposite oriented complex in
physiological conditions (Brittle et al., 2022), presumably because the feedback is

active.

Multiple evidence shows that Post-Translational Modification (PTM) regulates core
protein localisation on the membrane, which may be involved in the feedback
mechanism. Dsh is a target for Cullin3-Diablo/Kelch E3 ubiquitin ligase complex
mediated ubiquitylation and is targeted for proteasomal degradation, which results in
a reduction in Dsh level at cell junctions (Angers et al., 2006; Strutt et al., 2013a).
Besides, Pk is a target for Cullin1(Cul1)/SkpA/Supernumerary limbs (Slimb) complex
mediated ubiquitylation (Cho et al., 2015b). While the prenylation of Pk promotes its

recruitment to Stbm(Strutt et al., 2013b), Stbm reversely promotes the degradation of
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excess Pk via Cullin1 complex (Cho et al., 2015b; Nagaoka et al., 2019; Strutt et al.,
2013b). Also, deubiquitylation is reported to regulate the core protein recycling and
membrane localisation as the deubiquitinase Fat facets (Faf) promotes the junctional
localisation of internalised Fmi (Strutt et al., 2013a). In addition, the phosphorylation of
kinases, the main topic of this thesis, is also found to regulate planar polarity and may

be important for feedback, see Introduction 1.3, reviewed in (Harrison et al., 2020).

1.2.3.2 Upstream signals

In Section 1.2.3.1, | described mutual interactions among core proteins which lead to
positive and negative feedback. Computational models have shown that positive and
negative feedback interactions are sufficient to establish the asymmetric localisation
of core proteins via amplifying an initial slight bias (Amonlirdviman et al., 2005; Burak
and Shraiman, 2009; Fisher and Strutt, 2019; Le Garrec et al., 2006; Schamberg et al.,
2010). The question now is, is there an initial bias? What is the initial slight bias? Is it

provided by a long-range upstream signal cue? What is this upstream signal?

The identification of a long-range upstream signal cue is controversial. There are two
signalling pathways that have been proposed to act upstream of core planar polarity
pathway: 1) Fat-Dachsous (Ft-Ds) pathway and 2) Wg signalling pathway. Also, there

are other possible mechanisms, e.g., hinge contraction.

Ft-Ds pathway

The Ft-Ds pathway consists of four major components: two atypical cadherins Fat
(Ft)(Mahoney et al., 1991) and Dachsous (Ds)(Clark et al., 1995), the atypical myosin
Dachs (D)(Mao et al., 2006), and the Golgi-localized kinase Four-jointed (Fj)(Brodsky
and Steller, 1996; Villano and Katz, 1995).

Ft contains 34 cadherin repeats (Mahoney et al., 1991) and Ds contains 27 cadherin

repeats (Clark et al., 1995). Ft and Ds localise asymmetrically in Drosophila epithelial
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tissues and form heterophilic intercellular complexes between adjacent cells
(Ambegaonkar et al., 2012; Brittle et al., 2012; Ma et al., 2003; Matakatsu and Blair,
2004). The heterophilic binding is regulated by the phosphorylation on the extracellular
cadherin repeats by Fj (Ishikawa et al., 2008). The phosphorylation promotes the
binding of Ft to Ds but inhibits binding of Ds to Ft (Brittle et al., 2010; Hale et al., 2015;
Ishikawa et al., 2008; Simon et al., 2010; Strutt et al., 2004).

The expressions of Fj and Ds present gradients. In the wing disc, Fj is expressed
higher distally and lower proximally, while Ds is expressed proximally in the hinge
region; in the pupal wing, the expression of Fj is higher at the wing margin, while Ds is
expressed along the centre stripe of the wing (Figure 1.2)(Hale et al., 2015; Matakatsu
and Blair, 2004; Strutt et al., 2004; Strutt and Strutt, 2002). This leads to a model where
the asymmetry of Ft and Ds is driven by the gradient of Fj: the cells with higher Fj
activity promote Ft binding to Ds of the lower Fj activity cells. Although Ft appears to
be uniformly expressed, the expression gradients of Fj and Ds lead to a preferred
proximally subcellular localisation of Ft. Thus, Ds localises to distal cell edges and Ft
localises to proximal cell edges in the wing disc (Ambegaonkar et al., 2012; Brittle et
al., 2012), reviewed in (Strutt and Strutt, 2021; Thomas and Strutt, 2012). In addition,
D colocalises with Ds at distal cell junctions and transduces Ft-Ds signalling via 1)
binding and inhibiting Warts (Wts, a component of the Hippo signalling pathway), and

2) orienting spindle affecting cell division (reviewed in (Thomas and Strutt, 2012)).

Several lines of evidence suggest that Ft-Ds signalling is required for core planar
polarity pathway. The core protein Fmi and Dsh localisation is observed to be mis-
oriented in ft- clones in Drosophila pupal wings (Ma et al., 2003; Strutt and Strutt, 2002).
Loss of ft or ds correspondingly induces swirling wing hair pattern (Matakatsu and Blair,
2004; Strutt and Strutt, 2002). Also, when Ds is induced to mis-express, the core
protein Fz in pupal wing stage get mis-oriented, the wing hairs in adult wings are also

in a swirling pattern (Matakatsu and Blair, 2004).
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There is also evidence denying a direct link between the core pathway and the Ft-Ds
pathway in the wing. Loss of the Ft-Ds gradient by uniform expression rescues the
swirling wing hair phenotype in majority compartment of wings (Brittle et al., 2012;
Sagner et al., 2012; Simon, 2004), suggesting that Ft-Ds gradient is not the direct long-
range cue. Nevertheless, expression of Ft lacking extracellular domain still rescues ft
mutant phenotype, suggesting the asymmetrical localisation driven by the Ft/Ds

interaction is not essential (Matakatsu and Blair, 2006; 2012; Pan et al., 2013).

Albeit there is evidence supporting the role of Ft-Ds pathway in regulating planar
polarity, the evidence against it is stronger in the pupal wing. Thus, the Ft-Ds pathway
may serve as a redundant regulator or only functions via affecting wing morphology.
Supporting the indirection role, the effect of Ft-Ds on regulating planar polarity is
proposed to be due to change in wing growth, given the fact that Ft and D are also
Hpo/Wts pathway components (Brittle et al., 2012; Feng and Irvine, 2007; Mao et al.,
2006; Matakatsu and Blair, 2006). Also, Cell packing is proposed to regulate planar
polarity, which is disrupted in ft clones (Ma et al., 2008). Tissue flow is also proposed
to regulate planar polarity, which is disrupted in ft- or ds- pupal wings (Aigouy et al.,
2010). As the hinge contraction (see Section Hinge Contraction) generates tissue
flow, the Ft-Ds pathway may indirectly regulate planar polarity via affecting hinge

contraction. For more information, please see Review (Strutt and Strutt, 2021).

Wnt/Wg signalling
The core planar polarity proteins Fz and Dsh are also two conserved members of the
Wnt/Wg signalling pathway. For this reason, whether Wnt ligands regulate planar

polarity and how different outputs are specified are two important questions in the field.

There is evidence showing Wnt5a, Wnt7a, and Wnt11 ligands are required for planar

polarity in specific vertebrate tissues, reviewed in (Gao and Yang, 2013; Rogers and

Scholpp, 2022; Seifert and Mlodzik, 2007). For instance, given that the convergent
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extension is regulated by planar polarity pathway (Jessen et al., 2002; Wang et al.,
2006a; Yin et al., 2008), Wnt5 and Wnt11 have been shown to be required for
convergent extension in vertebrates (Heisenberg et al., 2000; Lele et al., 2001; Tada
and Smith, 2000; Westfall et al., 2003). Recent publications also support that Wnt
signalling is required for planar polarity in vertebrates. Research in alveolar formation
showed an essential role of Vangl2 in Wnt5a-mediated alveologenesis in mice (Zhang
et al., 2020). Besides, loss of Wnt5a in mice causes defects in heart formation and can
be rescued by expressing a planar polarity effector Daam1, a Dvl-binding protein (Li et

al., 2019), providing new evidence for Wnt5a act upstream of planar polarity.

The role of Wnt signalling in planar polarity in vertebrates is suggested to be instructive.
In chick embryo development, WNT11 mediates orientational myocyte, the primitive
muscle fibres, elongation through planar polarity pathway, and the ectopic source of
WNT11 changes the orientation of myocytes (Gros et al., 2009). Wnt5a exhibits a
gradient in developing vertebrates, which induces Vangl2 Thr/Ser phosphorylation by
Ror2 (Gao et al., 2011) or CK1¢/d (Yang et al., 2017) in a Wnt5a dose-dependent
manner. In Xenopus early ectoderm, Vangl2/Prickle3 complex is polarised to the
anterior cell end whose polarity can be disrupted by Wnt antagonists (Chu and Sokol,
2016). Such polarity of Vangl2/Prickle3 complex is oriented by Wnt5a, Wnt11, and
Wnt11b as the Vangl2/Prickle3 complexes localise away from ectopic Wnts sources
(Chu and Sokol, 2016). Similarly, the polarity of Vangl2 in the neuroectoderm can also
be re-oriented by ectopic Wnts source (Chu and Sokol, 2016). Also, in node cells of
mouse embryos, loss of anterior-posteriorly distributed Wnt5 and Sfrps (secreted
Frizzled-related proteins, a Wnt antagonist) results in mis-localisation of its Basal Body,
which requires Prickle 1 and Prickle 2 (Minegishi et al., 2017). Similar loss of polarity
phenotype is also present in the even distribution of Wnt5a or Sfrp1 (Minegishi et al.,

2017).

Although vertebrate research links downstream planar polarity effectors to Wnt ligands,

evidence supporting Wg signalling regulating planar polarity in Drosophila is
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insufficient. Unlike in vertebrates, mutants lacking Wg, DWnt-2, DWnt-4, D-Wnt-6, and
D-Wnt-10 show no planar polarity defects in wings (Chen et al., 2008). In addition,
CRISPR-based Wnt/Wg knock-outs and Wg RNAI experiments produce no planar
polarity defects and blocking Wg ligand secretion does not produce detectable planar

polarity phenotypes (Ewen-Campen et al., 2020; Yu et al., 2020).

Hinge Contraction
As stated above, the planar polarity gets rearranged from the radial axis to the
proximodistal axis during hinge contraction (Figure 1.2)(Aigouy et al., 2010; Classen

et al., 2005). The hinge contraction is also considered to regulate planar polarity.

Supporting this, the planar polarity re-establishment is disrupted when the hinge
contraction is disrupted by severing the wing hinge (Aigouy et al., 2010; Etournay et
al., 2015). The hinge contraction may result in diverse effects, including cell elongation,
directional mechanical forces, and cell rearrangement (Aigouy et al., 2010). Although
the hinge contraction does not explain how the initial bias is formed, it provides a view

of how global alignment of planar polarity is formed.

Since the identification of the upstream clue in Drosophila wings is controversial, these
mechanisms may function redundantly, or there could be other unknown signals

serving as the global upstream clue.

1.2.3.3 The cell-scale sorting to opposite cell ends

So far, | have described the feedback model where an initial bias is needed, and the
possible upstream clue which may provide such an initial bias. However, these models
fail to explain the observation where the induced expression of Fz in fz- background at
24 h APF leads to a swirling pattern of wing hairs (Strutt and Strutt, 2002). In this case,

on the one hand, as the putative global tissue-scale signal results in a proximodistal
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polarity, the swirling pattern should not be the direct result of it. On the other hand,
since the wing is initially lacking Fz, there is not an initial bias to be amplified by
feedback. Therefore, there shall be a cell-scale mechanism breaking the symmetry
(Fischer et al., 2013). One possible mechanism that localises core protein complexes

to opposite cell ends is discussed in Discussion 5.2.1.

1.2.4 Downstream of planar polarity

Trichome orientation is the main readout of planar polarity in Drosophila pupal wings.
The trichomes are actin-rich hairs that grow from the distal cell edge of Drosophila
pupal wing cells at about 32h APF (Figure 1.2), which develop into wing hairs in adult
wings. The distal localisation of the trichome is regulated by planar polarity core
proteins, whose absence leads trichomes to initiate from the centre of the cell (Strutt,

2001; Wong and Adler, 1993).

Although the mechanism is still unclear, the ‘planar polarity effector (PPE) proteins’ act
downstream of core planar polarity proteins to regulate trichome localisation and
direction. Three planar polarity effector proteins: Inturned (In), Fritz (Frtz), and Fuzzy
(Fy), are localised to the proximal cell ends in core protein-dependent manner (Adler
et al., 2004; Collier and Gubb, 1997; Collier et al., 2005; Gubb and Garcia-Bellido,
1982; Park et al., 1996; Strutt and Warrington, 2008; Wong and Adler, 1993). The core
proteins and the PPE proteins act with Rab23 (Gerondopoulos et al., 2019) to localise
an actin cytoskeleton inhibitor Multiple wing hair (Mwh) to the proximal side, thus,
inhibiting the trichome forming proximally (Adler et al., 2004; Lu et al., 2015; Lu et al.,
2010; Strutt and Warrington, 2008).
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1.30verview of kinases

‘Kinase’ is a term used to describe a group of enzymes that transfer phosphate groups
to their substrates. Categorising by its substrates, there are protein kinases, lipid
kinases, carbohydrate kinases, etc. In this thesis, | focus on protein kinases and the

term ‘kinase’ narrowly refers to ‘protein kinase’.

The transfer process of phosphate groups is called phosphorylation. The protein
kinases transfer one phosphate group from the high energy ATP to the amino acid side

chain to form a reversible covalent bond, and meanwhile produce an ADP.

Serine (Ser, S), threonine (Thr, T), and tyrosine (Tyr, Y) are the three most widely
studied phosphorylatable amino acids. All these three amino acids contain hydroxyl
group (-OH) on their side chain and form phosphoester (P-O) bonds after
phosphorylation. Categorising by the substrate amino acid, there are serine/threonine
(S/T) kinases and tyrosine kinases. Note, but irrelevant to this thesis, Histidine can
also be phosphorylated and form phosphoramidate (P-N) bonds, which are less stable

than P-O bonds.

The kinases are well conserved from bacteria to animals and plants. There are more
than 500 protein kinases encoded by the human genome, whose phosphorylation
activity regulates a vast range of biochemical processes. For instance, they can
activate or deactivate a protein, stabilise or destabilise a protein, and associate or
dissociate a protein with others. These activities make kinases excellent candidates
for mediating feedback between the core proteins. Specifically, kinase may promote
physical interactions between core proteins, stabilise core proteins into puncta or
destabilise the mis-localised core protein from the puncta. In following sections, | will
introduce some candidate kinases involve in regulating planar polarity (also reviewed

in (Harrison et al., 2020)).
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1.3.1 aPKC

Atypical Protein Kinase C (aPKC) is a crucial apicobasal polarity regulator localised to
the apical marginal region (Section 1.2.1.2, reviewed in (Goldstein and Macara, 2007;
Suzuki and Ohno, 2006)). It is also reported to regulate planar polarity in Drosophila

eyes (Djiane et al., 2005).

Djiane et al. proposed that aPKC is recruited to Fz via dPatj which binds the
cytoplasmic tail of Fz (Djiane et al., 2005). In addition, aPKC is reported to
phosphorylate Fz in vitro on S554 and S560 residues in the C-terminal tail (Figure 1.5
A, light green box region indicates the KTxxxW motif on Fz)(Djiane et al., 2005). While
overexpression of Fz or phosphomutant form of Fz induces chirality defects in
ommatidia, overexpression of phosphomimetic form of Fz provides relatively normal
phenotype (Djiane et al., 2005), suggesting aPKC phosphorylates and inhibits Fz in

eyes.

Whether aPKC regulates planar polarity in the wing and the mechanism of how such
phosphorylation alters the planar polarity is currently unknown. A possible model is
that the Fz phosphorylation inhibits Dsh binding thus downregulates planar polarity.
Two putative phosphorylation sites S554 and S560 are previously shown to be
involved in Dsh recruitment. Fz[S554>F] mutant fails to recruit Dsh (Strutt et al., 2012)
and S560 lies within the conserved KTxxxW motif, which is also required for Dsh
binding in Xenopus (Umbhauer et al., 2000), in vitro (Wong et al., 2003), and in

Drosophila wing discs (Wu et al., 2008).

The function of aPKC in planar polarity in the wing is further examined in Chapter 2

and Chapter 4.
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13.2 Par-1

Based on mass-spectrometry analysis data, Yanfeng et al. identified multiple phospho-
residues of Dsh in vivo (Yanfeng et al., 2011). Although this study surprisingly claims
that all conserved serines/threonines residues are non-essential for planar polarity
(Yanfeng et al., 2011), lines of evidence show serines/threonines kinases Par-1 and
Casein Kinase le (CKlg, also known as Discs Overgrown, Dco, in flies) phosphorylate
Dsh and regulate planar polarity (Klein et al., 2006; Penton et al., 2002; Strutt et al.,
2019a; Strutt et al., 2006). Such a conflict may be due to the redundancy between sites.
Yanfeng et al., in their rescue screening, only tested cluster mutations within DEP
domain or C-terminal of Dsh, while the clusters reported in other publications (S/T236-

247, upstream of PDZ domain, Figure 1.5 B) were only screened in single mutations.

Drosophila PAR-1 is a conserved member of the PAR-1 kinase family, which is the
homolog of C. elegans PAR-1 and the mammalian MARKSs. Par-1 was previously
shown to be required for convergent extension in Xenopus (Ossipova et al., 2005).
Par-1 binds to and phosphorylates an S/T rich region of Dsh (S/T236-247) in Xenopus
embryo, thus positively regulating the Wnt signalling pathway and inhibiting Jun-N-
terminal kinase (JNK) pathway (Sun et al., 2001). Mutations in these residues reduce

the Fz-dependent Dsh membrane localisation (Ossipova et al., 2005).

Studies in Drosophila also found that mutations in S/T236-247 do not rescue the planar
polarity defect in dsh[71] mutant in Drosophila (Penton et al., 2002). However, whether
Par-1 directly phosphorylates Dsh in vivo in the Drosophila pupal wing model, and

whether it regulates Dsh localisation remains unknown.

The function of Par-1 in Drosophila wings is examined in Chapter 2.
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1.3.3 CKile/Dco

CKle/Deo is a highly conserved Ser/Thr protein kinase which is also known as
Doubletime (Dbt) as it was independently identified in studies in Drosophila circadian
rhythm (Ko et al.,, 2002). In the regulation of the circadian phenotype, Dco
phosphorylates and promotes the turnover of the circadian protein Period (Kloss et al.,

1998).

Dco is reported to affect planar polarity. Wing hairs are found to be mis-orientated in
dco- mutant clones (Klein et al., 2006), dco- mutant whole wings, dominant-negative
Dco expressed tissue, and Dco RNAIi expressed tissue (Strutt et al, 2006). Dco
overexpression also leads to a wing hair mis-orientation phenotype (Strutt et al., 2019a;
Strutt and Strutt, 2020). Besides in adult wings, in dco- mutants clones in pupal wings,
Dsh is found to be localised in puncta that are uniformly distributed around the cell
edge (Strutt et al., 2006). It is also shown that dominant-negative form of Dco

destabilises Dsh from the membrane (Strutt et al., 2019a).

The function of Dco on planar polarity is likely due, in part, to its phosphorylation activity
on Dsh. First of all, Dco binds and phosphorylates Dsh in Wnt/Wg signalling pathway
(Bernatik et al., 2014; Cong et al., 2004a; Gao et al., 2002; Kishida et al., 2001; Klein
et al., 2006; McKay et al., 2001; Peters et al., 1999; Sakanaka et al., 1999; Zhang et
al., 2006). In Drosophila wing tissue, dco- mutant reduces Dsh phosphorylation level
(Strutt et al., 2006). Expression of dominant-negative forms of Dco in pupal wings also
reduces Dsh phosphorylation in vivo (Klein et al., 2006; Strutt et al., 2006). In vitro
kinase assay shows that the mutation on residue S236 in the PDZ domain blocks the
phosphorylation of Dsh by vertebrate Dco homologue CKle (Klein et al., 2006). S236
lies within S/T236-247, suggesting CKle/Dco shares the possible phosphorylation site
with Par-1 (Strutt et al., 2006). Furthermore, loss of two newly found regulators of
Dco/CKle activity, DAnkrd49 (an ankyrin repeat protein) or Bdbt (Bride of Doubletime,
a non-canonical FK506 binding protein family member) results in a reduction in Dsh

phosphorylation, decreased Dsh levels at cell junctions and in the cytoplasm, and a
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reduction in core protein asymmetry in pupal wing cells (Strutt and Strutt, 2020).
Research in vertebrate provides a possible mechanism for the regulation on Dsh,
where CK1e regulate DVL conformational dynamics and DVL with an open
conformation shows less cytoplasmically punctate and more efficient membrane

recruitment by Fz (Harnos et al., 2019).

However, mutation of 5 S/T residues in S/T236-247 region rescue dsh- mutant adult
wing trichome phenotype (Strutt et al., 2006), and the mass-spectrometry analyses
failed to detect phosphorylation in S/T236-247 (Yanfeng et al., 2011). These results
contradict the result where 8 S/T residues mutation does not rescue dsh- mutant
trichome phenotype (Strutt et al., 2006). The contradiction may be due to either the
redundancy or conformation change of multiple mutations, which raises the question
of whether Dco directly phosphorylates and regulates Dsh. In fact, more than 100 S/T
residues and 11 conserved Tyrosines are present among 623 amino acids in
Drosophila Dsh, suggesting that more than 1/6 amino acids have the potential to be
phosphorylated. Thus, it is hard to identify the kinases phosphorylating Dsh and

functional phosphorylation sites in Dsh.

Besides the function on Dsh, evidence for Dco/CKle phosphorylating Stbm is more
robust. Two conserved N-terminal clusters of serine and threonine residues in
vertebrate Vangl2 are phosphorylated in tissue culture (Gao et al., 2011; Yang et al.,
2017). Residues in these clusters in Drosophila Stbm are reported to be
phosphorylated in S2 cells (Kelly et al., 2016) and pupal wings (Strutt et al., 2019a).
Furthermore, CK1 inhibitor D4476 (Rena et al., 2004) and kinase-dead Dco abolishes
Stbm phosphorylation in S2 cells (Kelly et al., 2016). Also, Stbom and Dco physically
interact in a co-immunoprecipitation experiment (Kelly et al., 2016). These results

strongly suggest that Stbm is a direct substrate of Dco.

The phosphorylation of Stbm by Dco regulates planar polarity. In the Drosophila eye,

removing one copy of dco- enhances Stbm overexpression phenotype (Kelly et al.,
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2016), suggesting Dco negatively regulates Stbm. In the wing, phosphomutant and
phosphomimetic Stbm do not rescue the trichome orientation phenotype of stbm-

mutants (Strutt et al., 2019a).

Membrane localisation of Stbm is affected by the phosphorylation by Dco. Stom-GFP
membrane intensity is decreased in dco- clones in 30 h APF pupal wing (Kelly et al.,
2016). In addition, phosphomimetic Stbm forms fewer puncta and a greater population
is observed in non-puncta compartment on cell membrane, whereas in phosphomutant
Stbm, core proteins cluster into puncta but loss their asymmetry as complexes in both
orientations are observed (Strutt et al., 2019a). Phosphomutant Stbm results suggest
that the phosphorylation by Dco helps remove the complex of the wrong orientation.
Kelly et al., used a different phosphomutant Stbm construct but got a similar result that
Stbm and Fmi reduce their polarity and distribute randomly on cell membrane (Kelly et

al., 2016).

Being a possible mechanism for the change in membrane localisation, Stbm
stabilisation at cell junctions is affected by Dco. The phosphomutant Stbm is more
stable at cell junctions while the phosphomimetic Stbm is less stable observed (Strutt
et al., 2019a). Expression of a kinase-dead dominant-negative form of Dco has no
further effect on such stability change observed (Strutt et al., 2019a), implying these

two clusters of S/T residues are the only functional phosphorylation sites of Dco.

The phosphorylation of Stbm by Dco is regulated by Fz and/or Pk. Firstly, Stom-3xFlag
increases its gel mobility in fz- mutant larval lysate, showing reduced phosphorylation
(Kelly et al., 2016). GFP-tagged Stbm decreases its gel mobility in S2 cells transfected
with Fz (Kelly et al., 2016). These results show that Fz promotes the phosphorylation
of Stbm. Fz is likely to regulate phosphorylation within the cell as Fz lacking the
proposed Stbm binding extracellular region still induces Stbm phosphorylation (Kelly
etal., 2016). However, a pupal wing lysate Western Blot experiment contradicted these

results, in which the endogenous Stbm did not show change in gel migration observed
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(Strutt et al., 2019a). The contradiction may be due to the C-terminal tagging affecting
its function or the phosphorylation event being regulated differently between
developing stages. The presumable stage specificity can be: Fz does promote the
phosphorylation of Stbm, but as the sorting is active in pupal wing stage the
endogenous Stbm does not physically close to Fz, thus, Fz cannot promote Stbm
phosphorylation. Secondly, as for Pk, pk- mutation increases while Pk overexpression
decreases Stbm phosphorylation level in pupal wings (Strutt et al., 2019a). Therefore,
the distally localised Fz promotes Stbm phosphorylation while proximally localised Pk
negatively regulates and stabilises Stbm on cell membrane, suggesting the
phosphorylation of Stbm is regulated in the core protein complex on cell junctions.
Indeed, a Stbm mutant which is unable to transport to cell membranesis not

phosphorylated in S2 cells and in vivo (Kelly et al., 2016).

To sum up, Dco is proposed to phosphorylate Dsh and Stbm. The effect of these two
phosphorylation events is the opposite: Dsh gets stabilised while Stbm gets
destabilised. Since Dsh and Stbm are on opposite ends of the cell, Dco may be
involved in feedback stabilising Dsh and destabilising Stbm at distal cell junctions. This

is further examined in Chapter 3.

1.3.4 Abl

Abelson nonreceptor tyrosine kinase (Abl) has also been reported to regulate planar
polarity. Both abl- alleles and overexpression of Abl leads to planar polarity defect
phenotype in the Drosophila eye (Singh et al., 2010). In addition, Abl genetically
interacts with core planar polarity proteins as removing one copy of Abl gene

suppresses Fz or Dsh overexpression phenotypes in eyes (Singh et al., 2010).

Abl may regulate planar polarity via phosphorylating Dsh. Abl binds and

phosphorylates Dsh on its C-terminal residue in vitro (Singh et al., 2010). The
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conserved residue DshY473 within the DEP domain is identified as the
phosphorylation site (Singh et al., 2010, Figure 1.5 B), whose phosphorylation is
essential for Dsh function in planar polarity (Yanfeng et al., 2011). Furthermore, the
DEP domain is crucial for the membrane recruitment of Dsh (Axelrod et al., 1998;
Gammons et al., 2016; Tauriello et al., 2012). These results support a hypothesis that

the kinase Abl phosphorylates Dsh on Y473 and regulates Dsh membrane localisation.

The role of the reported phosphorylation site DshY473 in planar polarity is examined

in Chapter 2.

1.3.5 Msn
The Ste20 kinase Misshapen (Msn, vertebrates homologue called Misshapen-like
kinase 1, Mink1) was reported to physically interact with Drosophila Pk[Pk] and Pk[Sple]

in vitro (Daulat et al., 2012).

Msn was also reported to regulate the planar polarity pathway. In the Drosophila eye,
loss-of-function alleles of msn suppress the Dsh overexpression phenotype (Paricio et
al., 1999), and msn RNAIi knock-down enhances Pk[Sple] overexpression phenotype
(Daulat et al., 2012). However, in the wing, loss-of-function msn- induces no canonical
planar polarity defects but missing or defective hairs, suggesting Msn acts downstream
of core protein pathway (Paricio et al., 1999). The difference between eyes and wings

may be due to the Pk isoform specificity.

In vertebrates, MINK1 (Msn in human) phosphorylates PRICKLE1 on a vertebrate
conserved threonine residue, thus regulating Rab5-dependent endosomal trafficking
(Daulat et al., 2012), which can be essential for core protein sorting and membrane
localisation. Indeed, the PRICKLE1 membrane localisation is increased in MINK1
overexpressed HEK293T cells and decreased in morpholino oligonucleotide (MO)-

xMink1 knock-down in Xenopus embryos (Daulat et al., 2012).
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Whether Pk membrane localisation is regulated by Msn is unknown in Drosophila
wings. In Chapter 2, experiments checking the role of Msn in Drosophila pupal wings

are described.

1.3.6 Nmo

Nemo (Nmo) kinase, a member of the MAPK family, was previously found to regulate
ommatidia rotation in Drosophila eyes (Choi and Benzer, 1994; Collu et al., 2018;
Mirkovic et al., 2011). Loss of nmo enhances pk[sple 1] mutant phenotype in Drosophila
eyes (Collu et al., 2018) and enhances pk[sple1] mutant phenotype and Pk[Pk]

overexpression phenotype in Drosophila legs (Collu et al., 2018).

As described in Section 1.2.2.1, Pk[Pk] and Pk[Sple] are two antagonistic isoforms of
the prickle gene. PK[PK] is the dominant isoform in the wings, while Pk[Sple] is the
major functional isoform in the eye. (Collu et al., 2018) found that Nmo down regulates
the act- driven PK[PK] levels but not Pk[Sple] in Drosophila eyes via proteasome-
mediated degradation. The regulation on PK[PK] is likely due to the phosphorylation on
two clusters of potential MAPK phosphorylation sites as the Act5C induced
phosphomutant Pk has higher protein level in eye discs (Collu et al., 2018). Thus, Nmo

may serve as a repressor for PK[Pk] to ensure the dominancy of Pk[Sple] in eyes.

nmo- mutant leads to wing hair oriental change (Verheyen et al., 2001), but the
mechanism is unclear. To test whether Nmo regulates planar polarity via regulating
PK[PK] protein level in wing, the function of the putative phosphorylation sites was

examined in Chapter 2.
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1.4 Aims of the project

In this thesis, | focus on the role of kinases in planar polarity in Drosophila wing model.
The candidate kinases listed above were screened (Chapter 2). Then | investigated
the kinases that regulate planar polarity in the wing and tried to examine the
mechanism for the local sorting and feedback (Chapter 3 Dco, Chapter 4 aPKC). My
main hypothesis is that the kinases can act as switches to promote core planar polarity

protein sorting by locally controlling their stability in core protein complexes.
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CHAPTER 2

Screening of candidate kinases
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2.1Introduction - Aims of this Chapter

Chapter 1 has summarised published data on a series of kinases reported to
phosphorylate core planar polarity proteins and affect planar polarity in different
models ranging from invertebrate Drosophila eyes to vertebrates. Compared to
vertebrates and Drosophila eyes, the Drosophila wing has its unique advantages. First
of all, the planar polarity is most well-studied in Drosophila wings (Goodrich and Strutt,
2011; Maung and Jenny, 2011; Strutt and Strutt, 2021; Thomas and Strutt, 2012).
Secondly, the readout of the planar polarity is clear and simple in Drosophila pupal
wing cells, which establishes the asymmetrical proximodistal localisation of core planar
polarity proteins after 24 h APF (Aigouy et al., 2010; Axelrod, 2001; Bastock et al.,
2003; Strutt, 2001; Tree et al., 2002; Usui et al., 1999). The asymmetric localisation of
core proteins is easily accessible in the flat monolayer epithelium pupal wings. Unlike
in Drosophila eyes, where protein asymmetry is harder to assess due to the presence
of multiple cell types and the more indirect read-out of ommatidial rotation is generally
used. The ommatidia pattern is also indirectly regulated by Epidermal Growth Factor
Receptor (EGFR) and Notch signalling pathway (Brown and Freeman, 2003; Das et
al., 2002; O'Keefe et al., 2009; Strutt and Strutt, 2003; Weber et al., 2008), most likely
through effects on photoreceptor identity and number. As for vertebrates, cost of the
animal husbandry and difficulties of analysing planar polarity in vertebrates, e.g., the
genetic redundancy in the planar polarity genes (Goodrich and Strutt, 2011) and
relative difficulty accessing tissues in the embryo, make them less efficient models in
the planar polarity research. Also, Wnt signalling regulates planar polarity in
vertebrates (Chu and Sokol, 2016; Gao et al., 2011; Gros et al., 2009; Minegishi et al.,
2017; Yang et al., 2017)(See Introduction 1.2.3.2).

The aim of this chapter is to identify the role of kinases in the core planar polarity
pathway in one model. The Drosophila pupal wing is used as a simple model system
to judge the effects of each kinase on core planar polarity. The distribution of the core

proteins was measured in pupal wing epithelia at 28 h APF. Different genetically
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manipulated conditions were examined to test whether specific kinases affect planar

polarity.

2.2Results

221 aPKC

aPKC affects planar polarity in Drosophila eyes (Djiane et al., 2005) (Introduction
1.3.1). However, the aPKC function in ommatidia pattern was only examined by
overexpressing aPKC (Djiane et al., 2005). Thus, | want to use multiple genetic tools

to check whether and how aPKC affects planar polarity in pupal wings in this section.

2.2.1.1 The quantification of aPKC clones in the Drosophila wing

aPKC- amorphic allele clones

The first approach | used is to check if aPKC- mutant allele affects planar polarity in
clones, where the clear boundaries of clones of cells with different genotypes can be
observed. aPKC- mutant twin-clones were generated using FLP/FRT system (Xu and
Rubin, 1993). In the clonal approach, FLP recombinase induced the recombination of
FRT element in the heterozygous genotype cells, thus generating two distinct
heterozygous cell types after mitosis. In this way, patches of cells that are genetically
different from their neighbours were generated, which facilitates comparison within the
same wing. The clonal approach is a powerful method in the field of planar polarity
where the clear clone boundary is crucial for analysing protein polarised localisation

(Chen et al., 2008; Strutt and Strutt, 2007; Strutt, 2001; Strutt and Strutt, 2008).

The planar polarity is represented by the polarised localisation of the core proteins,
which is detected by quantifying the asymmetric localisation of the core protein (see
Materials and Methods 6.2.6). The asymmetric localisation was calculated by
comparing the immunolabelled or fluorescent-tagged core protein signal along cell

edges, thus, generating the ‘single cell polarity’, the magnitude and the direction of the
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‘single cell polarity’ were then averaged over a three-cell size to generate the ‘Coarse-

Grain polarity’ (Tan et al., 2021).

In this experiment, the asymmetric localisation of Fmi is measured and compared. Note
that it is Fz that was previously reported to be phosphorylated by aPKC, so it is Fz in
theory a better reporter for checking the role of aPKC. However, the immunolabeling
against Fz is not of the ideal quality in practice, so | used immunolabeling against Fmi
in this experiment, whose staining is better in quality (compare Figure 2.1 A’ to Figure

22A and F).

Clones of a strong aPKC- allele (aPKC[k06403]) were first tested in 28 h APF pupal
wings cultured at 25°C. However, all the aPKC- homozygous clones are overall small
in size with only one row of cells (Figure 2.1 A, clones marked by red arrows). The
reason for the small clone size can be that the aPKC[k06403] amorphic allele strongly
affects cell viability or proliferation. Indeed, this amorphic allele is found homozygous
and hemizygous lethal, and no protein is detectable in cells (Guilgur et al., 2012; Rolls
et al.,, 2003; Wodarz et al., 2000). Also note that as most wings do not have
aPKC[k06403] clones, the best example image to show carries holes, as indicated by

yellow dots in (Figure 2.1 A)

Given that the homozygous aPKC[k06403] clones are small, heterozygous
aPKC[k06403]/+ cells were also quantified. Among the three types of cells, there is not
any obvious observable change in Fmi polarity orientation (shown by nematics in
Figure 2.1 B-D, blue lines represent single cell polarity nematics), polarity strength
(Figure 2.1 F), or membrane intensity (Figure 2.1 E). As both the heterozygous aPKC-
cells and wild-type cells have aPKC copy(ies) in their genome, the only conclusion |
can draw is the removal of one copy of aPKC does not affect Fmi polarity in pupal
wings. The only genotype in absence of aPKC only produces small clone size, which
also has no difference in polarity compared to clones of other genotypes either (Figure

2.1 F).
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Note that the small size of homozygous aPKC[k06403] clones makes the polarity
unable to be decently quantified due to the nonautonomous feature of planar polarity
where the polarity of the cell on the edge of the clone, sharing boundaries with wild-
type neighbours, is affected by its neighbouring cells. For this reason, | cannot make
a solid conclusion based on this experiment. So another method, a weaker

temperature-sensitive aPKC allele, was used to alter aPKC expression.

A | aPKC[k06403] LA’
ELATE (45 BGal I
’ ~Emi

Fmi polarity | C. Fmi polarity | D HOIRCIEIWE E  Fmimembrane intensity
_in'control | in aPKC[k06403]/+ in aPKC[k06403] e

EES!

F Direct average polarity magnitude
04

Figure 2.1 Fmi in aPKC[k06403] amorphic allele clones

(A,A) 28 h APF pupal wing aged at 25°C, carrying small twin clones of aPKC[k06403]
(homozygous aPKC[k06403] tissue is indicated by the loss of blue B-gal
immunolabelling and red arrows); yellow dots in penal A indicate holes of dissecting

damage. B-gal is immunolabelled in blue (A); Fmi is immunolabelled in green (A) or
grey (A'). Scale bar 20 pm.

(B-D’) Blue lines represent single cell polarity nematics of Fmi in penal A in arm-
LacZ/arm-LacZ control tissue (B), aPKC[k06403]/arm-LacZ heterozygous tissue (C),
and homozygous aPKC[k06403] tissue (D). Regions in red boxes are zoomed-in in
panel (B-D’).
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(E-F)  Comparison of Fmi intensity on the cell membrane (E) and Fmi polarity (F)
among control tissue (N = 3 wings), heterozygous aPKC[k06403]/+ tissue (N = 3
wings), and homozygous aPKC[k06403] tissue (N = 2 wings). Error bar: 95%
confidence interval.

(E) No significant difference on Fmi membrane intensity is shown in the ANOVA test.
p-value ANOVA results for comparisons between the control and aPKC[k06403]/+ =
0.9846; control and aPKC[k06403] = 0.8098; aPKC[k06403]/+ and aPKC[k06403] =
0.7289.

(F) No significant difference on Fmi direct average polarity is shown in the ANOVA
test. p-value ANOVA results for comparisons between the control and aPKC[k06403]/+
= 0.6566; control and aPKC[k06403] = 0.8774; aPKC[k06403]/+ and aPKC[k06403] =
0.9449.
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Clones of a temperature sensitive allele of aPKC
In order to quantify planar polarity in absence of aPKC activity in pupal wing cells, a
temperature-sensitive form of aPKC is used to avoid the long-term poor viability and/or

proliferation effect of strong aPKC- mutant.

Guilgur et al. isolated aPKC[ts, temperature sensitive] allele to study aPKC function in
mitotic spindle orientation in larval wing discs (Guilgur et al., 2012). In (Guilgur et al.,
2012), hemizygous (aPKClts]/Df(2R)I4) and heterozygous (aPKC[ts]/aPKC[k06403])
larvae were viable and morphologically normal at 25°C (described as permissive
temperature); viable but morphologically abnormal at 27-28°C (described as semi-
permissive temperature); the majority of pupae failed to emerge from the pupal case
at 30°C (described as restrictive temperature), resembling the hemizygous mutant

(aPKC[k06403]/Df(2R)I4) phenotype.

As shown in (Figure 2.2 A and F), in pupal wings aged at 25°C and 29°C, the aPKC][ts]
clone size is reasonably big but no polarity change is observed. At a permissive
temperature 25°C, immunolabelling of endogenous Fz shows no significant difference
in polarity or membrane intensity among the homozygous, heterozygous, and wild-
type cells (Figure 2.2 A-E), as expected. However, in the restrictive temperature 29°C,
there is no significant difference as well (Figure 2.2 F-J), possibly due to retained
kinase activity in vivo. Indeed, 27-28°C is considered as the semi-permissive
temperature in vivo (Guilgur et al., 2012), suggesting aPKC[ts] retains a considerable
level of kinase activity at 29°C as it does not reach the 30°C restrictive temperature.
Nevertheless, even aPKC[ts] at the 30°C restrictive temperature does not affect the
apical localisation of Baz nor the phosphorylation of Baz (Guilgur et al., 2012). The
correct localisation of Baz depends on the phosphorylation by aPKC (Krahn et al.,
2010; Morais-de-Sa et al., 2010). These results suggest aPKC]ts] is still functional at
29°C in the pupal wing experiment. The retained kinase activity is possibly sufficient to

maintain normal planar polarity.
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Figure 2.2 Fz in aPKC[ts] clones Figure legends in next page
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Figure 2.2 Fz in aPKC[ts] clones

(A-A’)  APF Pupal wings aged at 25°C for 28 h, carrying twin clones of aPKC[ts]
(homozygous aPKCJ[ts] tissue is indicated by the loss of green B-gal immunolabelling);
B-gal is immunolabelled in green (A); Fz is immunolabelled in red (A) or grey (A’). Scale
bar 20 pm.

(B-D’) Blue lines represent single cell polarity nematics of Fz in 28 h APF Pupal
wings aged at 25°C in panel A, in arm-LacZ/arm-LacZ control tissue (B), aPKC[ts]/arm-
LacZ heterozygous tissue (C), and aPKC|[ts]/aPKC[ts] tissue (D). Regions in red boxes
are zoomed-in in panel (B’-D’).

(E-E’) Comparison of Fz intensity on the cell membrane (E) and Fz direct average
polarity (E’). N = 3 wings, Error bar: 95% confidence interval.

(E) No significant difference in Fz membrane intensity is shown in the ANOVA test. p-
value ANOVA results for comparisons between the control and aPKClts]/+ = 0.9610;
control and aPKC[ts] = 0.9770; aPKC[ts]/+ and aPKCl[ts] = 0.9978.

(E’) No significant difference in Fz polarity is shown in the ANOVA test. p-value ANOVA
results for comparisons between the control and aPKC[ts]/+ = 0.8341; control and
aPKClts] = 0.7147; aPKC[ts]/+ and aPKC|[ts] = 0.9736.

(F-F’) Pupal wings aged at 29°C for 24 h, carrying twin clones of aPKC[ts]
(homozygous aPKCJ[ts] tissue is indicated by the loss of green B-gal immunolabelling);
B-gal is immunolabelled in green (F); Fz is immunolabelled in red (F) or grey (F’). Scale
bar 20 pm.

(G-I')  Blue lines represent single cell polarity nematics of Fz in 28 h APF Pupal
wings aged at 29°C in panel F, in arm-LacZ/arm-LacZ control tissue (G), aPKC[ts]/arm-
LacZ heterozygous tissue (H), and aPKC[ts]/aPKClts] tissue (l). Regions in red boxes
are zoomed-in in panel (G’-I).

(J-J’)  Comparison of Fz intensity on the cell membrane (J) and Fz direct average
polarity (J’). N = 3, Error bar: 95% confidence interval.

(J) No significant difference in Fz membrane intensity is shown in the ANOVA test. p-
value ANOVA results for comparisons between the control and aPKClts]/+ = 0.7833;
control and aPKC[ts] = 0.9136; aPKC[ts]/+ and aPKC[ts] = 0.9604.

(J") No significant difference in Fz polarity is shown in the ANOVA test. p-value ANOVA
results for comparisons between the control and aPKC[ts]/+ = 0.2103; control and
aPKC[ts] = 0.2107; aPKC[ts]/+ and aPKCJts] > 0.9999.
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Conditional expression of dominant-negative aPKC induces polarity swirls

Previous sections show that clonal analysis of a strong allele resulted in the generation
of tiny clones that could not be sufficiently analysed while a temperature sensitive allele
is suggested to be insufficient to induce polarity change. Therefore, in this section,

other methods perturbing aPKC activity shall be examined.

A dominant-negative form of aPKC (aPKC[DN], containing a mutation (K293W) in the
ATP binding site and a membrane-targeting CaaX motif (Gao et al., 2009)) has been
reported to disrupt apicobasal polarity (Sotillos et al., 2004). This can be used to

manipulate aPKC activity in pupal wings to examine planar polarity change.

The Gal4/UAS system (Brand et al., 1994; Brand and Perrimon, 1993) is used to
temporally express aPKC[DN]. When the Gal4 coding sequence is inserted
downstream of a promoter (engrailed(en)(Johnson et al., 1995) or patched(ptc)(Hinz
et al., 1994), in this experiment), the yeast transcriptional activator GAL4 can be
expressed in the certain region of the wing where the promoter is functioning. The
aPKC[DN] sequence was inserted downstream of the Upstream Activation Sequence
(UAS), which can be bound by Gal4 and activates downstream gene expression. In
this experiment, aPKC[DN] is spatial-temporally expressed in either the posterior of
the wing (en-Gal4 expression, yellow line on the left of Figure 2.4 A indicates the
approximate en-Gal4 expression region), or between veins 3-4 of the pupal wing (ptc-
Gal4 expression, yellow line on the left of Figure 2.5 indicates the approximate pftc-
Gal4 expression region) to examine if the polarity direction and polarity magnitude are
altered relative to neighbouring wild-type tissue. Every wing is double-immunolabelled

with Fmi and Stbm.

The wild-type wing stained for Fmi and Stbm is first examined as a control for
conditional expression experiments. As expected, Fmi is asymmetrically localised on
the proximal-distal cell junctions and polarity is also aligned along the proximal-distal

axis (Figure 2.3, A-C).
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Conditional expression of the dominant-negative form of aPKC changes the direction
of polarity manifested as mis-localised core protein puncta. When aPKC[DN] was
induced to express using en-Gal4 in the posterior region of the wing, nemetics of the
Fmi polarity was observed to change orientation (Figure 2.4, comparing B-B” and C-
C”). The same was observed in the ptc expression domain (Figure 2.5, comparing B-
B” and C-C”), showing the expression of aPKC[DN] affects planar polarity orientation
in pupal wing cells. Notably, near the estimated en- and ptc- expression border, Fmi
mis-localised to the anteroposterior cell membranes (Figure 2.4 A’ and Figure 2.5 A”,
red arrows indicate the anteroposterior cell membranes localised Fmi), showing the

expression of aPKC[DN] causes a non-autonomous effect near the expression border.

The expression of the dominant-negative form of aPKC also decreases the strength of
polarity. Both Fmi (Figure 2.4 D, p-value < 0.0001) and Stbm (Figure 2.4 A'F, p-value
= 0.0002; Figure 2.5 A',F p-value = 0.0012) polarity in the aPKC[DN] expressed tissue
has a lower polarity magnitude than that of the internal-control wild-type tissue,
showing a weaker asymmetrical localisation of the core proteins. However, Fmi polarity
in ptc>aPKC[DN] tissue and control tissue show weak/no statistical difference (Figure
2.5 D, p-value = 0.0701). This may also support a change in polarity as the
immunolabelled Stbm in the same wings show a significant difference in polarity

(Figure 2.5 F). Thus, the expression of aPKC[DN] reduces planar polarity.

Besides the asymmetric localisation, the membrane intensity of Fmi and Stbm is also
compared among wing regions with or without aPKC[DN] expression. Only subtle
increase of Fmi membrane intensity in aPKC[DN] expression is observed (Figure 2.4
E, p-value = 0.0093; Figure 2.5 E, p-value = 0.0312). As the change in membrane
intensity of Fmi is mild, and the immunolabelled Stbm in the same wings show no
significant difference in membrane intensity (Figure 2.5 F), the role of aPKC in
regulating core protein membrane level is needed to be further confirmed. At this stage,
data shown here suggest that aPKC[DN] does not or only mildly increases core protein

membrane levels.
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Taken together my results in this section, strong aPKC allele twin-clones were
generated but only small clones were found; clones of a temperature sensitive allele
were then generated, which might be too weak to change planar polarity; the
conditionally expressed dominant-negative form of aPKC finally provides evidence for

aPKC regulating planar polarity in Drosophila pupal wings.

Fmi polarity ' Fmi polarity
- above V4 - ‘below V4

W

Fmi polarity - . /Emi polarity
- above V4 . below V4

Figure 2.3 Core planar polarity protein polarity and intensity in w[7118] pupal
wings

(A-A’)  Fmi (A) or Stbm (A’) immunolabelling in 28h APF w[1118] wild-type pupal
wings. Vein 3 is on the top and vein 4 is on the bottom. Scale bar 20 pym.

(B-C”) Blue lines represent polarity nematics of Fmi in panel A in the region between
vein 3 and vein 4 (B) or below vein 4 (C). (B,C) Coarse-Grain polarity nematics
averaged over a 3-cell size. (B’,C’) Single cell polarity nematics (B”,C”) zoomed-in of
red box region.
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Figure 2.4 Core planar polarity protein polarity and intensity in en>aPKC[DN]

pupal wings

(A-A”)  Fmi (A) or Stbm (A’) immunolabelling in 28h APF en>aPKC[DN] pupal wings
aged at 25°C. The approximate en expression region is indicated by the yellow line on
the left. (A”) Zoom-ed in of red box region in panel A, red arrows indicate mis-localised
Fmi puncta localising to horizontal cell junctions near to the expression boundary.
Scale bar 20 ym.

(B-C”) Blue lines represent polarity nematics of Fmi in panel A in control region
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without en expression (B), en expression region (C). (B-C) Coarse-Grain polarity
nematics averaged over a 3-cell size. (B’-C’) Single cell polarity nematics (B”-C”)
zoomed-in of red box region.

(D-D’) Comparison of Fmi direct average polarity in en>aPKC[DN] pupal wings. Fmi
polarity is lower in en expression region, p-value in two-tail two-sample Student’s
paired t-test < 0.0001, N = 10 wings. Error bar: 95% confidence interval. (D’) Lines link
polarity data points from the same wing.

(E-E’) Comparison of Fmi membrane intensity in en>aPKC[DN] pupal wings. Fmi
membrane intensity is slightly higher in en expression region, p-value in two-tail two-
sample Student’s paired t-test = 0.0093, N = 10 wings. Error bar: 95% confidence
interval. (E’) Lines link polarity data points from the same wing.

(F-F)  Comparison of Stbm direct average polarity in en>aPKC[DN] pupal wings.
Stbm polarity is lower in en expression region, p-value in two-tail two-sample Student’s
paired t-test = 0.0002, N = 10 wings. Error bar: 95% confidence interval. (F’) Lines link
polarity data points from the same wing.

(G-G’) Comparison of Stbm membrane intensity in en>aPKC[DN] pupal wings. No
significant difference in two-tail two-sample Student’s paired t-test, p-value = 0.0538,
N = 10 wings. Error bar: 95% confidence interval. (G’) Lines link polarity data points
from the same wing.
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Figure 2.5 Core planar polarity protein polarity and intensity in ptc>aPKC[DN]
pupal wings

(A-A”)  Fmi (A) or Stbm (A’) immunolabelling in 28h APF ptc>aPKC[DN] pupal wings
aged at 25°C. The approximate ptc expression region is indicated by the yellow line on
the left. (A”) Zoom-ed in of red box region in panel A, red arrows indicate mis-localised
Fmi puncta localising to horizontal cell junctions near to the expression boundary.
Scale bar 20 ym.

(B-C”) Blue lines represent polarity nematics of Fmi in panel A in pfc expression
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region (B), control region without ptc expression (C). (B-C) Coarse-Grain polarity
nematics averaged over a 3-cell size. (B’-C’) Single cell polarity nematics (B”-C”)
zoomed-in of red box region.

(D-D’) Comparison of Fmi direct average polarity in ptc>aPKC[DN] pupal wings. No
significant difference in two-tail two-sample Student’s paired t-test, p-value = 0.0701,
N = 11 wings. Error bar: 95% confidence interval. (D’) Lines link polarity data points
from the same wing.

(E-E’) Comparison of Fmi membrane intensity in ptc >aPKC[DN] pupal wings. Fmi
membrane intensity is slightly higher in pfc expression region, p-value in two-tail two-
sample Student’s paired t-test = 0.0321, N = 11 wings. Error bar: 95% confidence
interval. (E’) Lines link polarity data points from the same wing.

(F-F)  Comparison of Stbm direct average polarity in ptc >aPKC[DN] pupal wings.
Stbm polarity is lower in ptc expression region, p-value in two-tail two-sample Student’s
paired t-test = 0.0012, N = 11 wings. Error bar: 95% confidence interval. (F’) Lines link
polarity data points from the same wing.

(G-G’) Comparison of Stom membrane intensity in ptc >aPKC[DN] pupal wings. No
significant difference in two-tail two-sample Student’s paired t-test, p-value = 0.3790,
N = 11 wings. Error bar: 95% confidence interval. (G’) Lines link polarity data points

from the same wing.
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2.2.2 Kinases phosphorylating Dsh - Par-1

Par-1 was previously shown to be required for convergent extension in Xenopus
(Ossipova et al., 2005). Par-1 binds to and phosphorylates the S/T236-247 regions of
Dsh in Xenopus embryo (Sun et al., 2001) and mutations in these residues reduce the
Fz-dependent Dsh membrane localisation (Ossipova et al., 2005). Studies in
Drosophila also found that mutations in S/T236-247 do not rescue the planar polarity
defect in dsh[1] mutant in Drosophila (Penton et al., 2002). However, whether Par-1
directly phosphorylates Dsh in vivo in the Drosophila pupal wing model, and whether
it regulates Dsh localisation remains unknown. Thus, the role of Par-1 in planar polarity

in Drosophila pupal wings is going to be tested here.

2.2.2.1 Par-1 hypomorphic allele clones show normal polarity

Par-1[k05603] is a hypomorphic allele previously used to study the polarity
establishment in oocytes (Shulman et al., 2000; Tomancak et al., 2000). Par-1[k05603]
clones marked by loss of R-gal immunolabelling were generated to compare
homozygous par-1[k05603] cells to wild-type control cells (Figure 2.6). No significant
change in Dsh polarity was observed comparing homozygous par-1[k05603] clones to
control tissue (Figure 2.6E, comparing B-B’ to C’'C’). Note that although the red box
marked region in par-1[k05603] clones appear to have less bright membrane puncta
(Figure 2.6, comparing B’ to C’), the quantification shows no significant difference in
membrane intensity of Dsh on the cell membrane (Figure 2.6 D). Thus, Dsh, the
putative phosphorylation substrate of Par-1 (Ossipova et al., 2005; Sun et al., 2001),

show normal asymmetric localisation on the cell membrane in Par-1[k05603] clones.
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Figure 2.6 Dsh in par-1[k05603] allele clones

(A-A”) 28 h APF pupal wing, carrying twin clones of par-1[k05603] (homozygous
aPKC[k06403] tissue is indicated by the loss of green B-gal immunolabelling (A”)); B-
gal is immunolabelled with a secondary antibody cross-reaction to Rat anti-Ecad, in
green (A) or grey (A”); Dsh is immunolabelled in red (A) or grey (A’). Scale bar 20 pym.
(B-C’) Blue lines represent single cell polarity nematics of Dsh in panel A in arm-
LacZ/arm-LacZ control tissue (B) and homozygous par-1[k05603] tissue (C). Regions
in red boxes are zoomed-in in panel (B’-C’).

(D-E) Comparison of Dsh membrane intensity (D) and polarity (E). No significant
difference in membrane intensity (N = 3 wings) or polarity (N = 4 wings) between the
control tissue and homozygous par-1[k05603] clones in two-tail two-sample Student’s
paired t-test. Error bar: 95% confidence interval.
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2.2.2.2 Par-1 RNAi conditional expressions show normal polarity

Another attempt to examine the function of Par-1 is to knock-down its activity via RNA..
Operated by Gal4, cells with transgenic RNAI insertion express short hairpin RNA
(shRNA), which via the endogenous microRNA pathway produces the small interfering
RNA (siRNA) against its target mRNA, thus decreasing the expression of the target
protein (Perkins et al., 2015). In the RNAIi experiment described in this section, when
RNAI against Par-1 (TRIPHMS00405, see M&M) was expressed under en-Gal4, the
planar polarity and the membrane intensity of Dsh and Fmi show no difference to its
internal wild-type control (Figure 2.7, example image for Fmi not shown). This
experiment, consistent with the par-1[k05603] hypomorphic allele clone experiment,
does not support the conclusion that Par-1 regulates planar polarity in Drosophila pupal

wings.
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Figure 2.7 Core planar polarity protein polarity and intensity in en>par-1 RNAi
pupal wings

(A) Dsh immunolabelling in 28h APF en>par-1 RNAi pupal wings. The approximate
en expression region is indicated by the yellow line on the left. Scale bar 20 um.
(B-C”) Blue lines represent polarity nematics of Dsh in panel A in control region
without en expression (B), en expression region (C). (B-C) Coarse-Grain polarity
nematics averaged over a 3-cell size. (B’-C’) Single cell polarity nematics (B”-C”)
zoomed-in of red box region.

(D-E) Comparison of membrane intensity (D) and polarity (E) of Dsh in en>par-1
RNAi pupal wings. N = 4 wings, no significant difference in two-tail two-sample
Student’s paired t-test. Error bar: 95% confidence interval.

(F-G) Comparison of membrane intensity (F) and polarity (G) of Fmi in en>par-1
RNAi pupal wings. N = 3 wings, no significant difference in two-tail two-sample
Student’s paired t-test. Error bar: 95% confidence interval.
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2.2.2.3 Mutation on candidate phosphorylation site S/T236-247

As result in Xenopus supporting Par-1 regulates planar polarity via phosphorylation on
Dsh in S/T236-247 region and reduces the Fz-dependent Dsh membrane localisation
(Ossipova et al., 2005). Studies in Drosophila found that mutations in S/T236-247 do
not rescue the planar polarity defect in dsh[7] mutant in Drosophila (Penton et al.,
2002). Thus, | next want to check whether the phosphorylation site reported is also
regulating planar polarity in vivo in Drosophila pupal wings. Note that there is no direct
evidence showing S/T236-247 residues in Dsh can be directly phosphorylated by Par-
1 or Dco in vivo, so the reported S/T236-247 residues are only putative Dco/CKle

phosphorylation sites.

Strutt et al. generated an Enhanced GFP (EGFP) tagged Dsh transgene, which
rescues dsh- in pupal wings (Strutt et al., 2016), by inserting the EGFP sequence into
a P[acman] transgene covering the Dsh genomic region (Venken et al., 2009) on the
N-terminal of unmutated Dsh coding sequence (marked as EGFP-Dsh[wt])(Strutt et al.,
2016). Phosphomutant Dsh[S/T236-247>A], mimicking a phosphor-inhibited status,
and phosphomimetic Dsh[S/T236-247>E], mimicking a permanently phosphorylated
status, mutants were generated by mutating the reported phosphorylation site to
Alanine (A) or Glutamic acid (E) in EGFP-Dsh[wt]. Thus, three transgenes, EGFP-
Dsh[wt], EGFP-Dsh[S/T236-247>A] (marked as EGFP-Dsh[A]) and EGFP-
Dsh[S/T236-247>E] (marked as EGFP-Dsh[E]), were generated (Figure 2.8 A), see
Materials and Methods 6.1.3.

By using a genomic rescue strategy where Placman] transgenes express wild-type or
mutated EGFP-Dsh in dsh- mutant background, whether S/T236-247 are possible
phosphorylation sites was tested and the possible effect of phosphorylation on these

sites is examined.

The phenotype in adult wings was first checked. As shown in Table 2.1, neither EGFP-

Dsh[A] nor EGFP-Dsh[E] fully rescues the planar polarity defect phenomenon in adult
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Drosophila notum and wing, consistent with a previous publication where EGFP-Dsh[A]
cannot rescue the wing hair swirling phenotype (Strutt et al., 2019a). These results

show S/T236-247 residues affect the Dsh function in planar polarity.

As dsh[V26] allele is lethal, clones of dsh[V26] were generated to compare EGFP-
Dsh[wt], EGFP-Dsh[A], and EGFP-Dsh[E] in dsh- mutant background in pupal wings.
EGFP-Dsh[wt] localises asymmetrically while both phosphomutant (p-value < 0.0001)
and phosphomimetic (p-value < 0.0001) forms of EGFP-Dsh have weaker
asymmetrical localisation than wild-type EGFP-Dsh (Figure 2.8. B, C-E), suggesting
compromised Dsh activity. The membrane intensity of EGFP-Dsh[A] (p-value = 0.0004)
and phosphomimetic EGFP-Dsh[E] (p-value < 0.0001) is also lower than that of EGFP-
Dsh[wt] (Figure 2.8 B’). The reduction in membrane intensity can be a consequence of
either reduction in Dsh protein level or a reduction of Dsh localisation on the plasma
membrane. As the Western Blot for pupal wing lysate showing the overall protein level
in pupal wing cells is relatively equal (Figure 2.8 F), mutations in S/T236-247 residues
are likely to affect Dsh localisation on the cell membrane. These results suggesting the
phosphorylation in S/T236-247 residues regulate Dsh protein sorting to the cell
membrane and affect its asymmetric localisation. However, it is noticed that the EGFP-
Dsh[A] and EGFP-Dsh[E] have a similar extent of reduction in membrane intensity and

asymmetrical localisation in pupal wings.
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Figure 2.8 Phosphorylation site mutations in Dsh affect its membrane

localisation and polarity

(A) Schematic for the amino acid sequence of Serine/Threonines rich basic region in
EGFP-Dsh. Putative Serine/Threonines kinases phosphorylation sites on Dsh are
marked in blue. Mutated amino acids to either Alanine (A) or Glutamic acid (E) are
shown in red.

(B-B’) Comparison of EGFP-Dsh mutant (EGFP-Dsh[mut]) polarity (B) and
membrane intensity (B’). Error bars: 95% confidence intervals.

(B) Both EGFP-Dsh[A] (N = 6 wings) and EGFP-Dsh[E] (N = 12 wings) show weaker
polarity comparing to EGFP-Dsh[wt] (N = 7 wings). p-value ANOVA results for
comparisons between EGFP-Dsh[wt] and EGFP-Dsh[A] < 0.0001; EGFP-Dsh[wt] and
EGFP-Dsh[E] < 0.0001. No significant difference between EGFP-Dsh[A] and EGFP-
Dsh[E], p-value ANOVA = 0.7231.

(B’) Both EGFP-Dsh[A] (N = 6 wings) and EGFP-Dsh[E] (N = 12 wings) show lower
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membrane intensity comparing to EGFP-Dsh[wt] (N = 7 wings). p-value ANOVA results
for comparisons between EGFP-Dsh[wt] and EGFP-Dsh[A] = 0.0004; EGFP-Dsh[wt]
and EGFP-Dsh[E] < 0.0001. No significant difference between EGFP-Dsh[A] and
EGFP-Dsh[E], p-value ANOVA = 0.9926.

(C-E”) 28 h APF pupal wing, carrying twin clones of EGFP-Dsh[wt] (C-C”), EGFP-
Dsh[A] (D-D”), or EGFP-Dsh[E] (D-D”) in dsh[V26] background. Homozygous EGFP-
Dsh[mut] clones are indicated by the loss of red B-gal immunolabelling in (C-E). Scale
bar 10 um. (C”-E”) Grey lines represent polarity nematics of EGFP-Dsh[wt] (C”),
EGFP-Dsh[A] (D”), or EGFP-Dsh[E] (E”).

(F) Western blot probed with Dsh antibody of extracts from 28 h APF pupal wings from
dsh[V26];EGFP-Dshiwt], dsh[V26];EGFP-Dsh[A], or dsh[V26];EGFP-Dsh[E] flies.
Actin is used as loading control.
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Table 2.1

mutated EGFP-Dsh in dsh- background

Adult phenotypes of flies carry S/T236-247 mutated or Y473>F

Genotype Notum Leg joint Wing hair Pupal wing
dsh[1]/Y Strong hair swirling  Ectopic joint Strong hair -
phenotype swirling
phenotype

dsh[1]/Y; Partly rescue No ectopic joint  No rescue Symmetrical
EGFP-Dsh[ST236- localisation
247>A)/+
dsh[1]/Y; Partly rescue No ectopic joint  No rescue Symmetrical
EGFP-Dsh[ST236- localisation
247>E]/+
dsh[1])/Y;EGFP- Fully rescue No ectopic joint  Fully rescue  Asymmetrical
Dsh[wt]/+ localisation
dsh[1]/Y; Strong hair swirling  Ectopic joint No rescue Weak
EGFP-Dsh[Y473>F]/+ phenotype membrane

localisation
dsh[V26]/Y; - No ectopic joint  Shrunk wings -
EGFP-Dsh[ST236-
247>A]
dsh[V26]/Y; - No ectopic joint  No rescue -
EGFP-Dsh[ST236-
247>E]

dsh[1] is a planar polarity-specific mutant allele

dsh[V26] is an amorphic allele
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Another method used to test the possible effect of phosphorylation is the Fluorescence
Recovery After Photobleaching (FRAP) approach. FRAP is a method for quantifying
the protein dynamics and stability on the cell junctions (Strutt et al., 2011; Warrington
et al., 2017). By bleaching fluorescent-protein-tagged protein on the chosen region
along cell junctions (Figure 2.9 A-A’), the recovery fluorescent signal is expected to be
recovered (Figure 2.9 A”) due to the turnover of proteins. The more stable the protein
is, the less recovery signal would be detected as there is a smaller mobile fraction
(Figure 2.9 B), also see Materials and Methods 6.2.7. Both EGFP-Dsh[A] (p-value =
0.0020) and EGFP-Dsh[E] (p-value = 0.0005) mutants show higher fluorescence
recovery compared to wild-type EGFP-Dsh, while the fluorescence recovery of EGFP-

Dsh[A] and EGFP-Dsh[E] is not statically different (p-value = 0.0819)(Figure 2.9 C).

In summary, results in this section show that reducing Par-1 activity does not affect
Dsh polarity and membrane intensity, in the hypomorphic allele clones and in RNAI
knock-down tissue. Thus, the regulatory role of Par-1 in planar polarity in Drosophila
wings is not supported. | also mutated the putative Par-1 and/or Dco phosphorylation
sites in Dsh, where both phosphomutant and phosphomimetic EGFP-Dsh exhibit
reduced polarity strength, Dsh membrane level, and Dsh mobility, showing these
residues are important for Dsh function. It is worth noticing that an online tool
predicting kinase specific phosphorylation sites, NetPhos ((Blom et al., 1999),
https://services.healthtech.dtu.dk/service.php?NetPhos-3.1), predicts that the S/T236-

247 region shown in (Figure 2.8 A) is phosphorylated by multiple serine/threonine
protein kinases other than Par-1 and Dco. Thus, the effects of the mutations on putative
phosphorylation sites can be redundant by multiple kinases. However, it is still unclear
whether the phosphorylation on these residues is important as no opposite effects
were observed between phosphomutant and phosphomimetic. Lack of an opposite
effect leaves the question open, as the phosphomimetic mutations might not be

sufficiently charged to mimic phosphorylated serine and threonine.
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Figure 2.9 Phosphorylation site mutations in Dsh affect its mobility

(A-A”) Example images showing EGFP-Dsh[wt] fluorescent proteins on cell junctions
before bleaching (A), after bleaching (A’), and after 595 seconds recovery (A’). The
bleached region is marked in red. The example images were taken in a 6 h APF y w
dsh[V26]; Placman]-EGFP-Dsh prepupal wing treated with a chemical Dco inhibitor.
(B) Example curve shows the fluorescence recovery after bleaching. The ed dotted
line represents the initial fluorescence before bleaching and 100% relative recovery
(1.0 in a FRAP); the red line represents the fluorescence after bleaching and 0%
relative recovery (0.0 in a FRAP).

(C) FRAP analysis on 28h APF pupal wings of genotype dsh[V26]/Y;EGFP- Dsh[wt]
(n=3), dsh[V26]/Y;EGFP-Dsh[A] (n=3), and dsh[V26]/Y;EGFP-Dsh[E] (n=3). Error bar:
standard deviation. Curves are fitted in two-phase exponential association, parameters
in fitted curves are summarised in the table on the right, the “???’ in the table indicate
the curve fitting that is uncertain. Curves for EGFP-Dsh[wt] is in black, for EGFP-Dsh[A]
is in blue, and for EGFP-Dsh[E] is in red. The recovery plateau of EGFP-Dsh[A] (p-
value = 0.0020) and EGFP-Dsh[E] (p-value = 0.0005) is higher than that of EGFP-
Dsh[wt]. The recovery plateau of EGFP-Dsh[A] and EGFP-Dsh[E] is not statically
different (p-value = 0.0819). Statistical significance calculated by extra sum-of-squares
F test.
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2.2.3 AbI

2.2.3.1 Dsh[Y473>F] doesn’t rescue adult phenotype

DshY473 residue is found to be phosphorylated by Abl in vitro and in transfected
HEK293T cells, and is essential for Dsh function in planar polarity in Drosophila wings
and eyes (Singh et al, 2010; Yanfeng et al, 2011). To dissect whether the
phosphorylation of the Y473 residue is crucial for Dsh phosphorylation and membrane
localisation, a Placman]-EGFP-Dsh[Y473>F] construct was made, which carries the

Y473>F mutation preventing Dsh phosphorylation (Materials and Methods 6.1.3).

In dsh[1] mutant Drosophila, wing hairs exhibited swirling patterns and ectopic joints
were observed as shown in (Figure 2.10 F-F’). In the presence of EGFP-Dsh[wt], those
phenotypes were rescued such that wing hairs aligned in the proximodistal axis, and
no ectopic joint was found (Figure 2.10 D-D’), similar to the wild-type control (Figure
2.10 C-C’). However, the Placman]-EGFP-Dsh[Y473>F] insertion cannot rescue the
planar polarity phenotype (Figure 2.10 E-E’, Table 2.1), showing Y473>F mutation

disrupts Dsh function in planar polarity.

Supporting this, the membrane localisation of EGFP-Dsh[Y473>F] protein was
significantly reduced in a dsh[V26] amorphic mutant background (Figure 2.10 A-B,

comparing A” to B”). This data shows that Y473 residue is essential for Dsh recruitment.

In contrast to the Y473>F phosphomutant, a phosphomimetic mutation is also wanted

on the DshY473. However, there is no phosphomimetic mutant for Tyr, so this

experiment cannot be performed.
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Figure 2.10 Dsh[Y473>F] shows poor membrane localisation and does not

rescue dsh[V26] phenotype

(A-B”) 28 h APF pupal wing expressing EGFP-Dsh[wt] (A-A”) or EGFP-Dsh[Y473>F]
(B-B”), carrying twin clones of dsh[V26] (homozygous dsh[V26] tissue is indicated by
the loss of red mRFP signals). EGFP-Dsh[wt] or Dsh[Y473>F] is shown in green (in A
or B, respectively) or grey (in A’ or B, respectively). (A’,B”) Zoomed-in of red box region
in dsh[V26] clones show Dsh[Y473>F] (B”) show weaker membrane localisation
compared to EGFP[wt] (A”). Scale bar 20 um.

(C-F’) Wings (C-F) and legs (C’-F’) from w[1118] (C,C’), dsh[1]/Y;EGFP-Dsh (D,D’),
dsh[1])/Y;EGFP-Dsh[Y473>F] (E,E’), or dsh[1] (F,F’) adults. Wing hairs point distally in
(C,D) but no distal alignment in (E,F); no ectopic leg joint in (C’,D’), red arrows indicate
ectopic leg joints in (E’,F’). Scale bar 200 pm.
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Figure 2.11 abl[2] allele clones show no change in core planar polarity protein

localisation and polarity

(A,A) 28 h APF pupal wing, carrying twin clones of abl[2] (homozygous abl[2] tissue
is indicated by the loss of green B-gal immunolabelling); Dsh is immunolabelled in
green (A) or grey (A’). Scale bar 20 um.

(B-C”) Blue lines represent polarity nematics of Dsh in panel Ain arm-LacZ/arm-LacZ
control tissue (B), and homozygous abl[2] tissue (C). (B-C) Coarse-Grain polarity
nematics averaged over a 3-cell size. (B’-C’) Single cell polarity nematics (B”-C”)
zoomed-in of red box region.

(D,F,H) Comparison of the polarity of Dsh (D), Fmi (F), or Stbm (H) comparing control
tissue to abl[2] clones. No significant difference in two-tail two-sample Student’s paired
t-test, (D) p-value = 0.1167, N = 4 wings; (F) p-value = 0.2569, N = 5 wings; (H) p-
value = 0.0695, N = 4 wings. Error bar: 95% confidence interval.

(E,G,l) Comparison of membrane intensity of Dsh (E), Fmi (G), or Stbm (I) comparing
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control tissue to abl[2] clones. No significant difference in two-tail two-sample Student’s
paired t-test, (E) p-value = 0.8895, N = 4 wings; (G) p-value =0.8047, N = 5 wings; ()
p-value =0.5236, N = 4 wings. Error bar: 95% confidence interval.

2.2.3.2 Abl amorphic allele abl[2] clones show normal polarity

As the DshY473 residue is shown to be important for Dsh membrane localisation, the
next question is whether Abl kinase plays a role in pupal wing cells. If Abl
phosphorylates Dsh on Y473 residue, a weaker Dsh membrane localisation is

expected when Abl activity is reduced.

To test this, abl[2] amorphic allele, which has a nonsense mutation in its kinase domain
(Smith and Liebl, 2005), twin-clones were generated. However, no significant change
in protein level on cell membrane is observed in immunolabelled Dsh (Figure 2.11 E),
Fmi (Figure 2.11 G), and Stbm (Figure 2.11 I), comparing homozygous abl[2] cells to
control cells (Figure 2.11 comparing B-B” to C-C”). In addition, core protein polarity
was not affected (Figure 2.11 D,F,H). Hence, the reduced Dsh membrane localisation
phenotype, as shown in DshY473>F phosphomutant (Figure 2.10), is not observed in
abl- mutant tissue, suggesting that Abl phosphorylation is not crucial for Dsh

membrane localisation.

2.2.3.3 Conditional Abl overexpression and Abl RNAi

As a supplementary to the ablf2] mutant clonal experiment, Abl was overexpressed
and Abl RNAi was expressed under the control of ptc-Gal4 (Figure 2.12) or en-Gal4
(Figure 2.13), Fmi and Stbm were stained to check if the core protein localisation is

affected.
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Consistent with the twin-clone results described in Section 2.2.3.2 (Figure 2.11), no
obvious difference was observed in membrane protein level in immunolabelled Fmi
(Figure 2.12 H,J; Figure 2.13 H,J) or Stbm (Figure 2.12 L,N; Figure 2.13 L). These

results suggest that Abl phosphorylation is not crucial for core protein membrane level.

It is noticed that the polarity strength of Fmi (Figure 2.12 |, p-value = 0.0066) and Stbm
(Figure 2.12 M, p-value = 0.0302) has a minor but statistically significant increase in
ptc>Abl RNAI tissue compared to control tissue. This is not observed in en>Abl RNAi
expressed wings (Figure 2.13 |,K) and abl[2] mutant clones (Figure 2.11 D,F,H). Also,
comparing Abl overexpression tissue to control tissue, the strength of planar polarity
of Fmi (Figure 2.12 G, Figure 2.13 G) and Stbm (Figure 2.12 K) is not significantly
affected. Hence, no robust conclusion can be drawn on whether Abl affects planar
polarity. However, cells near pfc- expression region boundary appear to be irregular
and core protein puncta was observed to be mis-localised (Figure 2.12 A,B”, red
arrows). As Abl has been reported to regulate epithelial morphogenesis via regulating
adherens junctions and cytoskeleton (Fox and Peifer, 2007; Grevengoed et al., 2001),
the effect of Abl overexpression in core protein mis-localisation can be indirect via

affecting pupal wings cell shape.
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Figure 2.12 Core planar polarity protein polarity and intensity in ptc>Abl and

ptc>Abl RNAi pupal wings Figure legends in next page
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Figure 2.12 Core planar polarity protein polarity and intensity in ptc>Abl and

ptc>Abl RNAi pupal wings

(A,D) ptc>Abl (A) or ptc>Abl RNAi (D) expressing 28h APF pupal wings. Fmi is
immunolabelled in grey. The ptc expression region is indicated by the yellow line on
the left. (A) Red arrows indicate mis-localised Fmi puncta. Scale bar 20 um.

(B-C”) Blue lines represent polarity nematics of Fmi in panel A in ptc>Abl expressed
region (B) and no ptc expression control region (C). (B-C) Coarse-Grain polarity
nematics averaged over a 3-cell size. (B’-C’) Single cell polarity nematics (B”-C”)
zoomed-in of red box region. Red arrow in (B”) indicate mis-localised Fmi puncta as
shown in panel A.

(E-F”) Blue lines represent polarity nematics of Fmi (in D) in ptc>Abl RNAi expressed
region (E) and no ptc expression control region (F). (E-F) Coarse-Grain polarity
nematics averaged over a 3-cell size. (E’-F’) Single cell polarity nematics (E”-F”)
zoomed-in of red box region.

(G-H) Comparison of Fmi polarity (G) and membrane intensity (H) comparing
ptc>Abl expressed tissue to control tissue. No significant difference in polarity (G, N =
4 wings, p-value = 0.1822) or membrane intensity (H, N = 4 wings, p-value = 0.9296)
in two-tail two-sample Student’s paired t-test. Error bar: 95% confidence interval.

(I-J) Comparison of Fmi polarity (I) and membrane intensity (J) comparing ptc>Abl
RNAI expressed tissue to control tissue. Fmi polarity is higher in ptc>Abl RNAi
expressed tissue (I, N = 8 wings, p-value = 0.0066). No significant difference in
membrane intensity (J, N = 8 wings, p-value = 0.1322) in two-tail two-sample Student’s
paired t-test. Error bar: 95% confidence interval.

(K-L)  Comparison of Stbm polarity (K) and membrane intensity (L) comparing
ptc>Abl expressed tissue to control tissue. No significant difference in polarity (K, N =
4 wings, p-value = 0.2132) or membrane intensity (L, N = 4 wings, p-value = 0.1649)
in two-tail two-sample Student’s paired t-test. Error bar: 95% confidence interval.
(M-N) Comparison of Stbm polarity (M) and membrane intensity (N) comparing
ptc>Abl RNAi expressed tissue to control tissue. Fmi polarity is higher in ptc>Abl RNAi
expressed tissue (M, N = 8 wings, p-value = 0.0302). No significant difference in
membrane intensity (N, N = 8 wings, p-value = 0.1093) in two-tail two-sample Student’s
paired t-test. Error bar: 95% confidence interval.
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Figure 2.13 Core planar polarity protein polarity and intensity in en>Abl and

en>Abl RNAI pupal wings Figure legends in next page
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Figure 2.13 Core planar polarity protein polarity and intensity in en>Abl and

en>Abl RNAi pupal wings

(A,D) en>Abl (A) or en>Abl RNAi (D) expressing 28h APF pupal wings. Fmi is
immunolabelled in grey. The en expression region is indicated by the yellow line on the
left. Scale bar 20 uym.

(B-C”) Blue lines represent polarity nematics of Fmi in panel A in control region
without en expression (B) and en expression region (C). (B-C) Coarse-Grain polarity
nematics averaged over a 3-cell size. (B’-C’) Single cell polarity nematics (B”-C”)
zoomed-in of red box region.

(E-F”) Blue lines represent polarity nematics of Fmi in panel D in control region (E)
and en expression region (F). (E-F) Coarse-Grain polarity nematics averaged over a
3-cell size. (E’-F’) Single cell polarity nematics (E”-F”) zoomed-in of red box region.
(G-H) Comparison of Fmi polarity (G) and membrane intensity (H) comparing
en>Abl expressed tissue to control tissue. No significant difference in polarity (G, N =
2 wings, p-value = 0.6965) or membrane intensity (H, N = 2 wings, p-value = 0.0956)
in two-tail two-sample Student’s paired t-test. Error bar: 95% confidence interval.

(I-J) Comparison of Fmi polarity (I) and membrane intensity (J) comparing en>Abl RNAi
expressed tissue to control tissue. No significant difference in polarity (I, N = 5 wings,
p-value = 0.2693) or membrane intensity (J, N = 5 wings, p-value = 0.4737) in two-tail
two-sample Student’s paired t-test. Error bar: 95% confidence interval.

(K-L)  Comparison of Stbm polarity (K) and membrane intensity (L) comparing
en>Abl RNAI expressed tissue to control tissue. No significant difference in polarity (K,
N = 3 wings, p-value = 0.6796) or membrane intensity (L, N =4 wings, p-value = 0.8455)
in two-tail two-sample Student’s paired t-test. Error bar: 95% confidence interval.
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2.2.3.4 short-term expression of Abl and Abl RNAi in clones

In the previous Section 2.2.3.3, it is noticed that cells near ptc>Abl expression region
boundary are irregular and core protein puncta are mis-localised. However, the
expression region can only be estimated in ptc> driven expression experiments as no
expression region marker is used. To express Abl and Abl RNAI in tissue with a clear

border, clones were generated.

By inserting an FRT-STOP-FRT sequence in between the Act5C promoter and the
Gal4 sequence, the Gal4/UAS system is halted. When the FLP recombinase is induced
to express under the hsp70 promoter by 37°C heat-shock (Lindquist, 1980a; b;
Velazquez et al., 1983), the FRT-STOP-FRT sequence gets flipped out and the Act5C
promoter induces Gal4 expression. Thus, Abl or Abl RNAI is expressed in cells excise
the cassette and their progeny inherit the excised state. UAS-LacZ is also expressed

to mark the Gal4/UAS system activated cells (Materials and Methods 6.1.4.2).

Dsh was immunolabelled in this experiment as it is proposed to be the direct target of
Abl phosphorylation. No significant difference in Dsh polarity magnitude and
membrane intensity was detected between Abl RNAi expression clones and wild-type
regions (Figure 2.14 G-H). As for Abl overexpression clones, may be due to a small
sample size (N = 2), no significant difference in Dsh polarity magnitude is observed
comparing Abl overexpression clones and wild-type regions (Figure 2.14 1-J). However,
a noticeable change in polarity direction does appear in Abl overexpression clones
(Figure 2.14 E-E” compared to F-F”). As proposed above, the change in polarity
direction can be indirect via effects on adherens junctions and cytoskeleton (Fox and
Peifer, 2007; Grevengoed et al., 2001). Indeed, cells were more irregular in Abl

overexpressed clones (Figure 2.14 E-E” compared to F-F”).

Thus, although still uncertain, the regulation of Abl on planar polarity is not supported
based on the results shown here. Considering that the EGFP-Dsh[Y473>F] largely lost

its membrane localisation, and the Y473 residue lies within the DEP domain, which is
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crucial for the membrane recruitment of Dsh (Axelrod et al., 1998; Gammons et al.,
2016; Tauriello et al., 2012), the Y473 residue is important for Dsh been recruited to
cell membrane. However, there is no evidence provided supporting the regulation of
Abl kinase affects Dsh membrane recruitment. This may be due to the mutation on
Y473 disrupting the conformation, or possibly there is another Tyr-kinase redundantly
phosphorylates Y473. Thus, the importance of phosphorylation on DshY473 residue

cannot be denied based on the data shown here.
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Figure 2.14 Core planar polarity protein polarity and intensity in pupal wings

carrying clones expressing UAS>Abl and UAS>Abl RNAi

28 h APF pupal wing carrying clones expressing Abl RNAi (A-C”,G,H) or Abl (D-F”,1,J).
Stop cassette in Act5C>>Gal4 in flipped out by hs-FLP to induce UAS-Abl RNAi or
UAS-AbI expression.

(A) 28 h APF pupal wing carrying clones expressing Abl RNAi. Abl RNAi expressing
tissue is indicated by the gain of blue B-gal immunolabelling. B-gal is immunolabelled
in blue (A); Dsh is immunolabelled in green (A) or grey (A’). Scale bar 20 ym.
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(B-C”) Blue lines represent polarity nematics of Dsh in panel Ain Abl RNAi expressed
tissue (B) or control tissue (C). (B-C) Coarse-Grain polarity nematics averaged over a
3-cell size. (B’-C’) Single cell polarity nematics (B”-C”) zoomed-in of red box region.
(D) 28 h APF pupal wing carrying clones overexpressing Abl. Abl overexpressing
tissue is indicated by the gain of blue B-gal immunolabelling. B-gal is immunolabelled
in blue (D); Dsh is immunolabelled in green (D) or grey (D’). Scale bar 20 ym.

(E-F”) Blue lines represent polarity nematics of Dsh in panel D in Ab/ overexpressed
tissue (E) or control tissue (F). (E-F) Coarse-Grain polarity nematics averaged over a
3-cell size. (E’-F’) Single cell polarity nematics (E”-F”) zoomed-in of red box region.
(G-H) Comparison of polarity (G) or membrane intensity (H) of Dsh, comparing Abl/
RNAI expressed tissue and control tissue. No significant difference in two-tail two-
sample Student’s paired t-test, (G) p-value = 0.7470; (H) p-value = 0.5228. N = 7 wings,
error bar: 95% confidence interval.

(I-J) Comparison of polarity (I) or membrane intensity (J) of Dsh, comparing Ab/
overexpressed tissue and control tissue. No significant difference in two-tail two-
sample Student’s paired t-test, (I) p-value = 0.4117; (J) p-value = 0.1633. N = 2 wings,
error bar: 95% confidence interval.
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2.24 Kinases phosphorylating Pk

Msn (Daulat et al., 2012; Paricio et al., 1999) and Nmo (Choi and Benzer, 1994; Collu
et al., 2018; Mirkovic et al., 2011) are both found to affect planar polarity in Drosophila
eyes. In this section, | am going to examine whether pupal wing polarity is affected by

them.

2.2.4.1 Msn allele clones
The msn[172] alleles carrying inversion breakpoints within the coding region were used

to check the role of Msn in planar polarity in the Drosophila pupal wing (Figure 2.15).

The ideal experiment is to check immunolabelled Pk membrane localisation, but all the
images stained for Pk are of poor quality as the example image shown in (Figure 2.15
F-F’). The only available images are of Dsh staining (Figure 2.15 A-A’), which would
also reflect the localisation of Pk as overexpression of Pk leads to larger core protein
puncta (Bastock 2003) and loss of Pk causes loss of core protein polarity (Bastock et

al., 2003; Strutt and Strutt, 2007; Tree et al., 2002).

Homozygous msn[172] clones in Drosophila pupal wings have no obvious change in
core protein membrane localisation level compared to control tissue (Figure 2.15 E, p-

value = 0.2679, comparing B-B” to C-C”).

When comparing Dsh polarity between inside and outside msn[172] clones, a weak
but statistically significant decrease of polarity in msn[172] clones was noticed (Figure
2.15 D, p-value = 0.0164), suggesting Msn positively regulates planar polarity without
affecting membrane intensity in pupal wing cells. However, whether such regulation is

reproducible in other approaches, e.g., RNAi or other alleles, is worth testing.

-85 -



msn[172] }4

Dsh direct average polarity magnitude
0.4 =0.0164

0.3

Dsh poflfarityvi Bt ‘ SIRERLIRAN 00
\in"control SERARE S l

1500

SR

500

Dsh po:l~é,rity:' SR 588 K ~
\in-msn[172] SR (Y . &

Figure 2.15 msn[172] allele clones affect core planar polarity protein polarity

(A) 28 h APF pupal wing, carrying twin clones of msn[172] (homozygous msn[172]
tissue is indicated by the loss of green -gal immunolabelling); Dsh is immunolabelled
in red (A) or grey (A"). Scale bar 20 ym.

(B-C”) Blue lines represent polarity nematics of Dsh in panel Ain arm-LacZ/arm-LacZ
control tissue (B) and homozygous msn[172] tissue (C). (B-C) Coarse-Grain polarity
nematics averaged over a 3-cell size. (B’-C’) Single cell polarity nematics (B”-C”)
zoomed-in of red box region.

(D-E) Comparison of polarity (D) and membrane intensity (E) of Dsh, comparing
msn[172] clones to control tissue. Dsh polarity in msn[172] clones is lower than that in
control tissue (D, p-value = 0.0164), but the membrane intensity of Dsh shows no
change (E, p-value = 0.2679). N = 5 wings, statistical significance calculated by two-
tail two-sample Student’s paired t-test. Error bar: 95% confidence interval.

(F) Example image shows poor Pk staining in 28 h APF pupal wing carrying twin
clones of msn[172] (homozygous msn[172] tissue is indicated by the loss of blue B-gal
immunolabelling); Pk is immunolabelled in red (F) or grey (F’). Scale bar 20 um.
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2.2.4.2 Nmo phosphorylation sites mutations

In vitro kinase assay identified two clusters of Nmo phosphorylation sites on Pk: [S515,
S519, S595, S599] and [T708, S725, T737, S762] (Collu et al., 2018). To check the
potential effect of Nmo phosphorylation in pupal wings, these two clusters of eight S/T
residues were mutated to Ala or Glu to generate phosphomutant EGFP-pk[A] and
phosphomimetic EGFP-pk[E] mutations. Mutations were expressed under Act5C-
promoter. The polarity magnitudes are not significantly affected in EGFP-pk[A] and
EGFP-pk[E] clones, compared to EGFP-pk wild-type clones (Figure 2.16 D),

suggesting phosphorylation on these residues is not crucial for planar polarity in wings.

Another interesting statement worth checking is that Nmo phosphorylation on Pk
promotes Pk isoform degradation in eyes (Collu et al., 2018). Here | want to check if
the Pk level is affected in wings as the Pk isoform is the dominant isoform in wings but
not in eyes. If the phosphorylation on these two clusters of S/T residues promotes Pk
degradation, a reduced EGFP-pk[E] level is expected. However, the phosphomimetic
EGFP-pk[E] mutant shows significantly higher membrane (Figure 2.16 E, p-value =
0.0105) and cytoplasm protein levels (Figure 2.16 F, p-value = 0.0002) compared to
the wild-type control. Nevertheless, phosphomutant EGFP-PK[A] protein level shows
no significant difference to EGFP-Pk[wt] (Figure 2.16 E-F). My results shown here
contradicted the degradation model in (Collu et al., 2018), but may, instead, suggest
an opposite model in wings that phosphorylation on Pk prevents Pk isoform to be

degraded.

Since my data are insufficient to determine whether reported phosphorylation sites
regulate planar polarity in wings, the only conclusion | can draw here is that the protein
level of phosphomimetic EGFP-pk[E] mutant is increased in pupal wing cells, and this

does not affect planar polarity.
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Figure 2.16 EGFP-Pk[mut] polarity and intensity in pk[pk-sple-13] clones
(A-C”)
pk[pk-sple-13] tissue is indicated by the loss of blue 3-gal immunolabelling). EGFP-Pk
(A), EGFP-PK[A] (B), or EGFP-PKI[E] (C) is expressed in the whole wing. (A-C’) Blue
lines represent Coarse-Grain polarity nematics averaged over a 3-cell size. (A’-C”)

28 h APF pupal wing carrying twin clones of pk[pk-sple-13] (homozygous

Single cell polarity nematics (A”-C”’) zoomed-in of red box region. Scale bar 20 ym.
(D-F)  Comparison of polarity (D), membrane intensity (E), and cytoplasm intensity
(F) among EGFP-Pk (N = 10 wings), EGFP-Pk[A] (N = 12 wings), and EGFP-PK[E] (N
= 8 wings) in pk[pk-sple-13] background.

(D) No significant difference in polarity is shown in the ANOVA test. p-value ANOVA
results for comparisons between EGFP-Pk and EGFP-Pk[A] = 0.8636; EGFP-Pk and
EGFP-PK[E] = 0.9384; EGFP-Pk[A] and EGFP-PK[E] = 0.6827. Error bar: 95%
confidence interval.

(E) The membrane intensity of EGFP-PK[E] is higher than that of EGFP-Pk, p-value
ANOVA = 0.0105. No significant difference between EGFP-Pk and EGFP-Pk[A], p-
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value ANOVA = 0.6680; and between EGFP-PkK[A] and EGFP-PK[E], p-value ANOVA
= 0.0508. Error bar: 95% confidence interval.

(F) The cytoplasm intensity of EGFP-PK[E] is higher than that of EGFP-Pk (p-value
ANOVA = 0.0002) and EGFP-PK[A] (p-value ANOVA = 0.0218). No significant
difference between EGFP-PK[A] and EGFP-PK[E], p-value ANOVA = 0.0870. Error bar:
95% confidence interval.
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2.3Discussion

2.3.1 aPKC Discussion

In this section, three approaches were used to attenuate aPKC activity. First, no
adequate size clone was found in the amorphic aPKC mutant flies, so the polarity
cannot be quantified. Then temperature-sensitive allele clones were generated but
show no effect on planar polarity, presumably due to the insufficient inhibition of aPKC
kinase activity. Finally, a more aggressive method was tried, in which expression of a
dominant negative form of aPKC reorients core protein puncta and reduces the
strength of the polarity (Figure 2.4 E,G, 2.5 F). Although ptc>aPKC[DN] affects the
strength of planar polarity in the wing, there is only a slight (Figure 2.5 E) or no (Figure
2.4 FH; Figure 2.5 G) change in membrane intensity, suggesting that the expression

of aPKC is not or only weakly affects core protein membrane levels.

Here, evidence is provided supporting aPKC regulates planar polarity in Drosophila
wings but does not support that core protein membrane levels is affected. Considering
a previously published work shows that aPKC affects planar polarity in the eye via
phosphorylating Fz in residues proposed to regulate Dsh recruitment (Djiane et al.,
2005; Strutt et al., 2012; Umbhauer et al., 2000; Wong et al., 2003; Wu et al., 2008),
see Introduction 1.3.1. Whether aPKC affects core protein, especially Dsh,

membrane localisation needs to be further confirmed.

It is also worth noticing that the dominant-negative form of proteins may cause off-
target effects (Shen et al., 2013), so that results generated in aPKC[DN] expression
experiments are needed to be tested by other approaches. Further experiments

examine how aPKC affects planar polarity is described in Chapter 4.
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2.3.2 Par-1 Discussion

As little is known on whether Par-1 regulates Dsh function in Drosophila pupal wings
and how Par-1 regulates Dsh function remains unclear, | checked planar polarity in
par-1[k05603] clones and Par-1 RNAi conditional expression in Drosophila pupal wings
but found no obvious change in core protein puncta localisation. The negative results

shown here lower our interest in Par-1.

In addition, the Dsh mutations experiment shows that the S/T236-247 residues are
crucial for Dsh function in planar polarity. However, as phosphomutant and
phosphomimetic Dsh show similar effects (Figure 2.8 and Figure 2.9), it is still unclear
whether the phosphorylation event in the S/T236-247 residues regulates Dsh function.
In the FRAP experiment, phosphomutant Dsh[S/T236-247>A]-GFP has increased
mobility (Figure 2.9 C), which is consistent with the previous publication (Strutt et al.,
2019a). However, the mobility of the phosphomimetic form of Dsh was not examined
in (Strutt et al., 2019a), which is also found to increase in the experiment described
here (Figure 2.9 C). This may be due to:
1) the mutations themselves affect Dsh conformation and function rather
than the phosphorylation events. Supporting this, when only five rather than
eight S/T residues were mutated to Ala, the wing hair phenotype of dsh- mutant
was rescued (Strutt et al., 2019a). These results suggest that the aggressive
eight mutations disrupt the conformation of Dsh, thus, affecting its membrane
localisation, polarity, and mobility. Or
2) the phosphorylation events are important, but the Glutamic acid is not
sufficiently charged to mimic effects of the phosphorylated serine and threonine
(Chen and Cole, 2015), thus, the ‘phosphomimetic’ Dsh may actually mimicking
a hypo-phosphorylated status of Dsh. In this case, a stronger charged
phosphomimetic mutations are required in future research examining the

function of S/T236-247 residues.

In contrast to the less interested Par-1, solid evidence has been previously provided
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to show Dco plays a role in planar polarity. Dco is proposed to also phosphorylate
S/T236-247 residues (Klein et al., 2006; Strutt et al., 2006), and regulates planar
polarity in Drosophila wings (Klein et al., 2006; Strutt et al., 2019a; Strutt et al., 2006;
Strutt and Strutt, 2020). More experiments to dissect the role of Dco are described in

Chapter 3.

2.3.3 Abl Discussion

The EGFP-Dsh[Y473>F] mutant protein is hardly localised to the cell membrane
(Figure 2.10 A-B). A similar result is also reported in 30 h APF pupal wing cells (Singh
et al., 2010). These results highlight that the Y473 residue is crucial for Dsh membrane
localisation. Indeed, DshY473 residue lies within the DEP domain, which is found
crucial for its membrane recruitment (Axelrod et al., 1998; Gammons et al., 2016;
Tauriello et al., 2012). It is also proposed that DEP domain interaction with negatively
charged phospholipids regulating Dsh membrane localisation (Simons et al., 2009).
Thus, the phosphorylation on Y473 residue, which affects protein charge, may be the
mechanism for a decreased Dsh membrane localisation. So next, Abl was manipulated
to check if the Dsh localisation is regulated by the phosphorylation of Abl. If Abl
regulates planar polarity via phosphorylating Y473 residue, a lower membrane
intensity in abl- mutant clones and Abl RNAi expression region is expected, which is
not observed (Figure 2.11 E,G,I; Figure 2.12 J,K; Figure 2.13 J,L). These results
indicate that decreased Abl activity does not significantly affect core protein membrane

localisation in Drosophila wing cells.

Such a conflict may suggest: 1) a redundancy that other kinases may phosphorylate
Y473 in compensating for Abl; or 2) Y473 disrupts the conformation (or charge status)
of Dsh thus inhibiting its membrane binding and Abl does not regulate planar polarity

via phosphorylation of Y473.
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In addition, a noticeable change in polarity direction and cell shape is observed in Abl
overexpression clones (Figure 2.12 B-C, Figure 2.14 E-F). Since Abl has been
reported to regulate epithelial morphogenesis via regulating adherens junctions and
cytoskeleton (Fox and Peifer, 2007; Grevengoed et al., 2001), the change in polarity
direction may be an indirect effect via cell shape change as cell packing has been
proposed to affect planar polarity (Aigouy et al., 2010; Classen et al., 2005; Etournay
et al., 2015).

Here | provide evidence that compromised Abl activity does not affect planar polarity
in wings; while the overexpression of Abl leads to polarity direction change but may be
indirect via affecting cell shape. Further research is needed to obtain more evidence

for whether Abl regulates planar polarity, but it is of low priority in this project.

2.3.4 Pk kinase Discussion

Data in Section 2.2.4 show that msn- mutant decreases Dsh planar polarity but does
not affect Dsh membrane intensity in pupal wings (Figure 2.15 D-E). However, as, Pk,
the proposed direct substrate of Msn was not immunolabelled, whether Msn regulate
planar polarity is still unclear. Indirect evidence was produced that Dsh membrane
intensity is not affected (Figure 2.15 E), suggesting the formation of the core protein
complex is not largely affected. Thus, Pk membrane localisation is unlikely to be

affected by Msn in pupal wing cells.

In Drosophila eyes, loss-of-function alleles of msn suppress the Dsh overexpression
phenotype (Paricio et al., 1999), and msn RNAIi knock-down enhances PK[Sple]
overexpression phenotype (Daulat et al., 2012). These result suggest that Msn
enhances Pk[Sple] activity in Drosophila eyes, possibly due to in promote Pk[Sple]
membrane localisation as the PRICKLE1 membrane localisation is increased in MINK1

overexpressed HEK293T cells and decreased in morpholino oligonucleotide (MO)-
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xMink1 knock-down in Xenopus embryos (Daulat et al., 2012). However, Pk[Sple] is
not the dominant isoform in Drosophila wings. Msn in Drosophila wing cells may only
affect the submissive isoform Pk[Sple] and the dominant isoform Pk is not affected,

thus, the core protein membrane localisation is not affected.

My result in planar polarity strength (Figure 2.15 D) does not agree with a previous
publication where no canonical planar polarity defect is observed in msn- adult wings
but missing wing hairs (Paricio et al., 1999). This may be because the change in planar
polarity strength is statistically significant but only mild, the orientation of the polarity is
not obviously affected either (Figure 2.15 comparing B to C). Thus, the mild effect on

planar polarity may be insufficient to affect adult wing phenotype.

Section 2.2.5 describes that the proposed Nmo phosphorylation sites are mutated and
no change in polarity is observed (Figure 2.16 D). This result does not agree with (Collu
et al., 2018), where the expression of the phosphomutant Pk produce a more severe
ommatidia rotation phenotype comparing to the overexpression of wild-type Pk. (Collu
et al., 2018) also suggest that Nmo regulates planar polarity in Drosophila eyes by
phosphorylating Pk and increasing Pk degradation. In contrast, my result in (Figure

2.16 E-F) shows that the protein level of Pk[E] mutants is increased.

As stated in Introduction 1.2.1, Pk is the dominant isoform in the wing, while Pk[Sple]
dominantly functions in the eye (Gubb et al., 1999) and the balance of Pk/Sple isoform
is crucial for planar polarity (Collu et al., 2018; Gubb et al., 1999). The contradicted
results in eyes (Collu et al., 2018) and wings (this work) may further suggest that Nmo
promote planar polarity in both tissues by reducing the Pk isoform protein level in eyes
and increasing the dominant Pk isoform protein level in wings. However, as EGFP-
Pk[E] does not show any change in polarity strength, the evidence provided here is still
insufficient for proving Nmo phosphorylation regulates planar polarity. There is a

publication reports that nmo- mutant alleles producing truncated transcripts show adult
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wing hair direction change (Verheyen et al., 2001). However, as the adult wing hair
phenotype is not observed in flies with amorphic allele nmo[P] (Verheyen et al., 2001),
the phenotype may not be due to loss of Nmo function but an unknown effect of the
mutant alleles. Since the Nmo kinase is not directly manipulated in this Thesis, future

experiment manipulating Nmo activity in wing cells is needed to examine the role of

Nmo.

In summary, results in this chapter support the planar polarity regulation role of aPKC,

partly support that of Abl, Msn, and Nmo, but not that of Par-1.
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CHAPTER 3
Effects of acute manipulation of Dco

on planar polarity
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3.1Introduction

In Introduction 1.3.3 | described how Dco regulates planar polarity and affects the

phosphorylation of Dsh and Stbm.

However, the research in previous publications was all carried out by long-term
manipulation of Dco activity, e.g., dco- mutant, dominant-negative Dco expression, and
dco RNAI expression, which may lead to indirect effects on core planar polarity. On
the one hand, Dco has been reported to regulate the Wg signalling pathway (Bernatik
etal., 2014; Gao et al., 2002; Kishida et al., 2001; Klein et al., 2006; McKay et al., 2001;
Peters et al., 1999; Sakanaka et al., 1999; Zhang et al., 2006). Considering the core
planar polarity pathway and the canonical Wg signalling pathway share components
like Fz and Dsh, and Wnts is a possible upstream cue for planar polarity, where ectopic
Whnts sources re-orient Vangl2/Prickle3 complex in Xenopus early ectoderm (Chu and
Sokol, 2016); and even distribution disrupts planar polarity in mouse embryos
(Minegishi et al., 2017). The effect on Wg signalling might affect core planar polarity.
On the other hand, Dco is reported to phosphorylate Ft (Feng and Irvine, 2009; Pan et
al., 2013; Sopko et al., 2009), which is a component of another possible upstream
pathway, Ft/Ds (Strutt and Strutt, 2021). In addition, Ft is also a receptor for the Hippo
signalling pathway which regulates tissue growth and cell proliferation (Bennett and
Harvey, 2006; Cho et al., 2006; Silva et al., 2006; Tyler and Baker, 2007; Willecke et
al., 2006). Another upstream regulator for Hippo signalling pathway Expanded
(Ex)(Hamaratoglu et al., 2006) is also phosphorylated and regulated by CKI family
kinases (Fulford et al., 2019). In addition, Hedgehog signalling is also affected by CKI
family kinases (Jia et al., 2004; Jia et al., 2005; Price and Kalderon, 2002; Su et al.,
2011). Thus, the effect of Dco on core planar polarity can be indirect via other signalling
pathways. The first aim of this chapter is to provide evidence for whether Dco directly
affects planar polarity protein localisation and stability by acutely manipulating Dco

activity.
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Another aim of this chapter is to test if Dsh and/or Stbm are the direct substrates of
phosphorylation. Although evidence showing Dsh is a direct target is limited, the
possibility cannot be eliminated that Dco directly phosphorylates Dsh and thus
regulates Stbm polarity indirectly, or vice versa. Hence, separating the ‘primary’
substrates and the ‘secondary’ substrates is a crucial question in the field. Here, | will
acutely manipulate Dco to examine its effects on Dsh and Stbm, expecting to visualise
the most immediate effects, for instance, the effect on dynamics in the ‘primary’

substrate.

3.2Nanobody-based acute knock-down of Dco

3.21 Acute knock-down of Dco-GFP affects planar polarity
The objective of this section is to find out if Dco affects the planar polarity acutely in a

nanobody-based acute knockdown experiment.

In order to knock down Dco acutely, the NSImb-vhhGFP fusion protein was used. In
camelids, there are antibodies composed of heavy chains only and devoid of light
chains (Hamers-Casterman et al., 1993). The antigen-binding domain of such heavy
chain antibodies (vhh), also referred to as nanobody™ (a registered trademark of
Ablynx), is a good alternative to conventional antibodies (van der Linden et al., 1999)
due to their small size and single domain feature. The vhhGFP is a type of vhh binding
to GFP specifically and efficiently (Saerens et al., 2005). The NSImb-vhhGFP is
generated by fusing the vhhGFP to the N-terminal part of Simb, which is a Drosophila
F-box protein (component of E3 enzymes SKP1-CUL1-F-box protein ligase complex).
The NSImb-vhhGFP deplete target GFP fusions in eukaryotic genetic system directly
and rapidly (Caussinus et al., 2011). In this experiment, the NSImb-vhhGFP were
induced to express under control of the hsp70 promoter in transgenic flies by heat-

shocking at 37°C, similar to (Ressurreicao et al., 2018).
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A Fosmid transgene from FlyFos library was used to express GFP-tagged Dco in pupal
wings cells. The Fosmid covers the Dco genomic region with superfolder-GFP (sfGFP)
and other tags inserted into C-terminal of the Dco coding sequence (Sarov et al.,

2016)(marked as Dco-GFP).

When both the Dco-GFP Fosmid transgene and the NSImb-vhhGFP transgene are
expressed in dco- mutant background, the vhhGFP nanobody specifically binds to
Dco-GFP and the NSImb motif induces the degradation of the complex. Thus, Dco is
knocked down acutely (Figure 3.1 A). A decrease in Dsh (or Stbm) asymmetrical
localisation is expected in this experiment, while other core proteins may remain
unaffected or slowly affected if Dco directly phosphorylates and stabilises Dsh (or

Stbm).

Note that the nanobody transgenic lines used in this experiment are not ideal. In pupal
wings without heat-shock, there are some cells that show obviously lower Dco-GFP
signals (Figure 3.1 B”, red dots indicate cells with low cytoplasmic GFP signal),
suggesting a non-negligible leaky expression of NSImb-vhhGFP. Also note that a
previous publication has shown that heat-shock per se does not affect core protein
polarity (Ressurreicao et al., 2018), thus 2-hour heat-shocked pupal wings are directly

compared to no heat-shock wings in this experiment.

Despite that the transgene insertion may express weakly without heat-shock, Dco-GFP
is largely degraded after a 2-hour heat-shock compared to no heat-shock wings (Figure
3.1 E” compared to B”), showing the NSImb-vhhGFP functions as expected in
degrading Dco-GFP. In this experiment, the Dsh significantly lost its proximodistal
asymmetric localisation (Figure 3.1 G, comparing B’ to E’) and less aligned (Figure 3.1
C-C’ compared to F-F’) in 2-hour heat-shocked pupal wings compared to no heat-
shock control wings. This result shows that acute knock-down of Dco-GFP decreases

Dsh polarity, suggesting a direct role of Dco activity in Dsh asymmetrical localisation.
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Figure 3.1 Nanobody-based Dco-GFP knock-down decreases Dsh polarity

Figure legends in next page
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Figure 3.1 Nanobody-based Dco-GFP knock-down decreases Dsh polarity

(A) Schematic of nanobody-based acute knockdown experiment. Heat-shock induces
expression of vhhGFP-NSImb nanobody that driven Dco-GFP degradation.

(B-B”) 28 h APF pupal wing expressing Dco-GFP in dco[2]/dco[j3B9] background.
NSImb-vhhGFP nanobody is not expressed in the absence of heat-shock. Dsh was
immunolabelled in red (B) or grey (B’). (B”) Dco-GFP fluorescence, red dots indicate
cells with low Dco-GFP signals. Scale bar 5 ym.

(C-C’) Blue lines represent polarity nematics of Dsh in panel B’. (C) Coarse-Grain
polarity nematics averaged over a 3-cell size. (C’) Single cell polarity nematics.

(D) Blue lines represent single cell polarity nematics of Dco-GFP in panel B”.

(E-E”) 28 h APF pupal wing expressing Dco-GFP and NSImb-vhhGFP in
dco[2]/dco[j3B9] background. NSImb-vhhGFP nanobody was induced to express by a
2 h heat-shock. Dsh was immunolabelled in red (E) or grey (E’). (E”) Dco-GFP
fluorescence is not detected on cell membranes. Scale bar 5 ym.

(F-F’)  Blue lines represent polarity nematics of Dsh in panel E’. (F) Coarse-Grain
polarity nematics averaged over a 3-cell size. (F’) Single cell polarity nematics

(F) Comparison of direct average polarity magnitudes of immunolabelled Dsh in Dco-
sequestrated (2 h heat-shock, N = 7) pupal wings and control wings (no heat-shock, N
= 4). Dsh polarity is lower in Dco-sequestrated pupal wing cells, p-value in a two-tail
two-sample Student’s paired t-test = 0.0055. Error bar: 95% confidence intervals.
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3.2.2 Acute knock-down of Dco-HA

To confirm the role of Dco on planar polarity independent of GFP, the hemagglutinin
(HA)-tagged Dco was also made. The FlyFos Fosmid covering the Dco genomic region
was tagged with HA and SpotTag, with HA-SpotTag- sequence inserted into N-
terminal (HA-SpotTag-Dco, marked as HA-Dco) or SpotTag-HA- sequence inserted
into C-terminal (Dco-SpotTag-HA, marked as Dco-HA) of the Dco coding sequence,

see Materials and Methods 6.1.3.

The HA-tagged protein can be bound and sequestrated to mitochondria using a hsp70
promoter controlled Tom70-HAScFv nanobody (Ressurreicao et al., 2018). The
Tom70-HASCcFv fusion protein was also tagged with Myc, which is immunolabelled to
confirm the Tom70-HAScFv expression after heat-shock. However, as shown in
(Figure 3.2 A-A’), the immunolabelled Myc is weakly detected in wings without heat-

shock (Figure 3.2 A’), showing this transgene is also expressed leaky.

After two-hour heat-shock, Myc tagged Tom70-HAScFv is highly expressed (Figure
3.2 B-B’). Unlike the Dco-GFP knock-down results where Dsh-GFP localised
symmetrically on cell membrane after two-hour heat-shock (Figure 3.1 C’), Dsh-HA
immunolabelling is not obviously affected as puncta still localise on proximal and distal
cell junctions (Figure 3.2 A” compared to B”). This may be due to a fault of the Dco-
HA transgene as the HA immunolabeling looks identical between heat-shocked and
no heat-shock control wings (Compare Figure 3.2 A to B’”’). Nevertheless, both C-
terminal tagged Dco-GFP (Figure 3.1 B”) and immunolabelled N-terminal tagged HA-
Dco (Figure 3.4 A) shows cell membrane localisation, suggesting the tagging site does
not deplete the membrane localisation of Dco. Thus, the HA antibody, which succeed
in detecting HA-Dco (Figure 3.4 A) did not detect Dco-HA, suggesting that HA-Dco is
not expressed in this transgene. This may explain why Dsh localisation is not obviously

affected (Compare Figure 3.2 A’ to B™).
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As both nanobody transgenes used in Dco-GFP and Dco-HA knock-down are found
express leaky, they may not be ideal tools. So | alternatively used another even more

acute knock-down method, chemical inhibitors as a parallel approach.

A

no Heat-Shock
Dco-HA;
dco[2]/dco[j3B9],
Tom70-HASCFV —

HeatsShock
Dco-HA; -
dco[2]/deo(j3BY), -«
TomZ0-HASCFv—

Figure 3.2 Nanobody-based Dco-HA knock-down failed

28 h APF pupal wing carrying Dco-HA transgene in dco[2]/dco[j3B9] background.
Tom70-HAScFv nanobody was not expressed in the absence of heat-shock (A-A”); or
was induced to express by a 2 h heat-shock (B-B”). Myc tag on Tom70-HAScFv
nanobody was immunolabelled in green (AB) or grey (A,B’); Dsh was
immunolabelled in red (A,B) or grey (A”,B”). (A”,B”’) No immunolabelled HA signal was
detected on cell membrane. Scale bar 5 ym.
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3.3Chemical CKI inhibitor acutely affects Dsh and Stbm

stability

The membrane localisation change of Dsh would ultimately affect other core protein
localisation. For instance, the total amount and stable amount of Stbm is reduced in a
planar polarity-specific dsh[1] mutant background (Strutt et al., 2019a); and semi-acute
(hours-scale) cleavage of Dsh reduces Stbm polarity and stable amount on cell
junctions (Ressurreicao et al., 2018). This means that the time window when only one
member of the protein complex changes its localisation is narrow. Thus, to separate
the ‘primary’ and ‘secondary’ substrate of Dco, a more acute approach is needed to
check if the planar polarity of Stbm is affected more acutely or less acutely than Dsh,

other than the hours-scale acute knock-down described above.

A broad-spectrum cell-permeant CKI inhibitor D4476 (4-[4-(2,3-dihydro-
benzo[1,4]dioxin-6-yl)-5-pyridin-2-yl-1H-imidazol-2-yllbenzamide)(Rena et al., 2004)
was used to inhibit Dco activity acutely in the ‘minutes’ time scale. Note that D4476
inhibits Dco (CKle) and other CKI isoforms, so the final result can be of collective
effects. D4476 is also reported to inhibit activin receptor-like kinase 5 (ALK5, a member
of the family of type-I TGF-B receptors)(Callahan et al., 2002; Rena et al., 2004). As
no direct cross-talk between the TGF-f signalling and the planar polarity has been
found, the inhibition of D4476 on ALKS5 is not a concern in this work. Also, there is a
Dco (CKle) specific inhibitor PF-4800567, which is reported to also inhibit EGFR
(Walton et al., 2009). Because EGFR affects planar polarity in Drosophila eyes (Brown
and Freeman, 2003; O'Keefe et al., 2009; Strutt and Strutt, 2003; Weber et al., 2008),

PF-4800567 inhibitor is not preferred in this experiment.

As 28 h APF pupal wings are covered in cuticular membranes that prevent chemical
accessibility, | used 6 h APF prepupal wings instead, where the pupal cuticle has not
been secreted (Waddington, 1939). Core proteins are expressed and localised on cell

membranes at 6 h APF, but their localisation is not obviously asymmetric in the majority
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of wings cells (Classen et al., 2005). Thus, in this system, only the mobility of Dsh and
Stbm is examined. The mobility of EGFP-tagged Dsh or Stbm in membranes is
measured by FRAP. Long-term expression of dominant-negative Dco has been
reported to affect Dsh and Stbm membrane stability in pupal wings (Strutt et al., 2019a)

but it is unclear how rapid the effects are.

D4476 inhibits most of CKIl activity at a concentration greater than 10 uM in vitro (Rena
et al., 2004), while 12 h 50 uM D4476 treatment exhibits cytotoxicity in cell culture (Hu
et al.,, 2015). Thus, to maximise the inhibition and avoid the cytotoxicity of long
inhibition, | first tried 30 min 50 yM D4476 treatment in 6 h APF prepupal wings.
Although the apoptosis markers are not checked, cells in 6 h APF prepupal wings still
maintain their normal morphology after 30 min D4476 treatment and about 6 min FRAP

imaging (Figure 2.9 A-A”), so there is no instant cytotoxicity effect.

After 30-min inhibition, the fraction of EGFP-Dsh fluorescence that has recovered after
photobleaching is increased compared to that of control wings treated with Dimethyl
Sulfoxide (DMSO) only (Figure 3.3, A, p-value for plateaus < 0.0001) while that of
Stbm-EGFP is decreased (Figure 3.3, B, p-value for plateaus < 0.0001). These results
show that acute inhibition of CKI activity destabilises EGFP-Dsh and stabilises Stbm-
EGFP on the cell membrane, suggesting Dco rapidly stabilises Dsh and destabilises

Stbm acutely.

As previously stated, planar polarity-specific dsh[1] mutant background reduces Stbm
total amount and stable amount (Strutt et al., 2019a); semi-acute cleavage of Dsh
reduces Stbm polarity and stable amount on cell junctions (Ressurreicao et al., 2018).
The ‘primary’ substrate cannot be distinguished in the 30 min inhibition experiments
where both Dsh and Stbm changes their stability, as changes in their stability can be

indirect.
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To rule out the ‘primary’ substrate, 10 min inhibition experiments were then tried. After
10-min D4476 treatment, the stability of EGFP-Dsh decreases (Figure 3.3 C, p-value
for plateaus = 0.0404) but it is not as mobile as the 30-min treatment group (Figure 3.3
C, p-value for plateaus = 0.0109). Note that due to technical limitations, it is impossible
to stop the inhibition effect while imaging. To avoid damaging the fragile prepupal
wings, wings were transferred with 1uL chemical treatment solution by pipetting into
4uL 2.5% methyl cellulose/Schneider's media for mounting (see Materials and
Methods 6.2.4). Thus, after 10 min treatment in 50 uM D4476, prepupal wings were
then still in 10 yM D4476 treatment during FRAP imaging, in which CKl is still inhibited
in vitro (Rena et al., 2004). So in this case, the actual inhibition time is longer than the
time indicated, especially for the 10-min treatment in the Stbm-EGFP experiments
where technical issue delays Stom-EGFP sample imaging for about 15 mins. The
estimated inhibition time for this experiment is 10-min 50 yM plus about 15-min 10uM
D4476 treatment. This may be the reason why 10-min treatment gives a similar result
to that of 30-min treatment (Figure 3.3, D, p-value for plateaus = 0.0873). Thus, in this
stage, | still cannot identify the ‘primary’ substrate as both proteins show changes in

10-min treatments.

Another attempt to identify the ‘primary’ substrate is to FRAP Dsh or Stbm in absence
of the other one. 30-min D4476 treatment in stbm- null mutant prepupal wings shows
no change in the EGFP-Dsh recovery plateau compared to control wings lacking drug
treatment (Figure 3.3, E), which might suggest that Dco stabilises Dsh in a Stbm-
dependent manner. However, the plateau for EGFP-Dsh recovery reaches about 80%,
and this may be the ceiling of the recovery. Instead, faster recovery is noticed in the
first couple of minutes in this experiment (Figure 3.3, E, p-value for K (Krast and Ksiow)
= 0.0006), suggesting EGFP-Dsh recovery is still affected by CKIl inhibition in absence
of Stbm. As for the Stom-EGFP recovery in absence of Dsh, there is only one data
point of DMSO control so the statistical analysis cannot be done. However, by eye, the
recovery of the treated group seems to be lower than that of the control data point

(Figure 3.3, H), suggesting the effect of Dco on Stbm mobility is independent of Dsh.
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Another Dco inhibitor, PF-4800567, treated prepupal wing cells also exhibit higher
EGFP-Dsh recovery compared to that of DMSO treatment prepupal wing cells (Figure

3.3 G, p-value = 0.0007), confirming the role of Dco in stabilising Dsh.
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EGFP-Dsh FRAP after 30min treatment
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Figure 3.3 CKl inhibitor regulates core planar polarity protein mobility

Figure legends in next page

- 109 -



Figure 3.3 CKIl inhibitor regulates core planar polarity protein mobility

(A-B) FRAP analysis of EGFP-Dsh in dsh[V26] background (A) and Stom-EGFP in
stbm[6] background (B) in 6 h APF pupal wings after 30 min treatment of D4476 and
DMSO control. Error bar: 95% confidence intervals. Curves are fitted in two-phase
exponential association, parameters in fitted curves are summarised in the table on
the bottom. Curves for D4476 treatment is in red, and for DMSO treatment control is
in blue. (A) The recovery plateau of EGFP-Dsh increases significantly after 30-min
D4476 treatment (N = 4 wings) compared to DMSO control (N = 5 wings), p-value <
0.0001. (B) Recovery plateau of Stbom-EGFP decreases significantly after 30-min
D4476 treatment (N = 10 wings) compared to DMSO control (N = 3 wings), p-value <
0.0001. Statistical significance calculated by extra sum-of-squares F test.

(C-D) FRAP analysis of EGFP-Dsh in dsh[V26] background (C) and Stom-EGFP in
stbm[6] background (D) in 6 h APF pupal wings after 10 min treatment of D4476 and
DMSO control. Error bar: 95% confidence intervals. Curves are fitted in two-phase
exponential association, parameters in fitted curves are summarised in the table on
the bottom. Curves for 10 min D4476 treatment is in red, for DMSO treatment control
is in blue, and curve for 30 min D4476 treatment is also shown in red. (C) The recovery
plateau of EGFP-Dsh after 10-min D4476 treatment (N = 10 wings) increases
significantly compared to 30-min treatment of D4476 (N = 4 wings), p-value = 0.0109;
and decreases significantly compared to DMSO control (N = 5 wings, p-value = 0.0404.
(D) the recovery plateau of Stom-EGFP after 10-min D4476 (N = 5 wings) show no
significant change compared to 30 min treatment of D4476 (N = 10 wings)(p-value =
0.5007) and DMSO control (N = 3 wings)(p-value = 0.0873). Statistical significance
calculated by extra sum-of-squares F test.

(E-F) FRAP analysis of EGFP-Dsh (E) and Stom-EGFP (F) in dsh[V26];stbm[6]
background in 6 h APF pupal wings after 30 min treatment of D4476 and DMSO control.
Error bar: 95% confidence intervals. Curves are fitted in two-phase exponential
association, parameters in fitted curves are summarised in the table on the bottom.
Curves for 30 min D4476 treatment is in red, for DMSO treatment control is in blue. (E)
The plateau of EGFP-Dsh after 30 min treatment of D4476 (N = 4 wings) has no
significant change compared to DMSO control (N = 5 wings), p-value = 0.3237; while
p-value for the rate of recovery [Krst and Ksow] = 0.0006. (F) the recovery plateau of
Stbm-EGFP (N = 4 wings) and DMSO control (N = 1 wing). Statistical significance
calculated by extra sum-of-squares F test.

(G) FRAP analysis of EGFP-Dsh in dsh[V26] background in 6 h APF pupal wings after
30 min treatment of PF-4800567, and DMSO control. Error bar: 95% confidence
intervals. Curves are fitted in two-phase exponential association, parameters in fitted
curves are summarised in the table on the right. Curves for PF-4800567 treatment is
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in red, and for DMSO treatment control is in blue. The recovery plateau of EGFP-Dsh
increases significantly after 30-min PF-4800567 treatment (N = 7 wings) compared to
DMSO control (N = 5 wings), p-value = 0.0007. Statistical significance calculated by
extra sum-of-squares F test.
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3.4Dco asymmetric proximodistal subcellular localisation

An interesting observation in the nanobody-base Dco-GFP knock-down experiment
shows that the GFP-tagged Dco is itself localised asymmetrically on the apicolateral
junctions in the presence of the NSImb-vhhGFP (Figure 3.1, B”). As pupae were aged
at 25°C without heat-shock, the NSImb-vhhGFP is not induced to express so that Dco-

GFP is still retained.

To confirm that Dco is actually asymmetrically localised and the localisation is not due
to the effect of the GFP tag, the localisation of Dco with HA-tagging is also checked.
As shown in (Figure 3.4 B), the C-terminal tagged Dco-HA shows a poor HA
immunolabelled signal, consistent with the Dco-HA staining in (Figure 3.2 A”’ and B”).
So, only the N-terminal tagged HA-Dco is examined for its asymmetric localisation
(Figure 3.4 A-A”). Similar to the Dco-GFP in (Figure 3.1 B” and D), HA-Dco shows
weak proximodistal localisation (Figure 3.4 A”), and Coarse-Grain nematics indicate
that the weak cellular proximodistal localisation coordinates into a tissue level

proximodistal polarity (Figure 3.4 A’).

The next question after observing the asymmetric localisation of Dco is it to ask
whether it is selectively localised. Specifically, to find out which side of the cell is Dco
localised to: distal cell ends, proximal cell ends, or both ends. Dco-GFP clones were
generated in a heterozygous dco-/+ background and a higher GFP intensity is
observed at distal cell ends (Figure 3.4, D-E). This result shows that a greater amount

of Dco localises on distal clone boundaries compared to proximal sides.

There is a previously published paper worth mentioning here where Dco-GFP was
expressed under the Act5C promoter in the presence of endogenous Dco expression
(Strutt et al., 2006). Dco-GFP expressed in this condition is not observed to be
asymmetric (Strutt et al., 2006). Since the endogenous Dco is present in wing cells, it

may compete with Dco-GFP for membrane localisation. To test this and to confirm the
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asymmetric localisation of Dco, | repeated the Act5C driven Dco-GFP expression
experiment in a dco- background. As expected, the dco- mutant background unmasks
the asymmetric localisation of Dco-GFP (Figure 3.4 E-E’ and F-F’). In (Figure 3.4 E’),
the Act5C driven expressed Dco-GFP is strongly enriched at distal cell edges that large
bright puncta are observed at the distal clone boundary (red arrows in Figure 3.4 E’)

but hardly observed at the proximal clone boundary (blue arrows in Figure 3.4 E’).

The asymmetric localisation of the Act5C driven Dco-GFP shown in (Figure 3.4 E’) is
obviously stronger than that of the Dco-GFP expressed in Fosmid transgene shown in
(Figure 3.4 C). This may be due to reduced competition with the endogenous Dco as
stated above. Another explanation is that Dco-GFP may be expressed at higher levels
under the Act5C promoter compared to the endogenous level in a Fosmid transgene,

thus more GFP-tagged Dco was localised.

| also noticed a strong co-localisation between GFP-tagged Dco and core planar
polarity proteins. First of all, the Dco-GFP is punctate in both Fosmid transgene
expression (Figure 3.1 B’) and Act5C driven expression (Figure 3.4 E’). Puncta of the
Dco-GFP is found to co-localise with Dsh immunolabelling puncta (Figure 3.1 B-B”)
and Fmi immunolabelling puncta (Figure 3.4 E-E”). These data suggest recruitment of

Dco by core proteins.

In addition, the Fmi polarity increases in Dco-GFP expressing clones compared to dco-
mutant tissue without Dco-GFP expression (Figure 3.4 G, p-value = 0.0025) This result
supports the regulatory role of Dco on planar polarity, consistent to the observation in
Dco knock-down experiment (Figure 3.1) and previous publications (Klein et al., 2006;

Strutt et al., 2019a; Strutt et al., 2006; Strutt and Strutt, 2020).

In summary, results in this section show that Dco is asymmetrically localised on distal

cell ends and co-localises with core protein puncta in 28 h APF pupal wings.
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Figure 3.4 Dco-GFP localise asymmetrically

(A-A”) 28 h APF pupal wing expressing HA-Dco in dco[2]/dco[j3B9] background,
immunolabelled for HA. Blue lines represent Coarse-Grain polarity nematics averaged
over a 3-cell size (A), and single cell polarity nematics (A”’). Scale bar 5 ym.

(B) 28 h APF pupal wing carrying Dco-HA transgene in dco[2]/dco[j3B9] background.
No immunolabelled HA signal was detected on cell membrane. Scale bar 5 ym.
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(C) 28 h APF pupal wing carrying clones expressing Dco-GFP in dco[2]/+ background.
Scale bar 5 ym.

(D) Comparison of Dco-GFP intensity in Dco-GFP clones in dco[2]/+ background.
Dco-GFP intensity is higher distal clone boundaries compared to that on proximal clone
boundaries, p-value = 0.0037, N = 7 wings. Statistical significance calculated by two-
tail two-sample Student’s paired t-test. Error bar: 95% confidence interval.

(E-E”) 28 h APF pupal wing carrying clones expressing Dco-GFP in dco[2]/dco[j3B9]
background. GFP signal is shown in green (E) or grey (E’); Fmi is immunolabelled in
red (E) or grey (E”). Region in red box is zoomed-in in panel (E’-E”), red arrows in
panel E’ indicate distal cell ends with high GFP signal; while blue arrows indicate
proximal cell ends with low GFP signal. Scale bar 20 pm.

(F-F’)  Blue lines represent single cell polarity nematics of Fmi in panel E. Region in
red box is zoomed-in in panel F’. Scale bar 5 ym.

(G) Comparison of Fmi polarity in Dco-GFP expressing clones (GFP+, Act5C-Dco-
GFP;dco[2]/dco[j3B9]) and region without Dco-GFP expression (GFP-,
dco[2]/dco[j3B9]). Fmi polarity is higher in Dco-GFP expressing clones, p-value =
0.0025, N = 5 wings. Statistical significance calculated by two-tail two-sample
Student’s paired t-test. Error bar: 95% confidence interval.
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3.5Discussion

3.5.1 Acute manipulations suggest a direct role of Dco on planar
polarity

The first objective of this chapter is to provide evidence for whether Dco directly affects
planar polarity protein localisation and stability by acutely manipulating Dco activity.
My results in the 2-hour timescale Dco knock-down experiment (Figure 3.1) and 10-30
minutes timescale Dco inhibition experiment (Figure 3.3) support that a decreased Dco
activity acutely regulates planar polarity and membrane mobility of core proteins Dsh
and Stbm. These results consistent to results shown in Section 2.2.2.3, where the
phosphomutant Dsh shows a decreased planar polarity (Figure 2.8) and Dsh mobility
(Figure 2.9), supporting the importance of the S/T236-247 residues on Dsh and

support that Dco directly regulates planar polarity.

The minutes-timescale Dco inhibition is relatively acute. A previous publication has
shown that D4476 inhibitor inhibits the phosphorylation on ZRANB1 and decrases its
deubiquitinase activity, in which obvious effect is only observable after 20-min
inhibition (Feng et al., 2019). In light of this, the effect of the short 10-min and 30-min
Dco inhibition (Figure 3.3) suggest that Dco directly regulates core protein membrane
mobility. Thus, my results support that Dco directly regulates planar polarity via

regulating core protein membrane mobility.

3.5.2 The ‘primary’ substrate

Another objective of this chapter is to identify which of Dsh or Stbm is the ‘primary’ or
‘direct’ substrate of Dco phosphorylation. While this question remains difficult to be
definitively answered, my results in (Figure 3.3), which shows that Dco inhibition affects
Dsh mobility in absence of Stbm and affects Stbom mobility in absence of Dsh, are

consistent with the previous conclusion that Dco can act directly on both substrates
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(Kelly et al., 2016; Strutt et al., 2019a; Strutt et al., 2006). Thus, there might not be a

primary substrate.

It is worth noticing that a reduced Dsh level on cell membrane reduces Stbm
membrane localisation and stability (Ressurreicao et al., 2018); and stbm- mutant
decrease distal complex component Fz stability (Warrington et al., 2017). These
results suggest that a destabilised Dsh would ultimately destabilise Stom and a
stabilised Stbm would stabilise Dsh, which is not fully agreed with my results and
results in (Strutt et al., 2019a) where Dco exhibits opposite effects on the distal
complex component Dsh and the proximal complex component Stbm. If the inhibition
of Dco destabilise Dsh, how does Stbm get stabilised? Similarly, if the inhibition of Dco
stabilise Stbm, how does Dsh get destabilised? Such a contradictory supports an
independent regulation model:
A reduction of Dsh leads to a reduced planar polarity and a reduce in core protein
asymmetric localisation complexes (Bastock et al., 2003; Feiguin et al., 2001;
Shimada et al., 2001; Tree et al., 2002; Usui et al., 1999), suggesting that mixed-
complexes are formed in this condition. In present of Dco, Dco destabilise Stbm
in the mixed-complex, thus leading to a reduced stability (Ressurreicao et al.,
2018). However, in absence of Dco, Stbm in the mixed-complex cannot be

destabilised, thus, the overall stability increases.

Another question needs to be answered is that whether Dco phosphorylates Dsh on
S/T236-247 residues. An in vitro kinase assay shows that the mutation on residue
S236 blocks the phosphorylation of Dsh by vertebrate Dco homologue CKle (Klein et
al., 2006); and my results in (Figure 2.8) and (Figure 2.9) show that S/T236-247
residues are important for planar polarity, supporting S/T236-247 residues are Dco
phosphorylation sites. However, an online tool NetPhos (Blom et al., 1999) predicts
that the S/T236-247 is phosphorylated by multiple serine/threonine protein kinases.
Nevertheless, more than 100 S/T residues are present among 623 amino acids in

Drosophila Dsh, hence hard to identify the functional phosphorylation sites of Dco on
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Dsh. Thus, whether S/T236-247 residues on Dsh are phosphorylated by Dco is still
unclear. Future identification of the phosphorylation sites can provide more evidence
on this question by examining the phosphorylation status changes upon CKIl inhibition.

Such an experiment may also support a direct effect of Dco on regulating Dsh.

3.5.3 Subcellular localisation of Dco

In this chapter, | also describe a distal biased asymmetric localisation of Dco kinase.
This result was first noticed in the nanobody-base Dco-GFP knock-down experiment
(Figure 3.1) and further confirmed in HA-tagged Dco and Act5C-Dco-EGFP clonal
experiment (Figure 3.3). To our knowledge, this is the first time Dco kinase has been

observed to localise asymmetrically.

Considering the opposite effect of Dco on Dsh and Stbm stability, the asymmetric
localisation of Dco lead to a model where Dco colocalises to distal complex, stabilises
Dsh and destabilises Stbm on distal cell ends, thus promote planar polarity (Figure 3.5,
and further discussed in Discussion 5.2.1). This model implies an assumption that
‘mixed’ complexes are present in vivo. Dco may function to stabilise Dsh in the ‘mixed’
complex and expel Stbm. It is worth noticing that mixed Dgo puncta are observed in a
Stbm phosphomutant background (Strutt et al., 2019a), suggesting phosphorylation of
Stbm helps remove mis-localised proteins. Actually, before 24 h APF, the localisations
of the core proteins are largely symmetric in pupal wing cells (Axelrod, 2001; Usui et
al., 1999), suggesting a ‘mixed’ status. Previous publications also suggest that the
phosphorylation of Stbm is increased in distal cell ends: in an S2 cells co-transfection
experiment, distal complex component Fz induces Stbm phosphorylation in a Dsh-
independent manner (Kelly et al., 2016); in pupal wings, the proximal complex
component Pk negatively regulates Stbm phosphorylation (Strutt et al., 2019a).

Whether Fz and Pk regulates Stbm phosphorylation via affecting Dco localisation or
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activation is unknown. Future study is required to determine the mechanism for Dco

asymmetric localisation.

In addition, the density of Dco on proximal ends is not dramatically higher compared
to the cytoplasm density (Figure 3.4 C,F’), so there may be a minor population of Dco
on proximal cell ends. The proximal Dco can still be functional, which also fits the model
as the major population is on the distal side, the function on the distal end can be
dominant. Alternatively, the minor proximal population may not be functional as there

might be an unknown mechanism inhibiting/activating Dco activity spatially.

- 119 -



A
Dco Dco
/(Q Stbm ~ ® Stb& —
Dsh ) Dsh
Deo (F Dco (,S"
Dco Stb& g
Dco stom] Dco psh b= )
Dco Dsh a =] Dco
-
Dco - ‘ ' .J
k (f @ Stb& _—
Dco Dsh = ?J
g- gbm Dco
Dsh
S (f =
proximal distal
B .complex contains Dsh

@ complex contains Stom

) ,
e
@
. @ %
——— o
<® o
<@ -
Ny
< <
S Y

Figure 3.5 Distally localised Dco promote core pathway planar polarity

(A) Schematic showing model for distally localised Dco locally phosphorylates and
stabilises Dsh in the distal complex. Dco phosphorylates the mis-localised Stbm and
destabilises Stbm on distal cell junctions. Thus, Dsh promotes sorting.

(B) Schematic showing model for distally localised Dco promotes Dsh stabilising to
distal cell ends and inhibits Stbm stabilising to distal cell ends. Stbm is removed from
distal cell ends by Dco, and is stabilised to proximal junctions under other mechanisms.
Thus, Dco promotes planar polarity in a cell-scale mechanism.
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CHAPTER 4
Examination of aPKC function in core planar

polarity establishment in Drosophila wings
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4. 1Introduction

Atypical Protein Kinase C (aPKC) is a crucial apical-basal polarity regulator localised
to the apical region (Goldstein and Macara, 2007; Suzuki and Ohno, 2006). It has been
reported to genetically interact with Fz and regulate planar polarity in Drosophila eyes
(Djiane et al., 2005). My results in Chapter 2 show that the expression of the dominant-
negative form of aPKC leads to change in Fmi/Stbm protein distribution and polarity
strength, supporting aPKC regulate planar polarity in Drosophila wings (Figure 2.4,

Figure 2.5). However, the mechanism for aPKC regulating planar polarity is still unclear.

Djiane et. al. proposed that aPKC is recruited to Fz via another apicobasal polarity
component dPatj thus phosphorylating Fz on S554 and 560 (Djiane et al., 2005). These
two phosphorylation residues lie in the cytoplasmic tail adjacent to the last
transmembrane region (Figure 4.1 A). This region in the cytoplasmic tail is proposed
to be crucial for Dsh recruitment to Fz as Fz[S554>F] mutant fails to recruit Dsh (Strutt
et al., 2012) and S560 lies within the conserved KTxxxW motif (Figure 4.1 A), which is
also required for Dsh binding in Xenopus (Umbhauer et al., 2000), in vitro (Wong et al.,
2003), and in Drosophila wing discs (Wu et al., 2008). Given that reduced membrane
localisation of Dsh decreases Fmi, Fz, and Stom membrane protein levels in pupal
wing cells (Ressurreicao et al., 2018), if Dsh recruitment was regulated by
phosphorylation of aPKC a change in core protein membrane intensity is expected.
However, my results in Chapter 2 show that the core protein Fmi and Stbm membrane
intensity is not significantly affected simultaneously to the polarity change (Figure 2.4,
Figure 2.5). Nonetheless, Djiane et al. reported that mutations in S554 and S560
residues on Fz cause no changes in Dsh recruitment in S2 cells and wing imaginal
discs (Djiane et al., 2005). Hence, it is still unclear whether aPKC regulates planar
polarity in Drosophila wing cells via phosphorylating Fz on S554 and 560 and reducing

Dsh recruitment.
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To test this hypothesis and to examine the role of aPKC in pupal wings, multiple
approaches were used in this chapter:
Firstly, whether the two reported phosphorylation sites of aPKC regulate Dsh
recruitment is tested. The putative phosphorylation sites on Fz, S554 and S560,
are mutated to examine their function in Dsh recruitment and planar polarity
(Section 4.2).
Secondly, to test whether manipulating aPKC activity shows a similar
phenotype of Fz S554 and S560 mutations. Approaches other than the
previous dominant-negative form aPKC can be used, for instance, aPKC
overexpression in pupal wings and ATP-analogue sensitive-based aPKC
inhibition in prepupal wings (Section 4.3).
Finally, since an apical localised apicobasal polarity determinant, dPatj,
physically interact with Fz (Djiane et al., 2005), whether core proteins regulate

aPKC membrane localisation is also tested (Section 4.4).

4.2 Candidate phosphorylation sites of aPKC on Fz proposed

to be phosphorylated by aPKC

The phosphorylation of Fz by aPKC has been shown in in vitro kinase assays where
two particular residues in the C-terminal of Fz (Figure 4.1 A) were shown to be

essential for the phosphorylation by aPKC (Djiane et al., 2005).

However, the evidence that aPKC phosphorylation of Fz is required for the
establishment and maintenance of planar polarity has not been fully explored. Indeed,
although Fz C-terminal is phosphorylated on specific residues in vitro, Djiane et al.
reported that mutating S554 and S560 on Fz cause no changes in Dsh recruitment in
S2 cells or in wing imaginal discs (Djiane et al., 2005). However, Djiane et al. only
tested these mutants in overexpression assays, the Dsh recruitment function of Fz
intracellular loops (Cong et al., 2004b; Strutt et al., 2012; Tauriello et al., 2012;

Umbhauer et al., 2000; Wong et al., 2003) may be sufficient to recruit Dsh in
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overexpression. Thus, whether S554 and S560 residues regulate Fz function by
recruiting Dsh is tested in Drosophila pupal wings under conditions where Fz is not

overexpressed.

To test whether these two putative phosphorylation sites are required in vivo in the
Drosophila pupal wing to regulate Fz function, three constructs were created: an
unmutated Fz-sfGFP, a phosphomutant Fz[A554,A560]-sfGFP (marked as Fz[A]-
sfGFP) and a phosphomimetic Fz[E554,E560]-sfGFP (marked as Fz[E]-sfGFP)(Figure
4.1 B). Constructs are under the control of Act5C- promoter and sfGFP was tagged
onto Fz to facilitate observation. Fz expressed under Act5C- promoter rescues fz- in
pupal wings (Strutt, 2001). Constructs were introduced into Drosophila and
recombined to a fz- mutant allele. Pupal wing twin-clones were generated to create an
internal control to allow endogenous wild-type Fz expressing cells and Fz mutated cells

to be compared within the same wing.

Firstly, wild-type tagged Fz-sfGFP was tested to see if it was correctly localised to the
cell membrane in 28 h APF pupal wings. Twin-clones of endogenous Fz and Fz-sfGFP
were created in pupal wings at 28 h APF to confirm that expression levels are in an
appropriate range using the Act5C promoter in attP2 site and sfGFP-tagging does not
affect Fz localisation and polarity orientation. Wild-type Fz-sfGFP localised
asymmetrically within the cells to the distal cell membranes (Figure 4.2 A). This can be
seen at the clone borders where Fz-sfGFP in the clone is localised on the distal edges
of the clone but not on the proximal edges (Figure 4.2 A, blue arrows in A’ indicate
distal Fz-sfGFP localisation). The orientation of polarity was also measured and shows
that inside the Fz-sfGFP clones, polarity nematics were pointing in a proximal-distal

orientation as seen in wild-type tissue (Figure 4.2 B-B’).

In addition, the wild-type sfGFP-tagged Fz did not disrupt Dsh protein intensity in the
cytoplasm (Figure 4.2 E) or the membrane intensity (Figure 4.2 F). The polarity

strength of Dsh was also measured (Figure 4.2 G), where Dsh showed no difference
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in polarity magnitude in Fz-sfGFP clones compared to control tissue. These results
show that sfGFP-tagging of Fz and the expression under Act5C promoter do not

disrupt the membrane localisation of Fz or Dsh.

extracellular

intracellular

S554  S560
548 563
Fz: . >SSVWLY§SKTMV§WRN<.
Fz[A]: «..SSVWLYASKTMVAWRN. ..
Fz[E]: ...SSVWLYESKTMVEWRN. ..

Figure 4.1 Fz C-terminal amino acid sequence

(A) Schematic showing the structure of Fz and amino acid sequence starting after the
last transmembrane region. Fz is consisting of a N-terminal extracellular domain, three
extracellular loops (on the top), seven transmembrane domains (in the middle, the
region between two horizontal lines represents cell membrane), three intracellular
loops, and a C-terminal intracellular tail (on the bottom). The KTxxxW motif is marked
in green; S554 and S560 residues are marked in blue and are indicated by arrows.

(B) Schematic showing the Fz amino acid sequence starting from the last
transmembrane region and extending towards the C-terminus. Two putative aPKC
phosphorylation sites on Frizzled are the serines (S) at positions S554 and S560,
marked in blue. Mutated amino acids to either alanine (A) or glutamic acid (E) are

shown in red.

- 127 -



Fz-stGFP
polarity

Dsh cytoplasm intensity

Al FzeiGER LG Dsh polarity
4 in Fz-sfGFP

Dsh{D ~ Dsh polarity
Sisin wild-type control

Figure 4.2 sfGFP-tag attached to Fz does not significantly change Dsh

membrane intensity and polarity

(A-A”) 28 h APF pupal wing aged at 25°C carrying twin clones of fz-sfGFP
(homozygous fz-sfGFP tissue is indicated by the loss of blue $-gal immunolabelling).
B-gal is immunolabelled in blue, Fz-sfGFP signal shown in green (A) or grey (A’), Dsh
is immunolabelled in red (A) or grey (A”); (A) sfGFP signal, blue arrows indicate cell
junctions with distal sfGFP signal, a 20*20 ym? region marked in the red box is
zoomed-in at the lower-left corner. Scale bar: 20 ym.

(B-D’) Blue lines represent Coarse-Grain polarity nematics averaged over a 3-cell size
(B-D) or single cell polarity nematics (B’-D’) in 28 h APF pupal wings for (B) Fz-sfGFP
shown in panel A, (C) Dsh in homozygous fz-sfGFP clone regions (shown by loss of
B-gal immunolabelling in panel A), and (D) Dsh in wild-type Fz control tissue.

(E-F) Comparison of Dsh fluorescent intensity measurements in homozygous fz-sfGFP
clone regions and homozygous wild-type Fz control regions, (E) No significant
difference in the cytoplasm intensity, p = 0.9723. (F) No significant difference in the
membrane intensity, p = 0.5645. N = 4 wings, a two-tail two sample Student’s paired
t-test was used. Error bar: 95% confidence intervals.

(G) Comparison of Direct average polarity nematics of Dsh. No significant difference
in the cytoplasm intensity, p = 0.0798. N = 4 wings, a two-tail two sample Student’s
paired t-test was used. Error bar: 95% confidence intervals.
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421 Phosphomutant and phosphomimetic versions of Fz-sfGFP
exhibit disrupted polarity phenotypes
After confirming that sfGFP tagged Fz functions normally, the next step was to test

whether the putative phosphorylation of these two residues affects Fz function.

Similar to the wild-type Fz-sfGFP, the phosphomutant Fz[A]-sfGFP did localise to the
cell membrane and localise asymmetrically within the clones of cells (Figure 4.3 A-A)).
However, on closer inspection, the Fz[A]-sfGFP did not localise to all of the distal cell
membranes on the distal side of the clones as was observed in the wild-type Fz-sfGFP
clones (compare Figure 4.2 A and Figure 4.3 A, red arrows indicate distal cell
membranes without Fz[A]-sfGFP localisation). This suggests that Fz[A]-sfGFP can
localise to the cell membrane but is not able to redistribute to the distal end of the cell.
In addition, the clones did not align their polarity along the proximodistal axis in the
Fz[A]-sfGFP phosphomutant (compare Figure 4.2 B’-B’ and Figure 4.3 B-B’), indicating

that the polarity is not globally aligning across the wing cells.

Interestingly, in the phosphomimetic Fz[E]-sfGFP clones tagged Fz was localised to
the cell membranes but showed greatly reduced asymmetric localisation within the
clones (Figure 4.4 A). In addition, Fz[E]-sfGFP was not found at the clone boundary
(Figure 4.4 A, red arrows indicate distal cell membranes without Fz[E]-sfGFP
localisation). Polarity nematics also show a greatly reduced polarity (compare Figure
4.2 B-B’ and Figure 4.4 B-B’). These results indicate that the phosphomimetic form of

Fz was unable to form polarised asymmetric complexes.

Overall, the putative phosphorylation disrupted forms of Fz appear to be removed from
the clone boundaries or unable to be stabilised there. So instead of a distal Fz
containing complex forming on the distal side of the clone, the proximal complex forms

there instead, thus inverting the local polarity.
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It should be noted that the reduction in Fz protein level causes defects in Fz asymmetry
and polarity alignment (Strutt et al., 2016). Therefore, the change in membrane
localisation and disrupted polarity in Fz[A]-sfGFP and Fz[E]-sfGFP clones could be
due to an unequal expression level of the Act5C promoter driven expression compared
to the endogenous Fz in the neighbouring control tissue. However, there is no
significant difference in the intensity of the three Fz-sfGFP transgenes measured in the
cytoplasm or at the membrane (Figure 4.4 H,l). This suggests that it is the disruption
to the phosphorylation that leads to the changes in the distal Fz localisation and

reduction of the polarity strength (Figure 4.4 J).

To summarise, the loss of cell junction localisation of the mutated Fz indicates a failure
in forming or stabilising into intercellular complexes. Thus the Fz protein in the
neighbouring wild-type cells accumulates on the clone boundary, resulting in proximal
complexes accumulating inside the clone boundary and excluding the phosphor-
disrupted Fz constructs. Consistent with this, the polarity strength is significantly lower
in the mutated Fz (Figure 4.4 J, p-value comparing Fz[A]-sfGFP and Fz-sfGFP =
0.0148, comparing Fz[E]-sfGFP and Fz-sfGFP = 0.0001), showing a compromised
function in planar polarity. Such an observation resembles the fz- mutant clones where
planar polarity is disrupted in fz- clones and distal non-autonomy is shown (Adler et al.,
2000; Chen et al., 2008; Gubb and Garcia-Bellido, 1982; Strutt and Strutt, 2007; Strutt,
2001; Vinson and Adler, 1987). Thus, mutations on S554 and S560 greatly disrupt Fz
function. In the next section, | will examine whether the change in planar polarity is due

to Fz being unable to recruit Dsh to the membrane and form stable complexes.
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Figure 4.3 Mutation of Fz amino acids S554 and S560 to un-phosphorylatable

Alanines affects Dsh cell membrane intensity and polarity

(A-A”) 28 h APF pupal wing aged at 25°C carrying twin clones of fz[A]-sfGFP
(homozygous fz[A]-sfGFP tissue is indicated by the loss of blue B-gal immunolabelling).
B-gal is immunolabelled in blue, Fz[A]-sfGFP signal shown in green (A) or grey (A),
Dsh is immunolabelled in red (A) or grey (A”); (A') sfGFP signal, blue arrows indicate
cell junctions with distal sfGFP signal, a 20*20 ym? region marked in the red box is
zoomed-in at the lower-left corner. Scale bar: 20 ym.

(B-D’) Blue lines represent Coarse-Grain polarity nematics averaged over a 3-cell size
(B-D) or single cell polarity nematics (B’-D’) in 28 h APF pupal wings for (B) Fz[A]-
sfGFP shown in panel A, (C) Dsh in homozygous fz[A]-sfGFP clone regions (shown
by loss of B-gal immunolabelling in panel A), and (D) Dsh in wild-type Fz control tissue.
(E-F) Comparison of Dsh fluorescent intensity measurements in homozygous fz[A]-
sfGFP and homozygous wild-type Fz clone regions. (E) No significant difference in the
cytoplasm intensity, p = 0.9093. (F) Dsh membrane intensity is lower in homozygous
fz[A]-sfGFP clones, p=0.0098. N =7 wings, a two-tail two sample Student’s paired t-
test was used. Error bar: 95% confidence intervals.

(G) Direct average polarity nematics of Dsh. Dsh polarity is lower in homozygous fz[A]-
SfGFP clones, p=0.0398. N = 7, a two-tail two sample Student’s paired t-test was used.
Error bar: 95% confidence intervals.
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Figure 4.4 Mutation of Fz amino acids S554 and S560 to simulated

phosphorylated Glutamic acid affects Dsh cell membrane intensity and polarity

(A-A”) 28 h APF pupal wing aged at 25°C carrying twin clones of fz[E]-sfGFP
(homozygous fz[E]-sfGFP tissue is indicated by the loss of blue B-gal immunolabelling).
B-gal is immunolabelled in blue, Fz[E]-sfGFP signal shown in green (A) or grey (A),
Dsh is immunolabelled in red (A) or grey (A”); (A) sfGFP signal, blue arrows indicate
cell junctions with distal sfGFP signal, a 20*20 um? region marked in the red box is
zoomed-in at the lower-left corner. Scale bar: 20 ym.

(B-D’) Blue lines represent Coarse-Grain polarity nematics averaged over a 3-cell size
(B-D) or single cell polarity nematics (B’-D’) in 28 h APF pupal wings for (B) Fz[E]-
sfGFP shown in panel A, (C) Dsh in homozygous fz[E]-sfGFP clone regions (shown
by loss of B-gal immunolabelling in panel A), and (D) Dsh in homozygous wild-type Fz
control tissue.
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(E-F) Comparison of Dsh fluorescent intensity measurements in homozygous Fz[E]-
sfGFP and homozygous wild-type Fz clone regions. (E) No significant difference in the
cytoplasm intensity, p = 0.0718. (F) Dsh membrane intensity is lower in homozygous
fz[E]-sfGFP clones, p <0.0001. N =7 wings, a two-tail two sample Student’s paired
t-test was used. Error bar: 95% confidence intervals.

(G) Direct average polarity nematics of Dsh. Dsh polarity is lower in homozygous fz[E]-
SfGFP clones, p=0.0013. N = 7, a two-tail two sample Student’s paired t-test was used.
Error bar: 95% confidence intervals.

(H-1) Comparison of sfGFP fluorescent intensity measurements from Fz-sfGFP (N=4),
Fz[A]-sfGFP (N=7) and Fz[E]-sfGFP (N=7) in homozygous clones (H) in the cytoplasm,
no significant difference is shown in the ANOVA test, p-value ANOVA results for
comparisons between Fz-sfGFP and Fz[A]-sfGFP = 0.9447; Fz-sfGFP and Fz[E]-
sfGFP = 0.9957; Fz[A]-sfGFP to Fz[E]-sfGFP = 0.9596; or (I) in membrane regions, no
significant difference is shown in the ANOVA test, , p-value ANOVA results for
comparisons between Fz-sfGFP and Fz[A]-sfGFP = 0.7301; Fz-sfGFP and Fz[E]-
sfGFP = 0.5797; Fz[A]-sfGFP and Fz[E]-sfGFP = 0.9538. Error bar: 95% confidence
intervals.

(J) Comparison of direct average polarity nematics of sfGFP among Fz-sfGFP (N=4),
Fz[A]-sfGFP (N=7) and Fz[E]-sfGFP (N=7). p-value ANOVA results for comparisons
between Fz-sfGFP and Fz[A]-sfGFP = 0.0148; Fz-sfGFP and Fz[E]-sfGFP = 0.0001;
Fz[A]-sfGFP to Fz[E]-sfGFP = 0.0344. Error bar: 95% confidence intervals.

- 133 -



4.2.2 The phosphomutant and phosphomimetic Fz-sfGFP constructs
disrupt Dsh recruitment, but unclear whether phosphorylation is involved
The effect of phosphomutant and phosphomimetic Fz-sfGFP constructs on the
asymmetric localisation of Dsh could be due to the inhibition of Dsh recruitment to the
membrane, as stated above (Strutt et al., 2012; Umbhauer et al., 2000; Wong et al.,
2003; Wu et al.,, 2008). Dsh recruitment may be altered by the change in the
phosphorylation state of Fz, which in turn decreases the asymmetric localisation of
core polarity complexes as the loss of Dsh in Drosophila pupal wing cells is known to
disrupt the formation of stable core protein complexes (Bastock et al., 2003; Feiguin et
al., 2001; Shimada et al., 2001; Tree et al., 2002; Usui et al., 1999; Warrington et al.,
2017).

To test the hypothesis that the phosphorylation disrupted constructs inhibit Dsh
recruitment to the membrane, immunolabelled Dsh in Fz-sfGFP (Figure 4.2 C-C’),
Fz[A]-sfGFP (Figure 4.3 C-C’), and Fz[E]-sfGFP (Figure 4.4 C-C’) twin clones is
compared to that in control clones (Figure 4.2 D-D’; Figure 4.3 D-D’; Figure 4.4 D-D’)

in the same wings.

In the Fz[A]-sfGFP clones Dsh was retained at the membrane (Figure 4.3 A”) but was
statistically weaker in intensity than that in control tissue (Figure 4.3 F, p-value =
0.0098), the measured intensity of Dsh in the cytoplasm was not significantly different
(Figure 4.3 E). However, although Dsh asymmetry was also observed (Figure 4.3 A”,C-
D’), the polarity magnitude was reduced (Figure 4.3, G p-value = 0.0398), suggesting
the polarity of Dsh was disrupted by phosphomutant sfGFP-Fz[A].

In Fz[E]-sfGFP clones, Dsh intensity was also unchanged in the cytoplasm (Figure 4.4
A”,E) but significantly reduced at the cell boundary (Figure 4.4 A”,F p-value < 0.0001).
The polarity of Dsh in Fz[E]-sfGFP clones is also weaker compared to control tissue

(Figure 4.4, G p-value = 0.0013). These results show that changes to the
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phosphorylation state of the residues S554 and S560 in Fz affect the recruitment of

Dsh to the cell membrane.

However, it is still unclear whether Dsh recruitment is directly related to the
phosphorylation on S554 and S560 in Fz. It would be strong evidence supporting this
if opposite effects were observed, for instance, the phosphomimetic mutant increases
membrane localised Dsh while the phosphomutant mutant has the opposite effect, but
this was not observed. Instead, both phosphomutant (Fz[A]-sfGFP) and
phosphomimetic (Fz[E]-sfGFP) clones have weaker Dsh membrane localisation
compared to the unmutated Fz-sfGFP (Figure 4.4 J). So, the conclusion drawn in this
stage is that S554 and S560 residues on Fz are crucial for Dsh recruitment, but

whether the phosphorylation is involved is still unclear.

4.3 Manipulation of aPKC activity

4.3.1 Overexpression of wild-type aPKC induces cell-death-like
phenotype

In the previous section, the S554 and S560 phosphorylation sites of Fz in its C terminus
were shown to have a role in regulating Dsh recruitment to the cell membrane. Serines
to alanine mutations on these residues reduce Fz phosphorylation by human aPKC
(PKCQ) in an in vitro kinase assay (Djiane et al., 2005), showing these sites can be
phosphorylated by aPKC. Therefore, | wanted to know, does increasing aPKC
expression alter Dsh recruitment to the membrane? An aPKC overexpression

experiment was performed.

The kinase aPKC plays a significant role in apicobasal polarity (Sotillos et al., 2004;
Ventura et al., 2020), reviewed in (Tepass, 2012). The apical membrane localisation of
aPKC is regulated by other apicobasal polarity components, for instance, DIg and Scrib

(Ventura et al., 2020). To ensure the overexpressed aPKC localised on the cell
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membrane, a membrane-targeting CaaX motif (Gao et al., 2009) was fused to a wild-
type aPKC to make the aPKC®** WT construct (Sotillos et al., 2004) (marked as

aPKCIwt] in this Thesis).

The aPKC[wt] construct was overexpressed in Drosophila pupal wings using the
patched (ptc)-Gal4 driver so that only a stripe of known expression region was created
across the centre of the wing. Fmi was immunolabelled in this experiment as it reflects
Dsh membrane localisation as acutely decreased Dsh protein level decreases the

membrane localisation and polarity of Fmi, Fz, and Stbm (Ressurreicao et al., 2018).

Initially, wings containing the ptc-Gal4 induced UAS-aPKC[wt] construct were cultured
at 29°C and aged until the equivalent of 28 h APF when aged at 25°C. Under this
condition, large cells were observed in the pfc expression region and the epithelium
appears disrupted (Figure 4.5, D). This phenotype was most likely to be due to cell
death leaving holes in the wing, making it impossible to quantify the intensity of the cell
membranes. Previously published work also described similar phenotypes when
overexpressing aPKC[wt], where wings show integrity defect and aPKC is shown to
phosphorylate and stabilise Crb (Sotillos et al., 2004). My large-cell-like morphology
results shown here agrees with the Crb overexpression phenotype in adult wings
where holes are found in overexpression region (Sotillos et al., 2004), which can be

rescued by dominant-negative aPKC (Sotillos et al., 2004).

Ageing pupae at 29°C disrupts morphology which may mask defects in polarity
orientation caused by aPKC overexpression. To find out if there are any potential more
subtle polarity changes caused by aPKC overexpression, pupae were aged at 25°C
and then shifted to 29°C for either 3.5 h or 4.75 h to increase the expression of aPKC[wt]
transiently (see Materials and Methods 6.2.1). The pupae aged at 25°C for 28 h did
not show any strong differences in the morphology of the cells (Figure 4.5, A), pupal
wings raised at 25°C and shifted to 29°C for 3.5 h or 4.75 h showed mild differences

in the morphology of the cells and the cells were less well packed (Figure 4.5, B-C
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compared to A and D), showing aPKC still affects apical cell morphology. Since the

morphology is not strongly disrupted, the planar polarity was then examined.

The pupae aged at 25°C for 28 h were first checked, in which the immunolabelled core
polarity protein Fmi shows proximodistally aligned polarity nematics (Figure 4.5, A-A™).

Pupal wings in this condition are used as the control for comparison.

Pupal wings raised at 25°C and shifted to 29°C for 4.75 h showed an increase in the
magnitude of polarity compared to control wings raised at 25°C (p-value = 0.0377) or
to wings raised at 25°C and shifted to 29°C for 3.5 h (p-value = 0.0115)(Figure 4.5, E).
This suggests that these wings were more polarised. Curiously, for the wings raised at
25°C and shifted to 29°C for 4.75 h, the Fmi membrane intensity was not changed
(Figure 4.5 G), while the cytoplasm intensity is significantly reduced compared to wings
raised at 25°C (p-value = 0.0300) or to wings raised at 25°C and shifted to 29°C for
3.5 h (p-value = 0.0056)(Figure 4.5, F). This may be evidence of the beginning of the

disruption in cell morphology.

Results here show that polarity strength increases with the overexpression of aPKC
(Figure 4.5 E) and Fmi membrane intensity is not reduced as if Dsh membrane
localisation is affected (Figure 4.5 G). Results in Section 2.2.1.1 show that reducing
aPKC activity using a dominant negative aPKC reduces polarity strength (Figure 2.4,
E, Figure 2.5, D) and the Fmi membrane intensity is not significantly increased (Figure
2.4, F, Figure 2.5, E). These data suggest a positive role of aPKC in planar polarity, but

core protein level Fmi is not affected at the membrane.
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Figure 4.5 Fmiimmunolabelling in ptc>aPKC pupal wings

Fmi immunolabelling in 28 h APF aPKC overexpression in the patched(ptc) expression
domain in pupal wings cultured at different temperatures to vary aPKC expression.
(A-A”) Control ptc>aPKC pupal wings aged at 25°C. Blue lines represent Coarse-Grain
polarity nematics averaged over a 3-cell size (A’), Single cell polarity nematics (A”),
Zoomed-in of red box region (A™). Scale bar: 20 ym.

(B-B”) 28 h APF ptc>aPKC pupal wings cultured in 25°C for 24 h then move to 29°C
for 3.5 h. Blue lines represent Coarse-Grain polarity nematics averaged over a 3-cell

122

size (B’), Single cell polarity nematics (B”), Zoomed-in of red box region (B™”). Scale
bar: 20 pm.

(C-C”) 28 h APF ptc>aPKC pupal wings cultured in 25°C for 22.5 h then move to 29°C
for 4.75 h. Blue lines represent Coarse-Grain polarity nematics averaged over a 3-cell

size (C’), Single cell polarity nematics (C”), Zoomed-in of red box region (C’”). Scale

bar: 20 pm.
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(D) 28 h APF ptc>aPKC pupal wings cultured in 29°C for 24 h. Scale bar: 20 ym.

(E) Comparison of direct average polarity nematics of immunolabelled Fmi in 28 h
APF pupal wings with different 29°C culture time. p-value ANOVA results for
comparisons between wings aged at 25°C to wings shifted to 29°C for 4.75 h = 0.0377;
between wings shifted to 29°C for 3.5 h to wings shifted to 29°C for 4.75 h = 0.0115.
No significant difference is shown in the ANOVA test between wings aged at 25°C to
wings shifted to 29°C for 3.5 h, p-value = 0.6368. N = 5 wings for wings aged at 25°C;
N = 4 wings for wings shifted to 29°C for 3.5 h; N = 4 wings for wings shifted to 29°C
for 4.75 h. Error bar: 95% confidence interval.

(F-G) Comparison of immunolabelled Fmi intensity in 28 h APF pupal wings with
different 29°C culture time (F) in the cytoplasm, p-value ANOVA results for
comparisons between wings aged at 25°C to wings shifted to 29°C for 4.75 h = 0.0300;
between wings shifted to 29°C for 3.5 h to wings shifted to 29°C for 4.75 h = 0.0935.
No significant difference is shown in the ANOVA test between wings aged at 25°C to
wings shifted to 29°C for 3.5 h, p-value = 0.4490; or (G) in membrane regions, no
significant difference is shown in the ANOVA test. p-value ANOVA results for
comparisons between wings aged at 25°C to wings shifted to 29°C for 3.5 h = 0.7182;
between wings aged at 25°C to wings shifted to 29°C for 4.75 h = 0.2548; between
wings shifted to 29°C for 3.5 h to wings shifted to 29°C for 4.75 h = 0.0935. N = 5 wings
for wings aged at 25°C; N = 4 wings for wings shifted to 29°C for 3.5 h; N = 4 wings
for wings shifted to 29°C for 4.75 h. Error bar: 95% confidence intervals.

- 139 -



4.3.2 Inhibiting analogue sensitive form of aPKC affects cell size

Attempting to avoid disruption of the epithelium and associated changes in cell shape
and size, | used an ATP analogue-sensitive form of aPKC to manipulate aPKC activity.
This form of aPKC is called aPKC[as4], which is specifically inhibited in the presence
of an ATP analogue 1NA-PP1 (Hannaford et al., 2019). 1NA-PP1 specifically inhibits
the kinase activity of aPKC[as4] with the IC50 of ~0.1uM, in vitro (Hannaford et al.,
2019). As for in vivo aPKCJ[as4] inhibition, 5-min 20 uM 1NA-PP1 treatment
significantly reduces Par-6 apical localisation in Drosophila follicle cells; and 110-min
10 yM 1NA-PP1 treatment also significantly affects Baz apical localisation in egg
chambers (Hannaford et al., 2019). In this experiment, 30-min 10 yM 1NA-PP1

treatment was performed.

To address whether aPKC kinase activity alters Dsh recruitment to the membrane,
twin-clones of aPKC[as4] were generated in the prepupal wing to directly compare the
Dsh intensity and cell polarity in control cells and aPKC disrupted cells. Six hour APF
prepupal wings were used, where core planar polarity proteins, especially Dsh, were
found to localise to apical cell junction (Axelrod, 2001; Classen et al., 2005; Tree et al.,
2002) and the pupal cuticle has not been secreted (Waddington, 1939) thus chemicals
can access the cells, which is not possible if using pupal wings. The 6 h APF prepupal
wings were placed into the 1NA-PP1 10 uM drug for a 30-min treatment prior to fixing

and immunostaining.

Endogenous E-cad was immunolabelled and found that the cell apical area is
significantly decreased (Figure 4.6 D p-value = 0.0083), consistent with a recent
publication showing that acute optogenetic perturbation and chemical inhibition of
aPKC in the Drosophila follicular epithelium increases apical constriction and disrupts
epithelial architecture (Osswald et al., 2022). This result confirms that aPKC was
inhibited successfully in this approach as the cell shape was affected acutely. However,

the attempt to avoid cell shape change failed.
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Immunolabelled Dsh was examined despite the change in cell apical area. In prepupal
wings treated with 1NA-PP1 for 30min, no change in Dsh membrane intensity (Figure
4.6, A,F) or in polarity magnitude (Figure 4.6, E) was observed when comparing the
wild-type control tissue and the aPKC[as4] clones (Figure 4.6, E-G). Therefore, these

results suggest that acutely disrupting aPKC in this manner does not affect Dsh

membrane localisation or asymmetric localisation.
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Figure 4.6 Inhibition of analogue sensitive form of aPKC

Figure legends in next page
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Figure 4.6 Inhibition of analogue sensitive form of aPKC

(A) 6 h APF prepupal wing aged at 25°C carrying twin clones of aPKC[as4]
(homozygous aPKC[as4] tissue is indicated by the loss of blue B-gal immunolabelling).
aPKC[as4] was inhibited by adding the drug 1NA-PP1 for 30 min at a concentration of
10uM; (A’) immunolabelled Dsh; (A”) immunolabelled E-cad. Scale bar: 20 pym.

(B-C’) Blue lines represent polarity nematics of the immunolabelled Dsh in panel A’ in
6 h APF arm-LacZ control prepupal wings tissue (B-B’) or homozygous aPKC[as4]
prepupal wings tissue (C-C’). (B,C) Coarse-Grain polarity nematics averaged over a
3-cell size (B’,C’) Single cell polarity nematics (B”,C”) Zoomed-in of red box region.
Scale bar: 20 pm.

(D) Comparison of cell area in control tissue and homozygous aPKC[as4] tissue in 6
h APF prepupal wings. Cell area is smaller in homozygous aPKC[as4] tissue, p =
0.0083, statistical significance calculated by a two-tail two-sample Student’s paired t-
test. N = 9 wings. Error bar: 95% confidence intervals.

(E) Comparison of direct average polarity nematics of immunolabelled Dsh in control
tissue and homozygous aPKC[as4] tissue in 6 h APF prepupal wings. No significant
difference is shown in a two-tail two-sample Student’s paired t-test, p = 0.6100, N = 9
wings. Error bar: 95% confidence intervals.

(F-G) Comparison of immunolabelled Dsh intensity in control tissue and homozygous
aPKCl[as4] tissue in 6 h APF prepupal wings. No significant difference is shown (F) in
the membrane intensity, p = 0.8317; or (G) in the cytoplasm intensity, p = 0.8785. N
= 9 wings, a two-tail two sample Student’s paired t-test was used. Error bar: 95%

confidence intervals.
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4.4 Core planar polarity protein Fmi regulates aPKC level

Fz physically interacts with dPatj, which also regulates planar polarity and genetically
interacts with aPKC in the Drosophila eye (Djiane et al., 2005). Since the apical
localised apicobasal polarity determinants act in mutual interaction network (reviewed
in (Tepass, 2012)), | hypothesise that the subcellular localisation of aPKC is also
regulated by Fz or other core planar polarity proteins. To test this hypothesis, aPKC
immunofluorescent signal was checked in fmif[E59] null mutant clones in 28 h APF
pupal wings (Figure 4.7 A-A)). In fmi- mutant tissue, all other five core proteins loss cell
junctional localisation (Axelrod, 2001; Bastock et al., 2003; Feiguin et al., 2001;
Shimada et al., 2001; Strutt, 2001; Tree et al., 2002).

A slight but statistically significant increase in both cytoplasmic intensity (p-value =
0.0067) and membrane intensity (p-value = 0.0327) of aPKC is noticed in fmi[E59]
mutant clones compared to control tissue (Figure 4.7, F). This suggests that core
planar polarity proteins affect the overall protein level of aPKC. Interestingly, aPKC
immunolabelling in fmi- clones appears hazy (Figure 4.7 A, comparing zoomed-in
regions in B” to C”), indicating the cytoplasm population is increased to a larger extent.
This may suggest that aPKC is less tightly localised to the junctions in fmi- clones.
Thus, Fmi or possibly other core proteins may play a role in localising aPKC to the

apical membrane.

Since fmi- mutant affects aPKC membrane level, whether aPKC localises
asymmetrically is also checked. As shown in (Figure 4.7 B-B” and C-C”), aPKC is not
strongly asymmetrically localised and polarity nematics are not aligned. The strength
of asymmetric localisation also shows no difference (Figure 4.7 D). Therefore, no

strong evidence supporting aPKC asymmetric localisation in pupal wings was obtained.

- 143 -



DaPKC average polarity magnitude
0.1

L i
0.0
0.02:
o. T .
fmi[E59] &
1 b
B aPKC pOIanty B E aPKC cytoplasm intensity
e control R Ersaas i telias S 1000 __Dp=00067
S 900
800
700
600
500
s &
C aPKC pOlarity C, ‘ F aPKC membrane intensity
: lnfm![E59] 7 il e 1200 __p=00327
1000
800
600
N
4

Figure 4.7 aPKC immunolabelling in pupal wings carrying fmi[E59] mutant

clones

(A-A”) 28 h APF pupal wing aged at 25°C carrying twin clones of fmi[E59]
(homozygous fmi[E59] tissue is indicated by the loss of blue 3-gal immunolabelling);

B-gal is immunolabelled in blue; aPKC is immunolabelled in green (A) or grey (A).

Scale bar: 20 pm.

(B-C’) Blue lines represent polarity nematics in 28 h APF arm-LacZ control pupal wings

tissue (B-B’) or homozygous fmi[E59] pupal wings tissue (C-C’). (B,C) Coarse-Grain

polarity nematics averaged over a 3-cell size (B’,C’) Single cell polarity nematics (B”,C”)
Zoomed-in of red box region. Scale bar: 20 ym.

(D) Comparison of direct average polarity nematics of immunolabelled aPKC in control

tissue and homozygous fmi[E59] tissue in 28 h APF pupal wings. N = 3 wings, p =

0.2474, statistical significance calculated by two-tail two-sample Student’s paired t-test.
Error bar: 95% confidence intervals.

(E-F) Comparison of immunolabelled aPKC intensity in control tissue and homozygous

fmi[E59] tissue in 28 h APF pupal wings. (F) The cytoplasm intensity is higher in

homozygous fmi[E59] tissue, p = 0.0067. (G) The membrane intensity is higher in

homozygous fmi[E59] tissue, p = 0.0327. N = 3 wings, a two-tail two sample Student’s

paired t-test was used. Error bar: 95% confidence intervals.
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4.5Discussion

4.5.1 The proposed aPKC phosphorylation sites on the Fz C-terminal
tail are required for planar polarity in the Drosophila wing

In this chapter, the two reported phosphorylation sites of aPKC, S554 and S560, on Fz
were mutated to test whether they regulate Dsh recruitment. By mutating these two
residues, aside from changes in Dsh recruitment, it is found that both phosphomutant
and phosphomimetic forms of Fz show decreased polarity (Figure 4.4 J), showing the

S554 and S560 residues are required for Fz polarity.

However, the (Djiane et al., 2005) data suggests that aPKC-mediated Fz
phosphorylation results in planar polarity defects in the Drosophila eye, but but only
when the phosphomutant form of Fz (Fz[A]) were overexpressed. They found that the
overexpressed phosphomimetic version (Fz[E]) did not cause ommatidial polarity
defects. These contradict the result in the wing shown in (Figure 4.4 J)(Section 4.2.1),
albeit the ommatidial polarity is a less sensitive assay than core protein asymmetry.
Similar mutants were checked in wings and found no clone boundary localisation can
be observed in Fz[E]-sfGFP clones, suggesting Fz[E] fails in its competition with
endogenous Fz. This can be the reason why Djiane et al., did not see phenotype in
Fz[E] expressed eyes as Fz[E] may not stabilise to cell junction in the presence of

endogenous Fz, thus, cannot interfere with the polarity establishment.

4.5.2 Mutating S554 and S560 of Fz affects Dsh recruitment to the cell
membrane in the wing

Dsh membrane intensity is decreased in both phosphomutant and phosphomimetic Fz
clones compared to control tissue (Figure 4.3 F; Figure 4.4 F), suggesting Dsh
membrane recruitment is regulated by S554 and S560 residues. This is contradicted
by (Djiane et al., 2005), where Fz[A] and Fz[E] recruits Dsh-GFP in overexpression

wing imaginal discs and transfected S2 cells, resembling wild-type Fz (Djiane et al.,
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2005). This may be because Fz[E] contains weak Dsh recruitment ability on its
intracellular loops (Cong et al., 2004b; Strutt et al., 2012; Tauriello et al., 2012;
Umbhauer et al., 2000; Wong et al., 2003), which may be sufficient to recruit Dsh in
overexpression. As shown in (Figure 4.4 A’), physiological level Fz[E]-sfGFP

expression still weakly recruits Dsh to cell membranes.

My results from these mutants further confirm the importance of the cytoplasmic tail
region, which is adjacent to the last transmembrane region, in recruiting Dsh (Strutt et
al., 2012; Umbhauer et al., 2000; Wong et al., 2003; Wu et al., 2008). However, as no
opposite effects on phosphomutant and phosphomimetic Fz-sfGFP were observed, it
is still hard to conclude whether the effect is due to the phosphorylation status of S554

and S560.

4.5.3 aPKC positively regulates planar polarity but the core protein level
is not affected

In Section 4.3.1, | described an aPKC overexpression experiment showing a positive
regulatory role of aPKC in planar polarity but no change in core protein level was
observed (Figure 4.5). This is consistent with the aPKC[DN] expression result in
Section 2.2.1.1, in which the dominant-negative aPKC expression region exhibits a
weaker polarity strength while the membrane intensity is unchanged (Figure 2.4 and
2.1.5). These results show the opposite effects on planar polarity strength between the
expression of the dominant-negative form of aPKC and the overexpression of aPKC,
supporting the view that aPKC positively regulates planar polarity while it does not

affect core protein membrane intensity.

In aPKC overexpressed tissue, in which Fz is expected to be hyper-phosphorylated,

planar polarity strength increases (Figure 4.5 E). This does not mimic the phenotype

of the phosphomimetic form of Fz, where polarity strength and Dsh recruitment are
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decreased (Figure 4.4 F,G,J). Conversely, a reduced Dsh membrane level leads to a
reduced Fmi membrane localisation and polarity (Ressurreicao et al., 2018), which is
not observed in aPKC overexpression tissue (Figure 2.4 and Figure 2.5), suggesting
aPKC does not affect Dsh recruitment. Thus, an increased aPKC level does not mimic
the phosphomimetic Fz phenotype, suggesting S554 and S560 are not functional
phosphorylation sites of aPKC, or alternatively, the Glutamic acid phosphomimetics
are not charged enough (Chen and Cole, 2015). A insufficient negative charge
phosphomimetic mutant may actually mimicking a hypo-phosphorylated status of Fz,
thus, phosphomutant and phosphomimetic mutant produce similar phenotype. Itis also
possible that mutations on Fz disrupt its conformation and reduce its function in Dsh

recruitment and planar polarity.

4.5.4 Acute inhibiting aPKC activity leads to cell area decrease

The Dsh membrane localisation is not changed by the acute inhibition of aPKC (Figure
4.6 F). This also suggests that Dsh recruitment is not regulated by the phosphorylation
of aPKC. Instead, the cell apical area was found to be smaller after 30-min 1NA-PP1
inhibition on aPKC[as4] (Figure 4.6 D), suggesting that the effect of aPKC on regulating
cell shape is more acute than on planar polarity. This result is consistent with a recent
publication that acute inhibition of aPKC in the Drosophila follicular epithelium
increases apical constriction (Osswald et al., 2022). This paper proposed that the effect
of aPKC on apical constriction is via actomyosin; and the apical constriction applies

pulling forces on neighbouring cells (Osswald et al., 2022).

Thus, besides the Dsh recruitment hypothesis, | will propose a theoretical possibility

where aPKC indirectly affects planar polarity via affecting actomyosin.

On the one hand, as an apicobasal polarity component, aPKC regulates the apicobasal

subcellular distribution of non-muscle myosin Il proteins (Reviewed in (Carmena,
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2021)), which is an essential component of actomyosin network that direct epithelial
rearrangements (Bertet et al., 2004; Rauzi et al., 2010; Sawyer et al., 2011; Skoglund
et al., 2008). On the other hand, wing cells rearrange their shape and cell junctions in
the hinge contraction process in which mechanical tension guides the reorientation of
core planar polarity proteins (Aigouy et al., 2010; Etournay et al., 2015). These results
link aPKC to tension in hinge contraction. This model will be further discussed in

Discussion 5.2.2.

4.5.5 Do the core proteins affect the levels of aPKC?

The result in Section 4.3 shows that in the absence of Fmi, aPKC protein level is
increased in pupal wing cells, showing a negative regulatory role of Fmi on aPKC
(Figure 4.7). It is unclear how Fmi regulates aPKC intensity. Since both membrane and
cytoplasm intensity is found to increase in fmi- clones, core planar polarity proteins
may affect the overall protein level. Or as suggested by the hazy immunolabelled aPKC
in fmi- clones (Figure 4.7 C”), core proteins may play a role in localising aPKC to the

apical membrane.

Given that core proteins localise asymmetrically, if core proteins regulate aPKC
localisation, would aPKC be localised asymmetrically? There is a previous publication
reporting aPKC planar anisotropic subcellular localisation in Drosophila salivary glands
during tubulogenesis (Roper, 2012). Other apicobasal polarity components are also
reported to localise asymmetrically in the tissue plane. For instance, Par-1 is found
asymmetrically localised in pupal wings (Harumoto et al., 2010); Baz is also
asymmetrically localised in Drosophila eye cone cells (Aigouy and Le Bivic, 2016) and
in Drosophila embryos (Simoes Sde et al., 2010). In light of these results, asymmetric
localisation of aPKC in pupal wings is expected as aPKC mutually interacts with other

apicobasal polarity determinants (reviewed in (Tepass, 2012)).
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However, there is not an obvious asymmetry of aPKC in the pupal wing at 28 h APF.
As measured in (Figure 4.7 D), the polarity magnitude of aPKC in wild-type tissue is
lower than 0.08, while the other measurements of core protein polarity magnitudes in
wild-type control tissue in this Thesis are generally above 0.10. Also, polarity nematics
in (Figure 4.7 B-B” and C-C”) show that aPKC is not strongly asymmetrically localised.
Therefore, no strong evidence supporting aPKC asymmetric localisation in pupal wings
so far. Future experiment confirming whether aPKC is asymmetrically localised in

planar plain in Drosophila wings is needed.
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CHAPTER 5

General Discussion
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The aim of this project was to systematically assess the role of kinases in core planar
polarity in the Drosophila wing model. This aim can be broken into two major objectives:
1) To test whether kinases on the candidate list (Introduction 1.3) play a role

in planar polarity establishment in the Drosophila wing.
2) To examine the mechanism of how these kinases regulate planar polarity

in the Drosophila wing.

5.1 Which kinases play a role in planar polarity establishment

in Drosophila wing

Testing candidate kinases in a systematic manner in a simple model system is crucial
in the field. Multiple kinases have been proposed to regulate planar polarity in different
contexts (Introduction 1.3, and reviewed in (Harrison et al., 2020)), e.g., vertebrates
or Drosophila eyes. Compared to vertebrates and Drosophila eyes, the Drosophila
wing has its unique advantages. First of all, the planar polarity is most well-studied in
Drosophila wings (Goodrich and Strutt, 2011; Maung and Jenny, 2011; Strutt and Strutt,
2021; Thomas and Strutt, 2012). Secondly, the readout of the planar polarity is clear
and simple in Drosophila pupal wing cells, which establishes the asymmetrical
proximodistal localisation of core planar polarity proteins after 24 h APF (Aigouy et al.,
2010; Axelrod, 2001; Bastock et al., 2003; Strutt, 2001; Tree et al., 2002; Usui et al.,
1999). The asymmetric localisation of core proteins is easily accessible in the flat

monolayer epithelium pupal wings.

Among kinases, aPKC, Par-1, Dco, Abl, Msn, and Nmo were picked as our candidate

kinases and their function in planar polarity were checked in the Drosophila wing model.
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aPKC

Results in Chapter 2 and Chapter 4 show that aPKC positively regulates planar
polarity in wings (Figure 2.4; Figure 2.5; Figure 4.5). It was hypothesised that aPKC
regulates Dsh recruitment via phosphorylating Fz on S554 and S560 residues. My
results confirm the importance of these two residues in the KTxxxW region in recruiting
Dsh (Strutt et al., 2012; Umbhauer et al., 2000; Wong et al., 2003; Wu et al., 2008).
However, it is still hard to conclude whether the effect is due to the phosphorylation
status of S554 and S560. Hence, the mechanism of the regulation of aPKC on planar
polarity is still unclear. The possible mechanism for aPKC regulating planar polarity is

discussed below (Discussion 5.2.1).

Par-1 and Dco

Par-1 is unlikely to regulate planar polarity in wings as the hypomorphic allele (Figure
2.6) or RNAI (Figure 2.7) of Par-1 does not induce planar polarity change. Although
mutations on the putative phosphorylation sites of Par-1 in S/T236-247 residues in Dsh
(Penton et al., 2002) do affect Dsh polarity, membrane level, and stability, S/T236-247
residues are also putative phosphorylation sites of other serine/threonine kinases, e.g.,

Dco (Klein et al., 2006; Strutt et al., 2006).

Previous publications in the Drosophila wing have shown a role of Dco in regulating
planar polarity (Klein et al., 2006; Strutt et al., 2019a; Strutt et al., 2006), but the
mechanism is yet to be examined. My results in Chapter 3 provide some lines of
evidence supporting that Dco regulates planar polarity via promoting core protein

sorting. Detail is discussed below (Discussion 5.2.2).

Abl
Abl is also unlikely to regulate planar polarity in wings. The mutation on the reported
phosphorylation site DshY473 reduces Dsh membrane targeting (Figure 2.10 A-B), but

the abl- amorphic allele clones (Figure 2.11) or Abl RNAi expressing tissue (Figure
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2.12; Figure 2.13; Figure 2.14) does not show Dsh localisation change, not mimicking
the DshY473 phonotype. This may be due to redundancy with other kinases that
phosphorylate Y473 in compensating for Abl or Y473 disrupts the conformation (or
charge status) of Dsh thus inhibiting its membrane binding. Hence, Abl is not essential
in regulating planar polarity or localising Dsh to the membrane. Whether Abl has a

regulatory role in planar polarity is still an unsolved question.

Besides, cells in the Abl overexpression tissue appear to be irregular (Figure 2.12;
Figure 2.13; Figure 2.14). This agrees with previous publications that Abl regulates
epithelial morphogenesis via regulating adherens junctions and cytoskeleton (Fox and
Peifer, 2007; Grevengoed et al., 2001). The change in polarity direction may be an
indirect effect via cell shape change as cell packing has been proposed to affect planar

polarity (Aigouy et al., 2010; Classen et al., 2005; Etournay et al., 2015).

Msn

Dsh polarity decreases in msn- clones (Figure 2.15), suggesting Msn regulates planar
polarity in Drosophila wings. In Drosophila eyes, loss-of-function alleles of msn
suppress the Dsh overexpression phenotype (Paricio et al., 1999), and msn RNAI
knock-down enhances Pk[Sple] overexpression phenotype (Daulat et al., 2012). These
results suggest that Msn enhances Pk[Sple] activity in Drosophila eyes, possibly due
to promoting Pk[Sple] membrane localisation as PRICKLE1 membrane localisation is
increased in MINK1 overexpressed HEK293T cells and decreased in morpholino
oligonucleotide (MO)-xMink1 knock-down in Xenopus embryos (Daulat et al., 2012).
However, Pk[Sple] is not the dominant isoform in Drosophila wings (Gubb et al., 1999).
Msn in Drosophila wing cells may only affect the isoform Pk[Sple] while the dominant

isoform Pk is not affected, thus, the core protein membrane localisation is not affected.
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Nmo

The Nmo kinase is not directly manipulated in this Thesis. Instead, the proposed Nmo
phosphorylation sites are mutated. The protein level of the phosphomimetic Pk mutant
is increased (Figure 2.16 E-F) while no change in polarity is observed (Figure 2.16 D).
This does not agree with (Collu et al., 2018), where Nmo is suggested to regulate
planar polarity in Drosophila eyes by phosphorylating Pk and increasing Pk
degradation. The contradiction may suggest that Nmo promotes planar polarity by
decreasing the Pk isoform protein level in Drosophila eyes, while functioning oppositely
in wings to increase the Pk protein level in wing cells, thus, also promoting planar

polarity.
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5.2How do kinases regulate planar polarity in the Drosophila
wing

5.2.1 Dco: local and cellular sorting

In this Thesis, the acute manipulation of Dco activity supports a direct regulatory role
of Dco in planar polarity. Chemical inhibition experiments of Dco show that Dco acutely
stabilises Dsh to cell junctions while destabilises Stbm from cell junctions (Figure 3.3).
This agrees with a previous publication showing that long-term expression of
dominant-negative Dco stabilises Dsh and destabilises Stbm (Strutt et al., 2019a). Also,

Dco itself is observed to be localised asymmetrically to the distal cell junction and

colocalise with core protein puncta (Figure 3.4).

As stated in Introduction 1.2.3.3, a cell-scale mechanism is needed in the
establishment process of planar polarity (Fischer et al., 2013). My results in Chapter
3 suggest an asymmetrically localised Dco-mediated cellular sorting mechanism of
planar polarity establishment, in which the local stabilising and destabilising of the core

proteins Dsh and Stbm can be amplified into a cell scale (Figure 3.5).

On the one hand, Dco localises distally and stabilises Dsh locally on the distal cell
junction. This also means that Dco has no/weak stabilisation on Dsh on proximal cell
junctions, thus the proximally mis-localised Dsh cannot get stabilised into core protein
complexes. The free Dsh diffuses (or gets transported (Matis et al., 2014)) to the distal

cell junctions and gets stabilised there after meeting Dco.

On the other hand, Dco destabilises the mis-localised Stbm on the distal cell junction.
Evidence supporting this is that Fz promotes Stbm phosphorylation, suggesting Stbm
phosphorylation happens in distal junctions (Kelly et al., 2016). Also, mixed Dgo puncta
are observed in a Stbm phosphomutants background (Strutt et al., 2019a), suggesting
phosphorylation of Stom helps remove mis-localised proteins. The destabilised Stbm

may move to and get stabilised onto proximal junctions, the proximal cytoplasmic core
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protein Pk may participate in stabilising Stbm (Strutt et al., 2019a).

If Dco asymmetric localisation can be important for planar polarity establishment, what
regulates the asymmetric localisation of Dco? So far, there is no direct evidence for
identifying the regulator for Dco membrane localisation. Indirect evidence can be
provided here as Dco is observed to be colocalised with core protein puncta (Figure
3.4), suggesting core proteins recruit Dco. This is supported by the discovery that Dsh
physically interacts with Dco vertebrate homologue CKle (Gao et al., 2002; Klein et al.,
2006), and Stbm co-immunoprecipitate Dco (Kelly et al., 2016). In addition, Dsh
phosphorylation requires Fz (Klein et al., 2006; Strutt et al., 2006) and is stimulated by
Dgo (Jenny et al., 2005), suggesting that the distal core planar polarity proteins may
recruit Dco. Besides, Ft, a component in Ft/Ds polarity and Hippo signalling pathway,
is also found to co-immunoprecipitate Dco (Feng and Irvine, 2009; Pan et al., 2013;
Sopko et al., 2009). However, as Ft localise anteroposteriorly in 28 h APF pupal wings
(Brittle et al., 2022; Merkel et al., 2014), the regulatory effect for Dco localisation, if

there is any, would be negative.

Whether the asymmetric distribution of Dco is crucial for its function in planar polarity
is also unclear. As there is a cytoplasm population of Dco, Dsh and Stbm may get
phosphorylated when they are not localised in complexes at junctions, followed by
stabilising onto opposite junctions. However, this is unlikely. There are some lines of
evidence suggesting that the cell membrane localisation of Dsh and Stbm is important
for their phosphorylation. Mutations disrupting Stbom membrane localisation reduce its
phosphorylation level in S2 cells (Kelly et al., 2016). Besides, Fz recruits Dsh to the
cell membrane (Axelrod, 2001) and the phosphorylation level of Dsh is reduced in fz-
mutants (Shimada et al., 2001), suggesting that Fz recruits Dsh and induces Dsh
phosphorylation. Thus, Dco may regulate planar polarity only when recruited to cell

membranes.

Future experiments to identify Dco membrane localisation regulators can be done. For
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instance, to check Dco localisation in a core protein mutant background. If Dco
asymmetric localisation is regulated by core planar polarity proteins, a new feedback
mechanism is suggested, where core proteins localise Dco to the distal cell end and
Dco stabilise Dsh distally. Also, the cell-scale sorting model is needed to be tested, for
example, forcing Dco ectopic localisation to proximal junctions to examine whether the
(cellular-scale) polarity is reversed. This experiment would also provide evidence for

whether the asymmetric distribution of Dco is crucial for planar polarity.

5.2.2 aPKC: cross-talk between apicobasal polarity and planar polarity?
The apicobasal polarity component aPKC kinase affects planar polarity, as shown in
Section 2.2.1.1 and Section 4.3.1 (Figure 2.4; 2.5; Figure 4.5). The acute chemical
aPKC inhibition result (Figure 4.6 D) suggests that the effect of aPKC on actomyosin-
mediated apical constriction is more acute than on planar polarity. Consistently, aPKC
negatively regulates actomyosin in Drosophila ((Osswald et al., 2022; Roper, 2012),
reviewed in (Carmena, 2021)). Thus, the regulatory role of aPKC on the actomyosin

network suggests that aPKC plays a role in wing cell tensions.

Myosin Il localisation is positively regulated by tension (Fernandez-Gonzalez et al.,
2009). In the process of the planar polarity establishment between 24 h and 30 h APF,
forces are applied on pupal wing cells due to hinge contraction. In this process, Myosin
II'is observed to accumulate to anteroposterior cell junctions most likely to counter that
tension (Sugimura and Ishihara, 2013). Since wing cells rearrange their shape and cell
junctions in the hinge contraction process and the mechanical tension guides the
reorientation of core planar polarity proteins (Aigouy et al., 2010; Etournay et al., 2015),

aPKC may regulate planar polarity via regulating tensions.

This mechanism may also explain the cell-death-like phenotype in aPKC

overexpression experiment (Figure 4.5). In this condition, the overexpressed aPKC
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reduces Myosin Il accumulation on the anteroposterior junctions, which makes cells

less intolerant to tensions, thus, disrupts cell shape and tissue morphology.

In addition, not only aPKC, but other apicobasal polarity components also regulate
actomyosin (Lecuit and Yap, 2015; Mack and Georgiou, 2014; Silver et al., 2019). For
instance, Baz regulates the planar polarized distribution of myosin Il and adherens
junction proteins in Drosophila embryos (Simoes Sde et al., 2010). Thus, other
apicobasal polarity components may also regulate planar polarity in a similar

mechanism.

Interestingly, cross-talks between the apicobasal polarity pathway and the planar

polarity pathways have been reported:

On the one hand, apicobasal polarity regulates core planar polarity. For instance,
aPKC regulates planar polarity in Drosophila eyes (Djiane et al., 2005) and in wings
(this work). Also, the loss or gain of Baz function leads to planar polarity defects in eyes
(Djiane et al., 2005), and the overexpression of Baz disrupts Fmi membrane
localisation in wings (Wasserscheid et al., 2007). Wasserscheid et al. also showed that
Baz binds to the Stan isoform of Fmi which contains a PDZ-binding motif in pull-down
assays (Wasserscheid et al., 2007), suggesting a physical binding between apicobasal
polarity determinants and core planar polarity proteins, consistent with the binding
between Fz and dPatj yeast two hybrid assays (Djiane et al., 2005). In addition, the
overexpression of Par-1 leads to Fmi mis-localisation in Drosophila wing cells

(Harumoto et al., 2010).

On the other hand, planar polarity regulates the planar localisation of apicobasal
polarity components. In the fly notum, sensory organ precursors at mitosis localise the
Par complex components (Garg et al., 2017; Goldstein and Macara, 2007; Suzuki and
Ohno, 2006) to the posterior side colocalise to Fz, while Stbm recruits basolateral

polarity components to the anterior side (Bellaiche et al., 2004; Bellaiche et al., 2001a;
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Bellaiche et al., 2001b; Besson et al., 2015; Gho and Schweisguth, 1998; Lu et al.,
1999). In eyes, the localisation of Baz (a member of the Par complex) largely overlaps
with that of Stbm in adult cone cells (Aigouy and Le Bivic, 2016); while Baz localises
to the Fz side in the third instar developing eye discs (Djiane et al., 2005); in Drosophila
embryos, Baz is also asymmetrically localised (Simoes Sde et al., 2010). In Zebrafish
embryos, Vangl2 mutants affect Par-3/Baz clustering and Par-3/Baz cluster position
(Donati et al., 2021). The asymmetric localisation of Baz is regulated by core planar
polarity proteins as the asymmetry localisation of Baz in eye cone cells is lost in fmi-
cells but not in Crumbs, a main Baz regulator, mutant cells (Aigouy and Le Bivic, 2016).
However, as Baz and Stbm or Baz and Fz is not strongly interacting in yeast two hybrid
assays (Courbard et al., 2009; Djiane et al., 2005), the colocalisation may be mediated
by other apicobasal polarity or planar polarity factors. For instance, Dsh is also

reported to recruit Baz in sensory organ precursors (Garg et al., 2017).

My results in (Figure 4.7) show a negative regulatory role of Fmi on aPKC protein level
but show no clear evidence supporting aPKC is asymmetrically localised in Drosophila
pupal wing cells. In fact, not all apicobasal polarity components are symmetrically
localised in the systems listed above. For instance, Par-6 is not asymmetrically
localised in cone cells where Baz is observed to localise asymmetrically (Aigouy and
Le Bivic, 2016). Thus, future experiments confirming whether aPKC or other
apicobasal polarity components are asymmetrically localised in the plane in Drosophila

wings is needed.

Evidence provided here suggests a model where core planar polarity proteins regulate
the subcellular planar localisation of apicobasal polarity components, which regulates
the distribution of actomyosin and cell tension, thus, in turn, regulates planar polarity

establishment.
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5.3Summary

The main goals of the project were largely achieved. Kinases were screened in
Drosophila pupal wings and evidence was provided to support or deny a role of
candidate kinases in core planar polarity (Chapter 2). Two kinases, Dco and aPKC,
were picked for further testing. Dco regulates planar polarity in Drosophila pupal
wings by acutely affecting core protein stability. Dco was also observed to localise
asymmetrically on the distal cell end, suggesting a cell-scale sorting mechanism such
that distal localised Dco stabilises distal complex component Dsh and destabilises
proximal component Stbm locally to promote planar polarity (Chapter 3). aPKC also
regulates planar polarity in Drosophila pupal wings, but the mechanism is still

unclear, only a possible model is provided here (Chapter 4).
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CHAPTER 6

Materials and Methods
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6.1 Materials

6.1.1
Table 6.1

Antibodies

List of antibodies used

Antibody used

Sources

Concentration used

Primary antibodies used in immunolabelling

Rabbit anti-B-gal Cappel: cat#55976 1:4000
Mouse monoclonal anti-B-gal Promega: cat#Z3783 1:500
Rat monoclonal anti-DE-CAD Developmental Studies | 1:20
(DCAD?2) Hybridoma Bank:
AB_528120; (Oda et al.,
1994)
Rabbit anti-Stbm (Bastock et al., 2003) 1:1000
Rabbit anti-Dsh (Strutt et al., 2013a) 1:1000 IF
Rabbit anti-Fz, affinity purified (Bastock and Strutt, 1:300
2007)
Rat anti-Pk, affinity purified (Strutt et al., 2013a) 1:25
Mouse monoclonal anti-Fmi #74 Developmental Studies | 1:2000 IF
Hybridoma Bank:
AB_2619583; (Usui et
al., 1999)
Rabbit polyclonal anti-PKC Santa Cruz: sc-216 1:250
Mouse monoclonal anti-Myc 9E10 | Sheffield BioServe 1:25
HA-Tag (6E2) Mouse monoclonal | Cell Signalling: #3444 1:100
Antibody (Alexa Fluor® 647
Conjugate)
Secondary antibodies used in immunolabelling
Goat anti-Mouse Cy2 Jackson 115-225-146 1:1000
Goat anti-mouse Cy5 Jackson 115-175-146 1:1000
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Antibody used Sources Concentration used
Goat anti-Rabbit RRX Jackson 111-295-003 1:1000

Donkey anti-Rat Cy2 Jackson 712-225-150 1:1000

Goat anti-Rat Cy5 Jackson 112-175-102 1:1000

Antibodies used in Western blot

Rabbit anti-Dsh, affinity purified (Strutt et al., 2006) 1:250

Mouse monoclonal anti-Actin AC- | Sigma cat#A4700 1:1000

40

Goat anti-Mouse-HRP Dako: P044701-2 1:5000

Goat anti-Rabbit-HRP Dako: P044801-2 1:5000

Fmi: Flamingo
Fz: Frizzled
Stbm:  Strabismus
Dsh:  Dishevelled

Pk: Prickle

B-gal: B-Galactosidase

HRP: Horseradish peroxidase
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6.1.2 Drosophila stocks used

Table 6.2 Full genotypes used in each experiment

Experiment | Genotype
Figure 2.1 w/y,w,Ubx-FLP1; FRT42B aPKC[k06403]/FRT42B arm-LacZ
Figure 2.2 w/y,w,Ubx-FLP1; FRT42B aPKC[ts]/FRT42B arm-lacZ
Figure 2.3 w[1118]
Figure 2.4 w; UAS-DaPKC.DN.CAAX(6)/en-Gal4
Figure 2.5 w; UAS-DaPKC.DN.CAAX(6)/ptc-Gal4
Figure 2.6 w/y,w,Ubx-FLP1; FRT42 par-1[k05603]/FRT42 arm-LacZ
Figure 2.7 y sc v/w; TRIP.HMS00405[attP2]/en-Gal4
Figure 2.8 w dsh[V26] FRT19A/ y w dsh[V26] FRT18; Placman]-EGFP-
& dsh[attP40]/+
Figure 2.9 w dsh[V26] FRT19A/ y w dsh[V26] FRT18; Placman]-EGFP-
dsh[S/T236-247>A][attP40]/+
w dsh[V26] FRT19A/ y w dsh[V26] FRT18; P[lacman]-EGFP-
dsh[S/T236-247>A] [attP40]/+
Figure 2.10 y w dsh[V26] FRT18; Placman]-EGFP-Dsh[attP40]
Ubi-mRFP[nls], hs-FLP1 FRT19A/ w dsh[V26] FRT19A; Ubx-
FLP3/P[acman]-EGFP-dsh[attP40]
Ubi-mRFP[nls], hs-FLP1 FRT19A/ w dsh[V26] FRT19A; Ubx-
FLP3/P[acman]-EGFP-dsh[Y473>F][attP40]
w[1118]
w dsh[1]/Y; Placman]-EGFP-dsh[attP40]/+
w dsh[1]/Y; Placman]-EGFP-dsh[Y473>F][attP40]/+
w dsh[1]
Figure 2.11 w/y w Ubx-FLP1; arm-lacZ FRT80/AbI[2] FRT80
Figure 2.12 w; UAS-Abl/ptc-Gal4
y v/w; TRIP.JF02960[attP2]/ptc-Gal4
Figure 2.13 w; UAS-Abl/en-Gal4
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Experiment

Genotype

y viw; TRIP.JF02960(attP2]/en-Gal4

Figure 2.14

w/y w hsFLP1; Act5C>y+>GAL4, UAS-lacZ/UAS-Abl
w/y w hsFLP1; ActbC>y+>GAL4, UAS-lacZ/ TRIP.JF02960[attP2]

Figure 2.15

w/y w Ubx-FLP1; arm-lacZ FRT80/msn[172] FRT80

Figure 2.16

w/y, w, Ubx-FLP1; FRT42 pk-sple[13] cn[1]/ FRT42 arm-LacZ;
Act5C>>EGFP-Pk[attP2]/+

w/y, w, Ubx-FLP1; FRT42 pk-sple[13] cn[1]/ FRT42 arm-LacZ;
ActbC>>EGFP-Pk[A][attP2]/+

w/y, w, Ubx-FLP1; FRT42 pk-sple[13] cn[1]/ FRT42 arm-LacZ;
ActbC>>EGFP-PK[E][attP2]/+

Figure 3.1

w, fTRG01037.sfGFP-TVPTBF[VKO0Z2]/+; hsP70-NSImb-vhhGFPA4,
FRT82B dco[j3B9J/FRT82 dco[2]

Figure 3.2

w; FlyFos020844-dco-SpotTag-HA[VK31] FRT82 dco[2]/ hsP-Tom70-
HAScFv[attP2] FRT82B dco[j3B9]

Figure 3.3

y w dsh[V26] FRT18; Placman]-EGFP-Dsh[attP40]

w; Placman]-Stbm-EGFP-LoxP[attP40] FRT40 stbm[6]

y w dsh[V26] FRT19A/+; Placman]-EGFP-Dsh[attP40] stbm[6]

w dsh[V26] FRT19A/ dsh[1]; P[acman]-Stbm-EGFP-LoxPl[attP40]
FRT40 stbm[6]/+

Figure 3.4

w; FlyFos020844-dco-SpotTag-HA[VK31] FRT82 dco[2)/ FRT82B
dco[j3BY]

w; FlyFos020844-HA-SpotTag-dco[VK31] FRT82 dco[2l/ FRT82B
dco[j3BY]

w; fTRG01037.sfGFP-TVPTBF[VK02] FRT40/FRT40; FRT82 dco[2}/+
w; Act5C>>Dco-GFP FRT82 dco[2)/ Ubx-FLP3 FRT82B dco[j3B9]

Figure 4.2

w/ 'y w Ubx-FLP1; ActbC-Fz-sfGFP[attP2] fz[P21] FRT80/ arm-lacZ
FRT80
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Experiment | Genotype

Figure 4.3 w/ y w Ubx-FLP1;Act5C-Fz[A554,A560]-sfGFP[attP2] fz[P21] FRT80/
arm-lacZ FRT80

Figure 4.4 w/ y w Ubx-FLP1;Act5C-Fz-sfGFP[attP2] fz[P21] FRT80/ arm-lacZ
FRT80
w/ y w Ubx-FLP1;Act5C-Fz[A554,A560]-sfGFP[attP2] fz[P21] FRT80/
arm-lacZ FRT80
w/ y w Ubx-FLP1;Act5C-Fz[E554,E560]-sfGFP[attP2] fz[P21] FRT80/
arm-lacZ FRT80

Figure 4.5 w; ptc-Gal4/+; UAS-DaPKC.WT.CAAX(5)/+

Figure 4.6 w/y, w, Ubx-FLP1; FRT42 aPKC[as4]#3/FRT42 arm-LacZ

Figure 4.7 w/y, w, Ubx-FLP1; FRT42 fmi[E59]/FRT42 arm-LacZ

Table 2.1 dsh[1)/Y

dsh[1]/Y; Placman]-EGFP-dsh[attP40]

dsh[1)/Y: Placman]-EGFP-dsh[S/T236-247>A][attP40]

dsh[1)/Y: Placman]-EGFP-dsh[S/T236-247>E][attP40]

dsh[1}/Y: Placman]-EGFP-dsh[Y473>F][attP40]

w dsh[V26] FRT19A/ Y: Placman]-EGFP-dsh[S/T236-247>A][attP40]
w dsh[V26] FRT19A/ Y: Placman]-EGFP-dsh[Y473>F][attP40]
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Table 6.3 Transgenes and mutation alleles information

Name Description Flybase ID

w[1118] Used as wild-type FBal0018186

Core planar polarity protein mutation alleles

fmi[E59] (Usui et al., 1999) FBal0101421

fz[P21] (Jones et al., 1996) FBal0004937

stbm[6] (Wolff and Rubin, 1998) FBal0062423

dsh[1] a planar polarity-specific mutant allele FBal0003138

dsh[V26] amorphic allele (Perrimon and Mahowald, | FBal0003140
1987)

pk-sple[13] (Gubb et al., 1999) FBal0060943

Core planar polarity proteins transgenes

P[acman]-Stbm- (Strutt et al., 2016)

EGFP-LoxP

Placman]-EGFP-dsh (Strutt et al., 2016)

EGFP-Pk (Strutt et al., 2013b)

Kinase mutation alleles

aPKC[k06403] amorphic allele FBal0064438

aPKC[as4] aPKC[I342A,T405A]; (Hannaford et al., | FBal0346247
2019)

aPKClts] aPKC[F532L]; (Guilgur et al., 2012) FBal0277054

dco[2] hypomorphic allele FBal0032015

dco[j3B9] loss of function allele FBal0010937

abl[2] amorphic allele FBal0339087

par-1[k05603] hypomorphic allele FBal0117402

msn[172] Inversion breakpoint within the coding | FBal0061020

region
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Name

Description

Flybase ID

Kinase transgenes

UAS- aPKC[K293W]-CaaX; (Sotillos et al., | FBal0189627

DaPKC.DN.CAAX(6) | 2004)

UAS- (Sotillos et al., 2004) FBal0192028

DaPKC.WT.CAAX(5)

fTRG01037.sfGFP- 2XTY1-SGFP-V5-preTEV-BLRP- FBal0339087

TVPTBF 3XFLAG sequence inserted into C-
terminal of Dco coding region in
FlyFos020844; (Sarov et al., 2016)

Act5C>>Dco-GFP (Strutt et al., 2006) FBal0194122

TRIP.HMS00405 RNAI against Par-1; (Ni et al., 2011) FBal0248166

TRIP.JF02960 RNAI against Abl; (Perkins et al., 2015) FBal0239462

UAS-Abl (Singh et al., 2010) FBal0095895

Other transgenes

hs-FLP1 Bloomington Drosophila Stock Center: 6; | FBti0002044
(Golic and Lindquist, 1989)

Ubx-FLP1 Bloomington Drosophila Stock Center: | FBti0150334
42718; (Emery et al., 2005)

Ubx-FLP3 Bloomington Drosophila Stock Center: | FBti0150356
42719; (Emery et al., 2005)

ptc-GAL4 Bloomington Drosophila Stock Center: | FBti0002124
2017; (Hinz et al., 1994)

en-GAL4 Bloomington Drosophila Stock Center: | FBti0003572
30564; (Johnson et al., 1995)

ActsC>y+>GAL4 Also marked as Act5C>>GAL4 in this | FBtp0001405
Thesis

Ubi-mRFP-nls Marked as mRFP[nls] in this Thesis FBti0129785

FRT18 FBti0002070

- 170 -




Name Description Flybase ID

FRT19A FBti0000870

FRT40 FBti0002071

FRT42B FBti0001247

FRT42 FBti0141188

FRT80 FBti0002073

FRT82 FBti0002074

hsP-Tom70-HAScFv | This work

hsP70-NSIimb- This work

vhhGFP4

arm-LacZ On2R,51D FBti0023289
P[w+, arm-lacZ]JAZE16.3 On 3L FBti0018347
Plw+, ActsC>y+>GAL4]25, P[w+, UAS- | Homemade,
lacZ] similar to

FBst0004410
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6.1.3 Drosophila transgenes generated in this work
Fz[S554,5S560] mutations
PAttB-Act5C>>Fz-sfGFP was generated as the map shown below, sfGFP was inserted

with a VDPPVAT linker sequence at the C-terminal of the Fz coding sequence (CDS):

%E > *
@*\ - @ e I I
& C o s O & o 3
S v X @
QK v %QJ
& @
& &

v
PAttB-Act5C>>Fz-sfGFP was digested with Agel (AA\CCGGT) and Bglll (A*GATCT),

and ligated to Agel and Bglll digested:

5-GATCTTTATGGTGAAGTATTTGTGCTCCATGCTGGTCGGCGTGACAAGTTCC
GTTTGGTTGTACGCCAGTAAAACGATGGTGGCATGGCGTAACTTTGTCGAGCGT
TTGCAGGGTAAAGAGCCACGGACCAGGGCGCAGGCGTATGTCGATCCACCGGH
T-3

or:
5-GATCTTTATGGTGAAATATCTCTGTTCGATGTTGGTAGGAGTCACCTCGTCGG
TGTGGCTGTACGAGTCCAAAACTATGGTAGAGTGGCGGAATTTTGTCGAACGCC
TCCAGGGCAAAGAACCTCGAACGCGAGCGCAGGCGTACGTCGATCCACCGGAT
-3

to generate pAttB-Act5C>>Fz[A554,A560] or pAttB-ActbC>>Fz[E554,E560],
respectively. The FRT-PolyA-FRT sequence was then Flipped-out by crossing to hs-
FLP1 and heat-shock. Thus, pAttB-Act5C-Fz-sfGFP, pAttB-Act5C-Fz[A554,A560],

and pAttB-Act5C-Fz[E554,E560] were made.
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Dsh[S/T236-247] and Dsh[Y473] mutations

Placman]-EGFP-dsh (Strutt et al., 2016) bacterial artificial chromosome (BAC)
construct was used to generate P[acman]-EGFP-dsh[S/T236-247>A], P[acman]-
EGFP-dsh[S/T236-247>E], and P[acman]-EGFP-dsh[Y473>F], map for construct

shown below:

attB-P[acman] CH322-187A6

|:;3\ $236 :F D
S237 ™

0(29 S239 QQ%
Q(b $240 Q(b
(\Q :F\. T242 (\Q
QQ?O” \ S244 QQ)Q
C’)Q T245
Q/ \lg} S247 Y473

O

N X

'S

KanaRpsL strategy was used. The target sequence to be mutated in Placman]-EGFP-
dsh construct was firstly replaced by KanaRpsL cassette in the recombinase
containing SW106 strain E. coli by electroporating, which increases the resistance to
Kanamycin and sensitivity to Streptomycin. The Kanamycin resistant E. coli were then
selected, and the repair sequence was electroporated. Streptomycin tolerated E. coli

contains the repair sequence replacing the original sequence.

5-GCAAGAAGCCGCAGAGGCGCAAAAAACGGGCGCCCAGCATGTCGCGCACCt
cctegtacagctccataaccgactcgaccatgtccCTAAATATCATTACCGTCTCCATCAACATGG
AGGCGGTCAACTTTCTGGG-3

sequence in Dsh coding sequence in Placman]-EGFP-dsh were replaced by:

5-GCAAGAAGCCGCAGAGGCGCAAAAAACGGGCGCCCAGCATGTCGCGCACC
GCCGCCtacGCCGCCataGCCgacGCCGCCatgGCCCTAAATATCATTACCGTCTCC
ATCAACATGGAGGCGGTCAACTTTCTGGG-3

to generate Placman]-EGFP-dsh[S/T236-247>A], or by:

5-GCAAGAAGCCGCAGAGGCGCAAAAAACGGGCGCCCAGCATGTCGCGCACC
GAGGAGtacGAGGAGataGAGgacGAGGAGatgGAGCTAAATATCATTACCGTCTCC
ATCAACATGGAGGCGGTCAACTTTCTGGG-3

to generate Placman]-EGFP-dsh[S/T236-247>E].
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P[acman]-EGFP-dsh[T473>F] was made by replacing:

5-GCAATTACATCAAGCATACGGTCAATAAGTTGACCTTCTCGGAGCAGTGCTAC
TACGTGGTGAACGAGGAGCGCAATCCCAATCTGTTGGGCCGAGGACATCT-3

in Placman]-EGFP-dsh by:
5-GCAATTACATCAAGCATACGGTCAATAAGTTGACCTTCTCGGAGCAGTGCTTC
TACGTGGTGAACGAGGAGCGCAATCCCAATCTGTTGGGCCGAGGACATCT-3

Pk mutations
PAttB-Act5C>STOP>EGFP-Pk (Strutt et al., 2013b) were used to make PpAttB-
ActbC>STOP>EGFP-PK[A] and pAttB-Act5C>STOP>EGFP-PK[E].

}[g . ]&E 0 >

TS Q S \S
SEHE & P M
) QQ Q\?* S515 S595  T708 Q
OQ& %Q/\ Q\j‘: S519 S599  S725
N 1737
‘.\3(@ s762

V‘Q

T708, S725, T737, S762 were mutated to Alanine or Glutamic acid by ligating Sphl

and EcoRI digested pAttB-Act5C>STOP>EGFP-Pk to Sphl and EcoRI digested:

5-CACACCGCCAGCATGCCGGAATTGGCAGGAAAGTTGGTGGCTCCCCCTGCC
CACATGCAACACCTCAGCCAACTCCACGCAGTATCCAGTCACCAATTCCAGCAA
CATGAGTATGCCGACATATTGCATCCTCCACCCCCACCGCCGGGTGAAATCCC

CGAGCTCCCAGCCCCGAATCTCTCGGTCGCCAGCACAGCTCTCCCTCCGGAGC
TCATGGGAGCGCCTACACATTCCGCCGGTGATCGGTCCCTCAATGCACCAATG

TCCACGCAAAGTGCCAGCCACGCTCCGCCTCACCCCGTGTCGATACTGAGCGG
AGCATCGTCGAGCGCGCCAATGAGTGGAGAACCTGCTAAGAAAAAAGGTGTTC

GCTTTGAGGGAATTCCGGACACACT-3' (for Alanine mutation),

or

5-CACACCGCCAGCATGCCGGAATTGGCAGGAAAGTTGGTGGCTCCCCCTGCC
CACATGCAACACCTCAGCCAACTCCACGCAGTATCCAGTCACCAATTCCAGCAA
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CATGAGTATGCCGACATATTGCATCCTCCACCCCCACCGCCGGGTGAAATCCC
CGAGCTCCCAGAGCCGAATCTCTCGGTCGCCAGCACAGCTCTCCCTCCGGAGC
TCATGGGAGAGCCTACACATTCCGCCGGTGATCGGTCCCTCAATGAGCCAATG
TCCACGCAAAGTGCCAGCCACGCTCCGCCTCACCCCGTGTCGATACTGAGCGG
AGCATCGTCGAGCGAGCCAATGAGTGGAGAACCTGCTAAGAAAAAAGGTGTTC
GCTTTGAGGGAATTCCGGACACACT-3’ (for Glutamic acid mutation)

S515,5519,5595,S599 mutated sequences were generated by overlap PCR
(Polymerase Chain Reaction). The overlapped mutation sequences are listed below:

S515A S519A:
5-GCCACGCCTCCAGCGCCCCGCCTATGGCCCCGCAACAGCAGCAGC-3
S515E S519E:
5-GCCACGCCTCCAGCGAGCCGCCTATGGAGCCGCAACAGCAGCAGC-3
S595A S599A:
5-GCACCTCGCAGAACCTAGCCCCTCTGAACGCCCCCGGCGACTTCCAGCCC-3
S595E S599E:
5-GCACCTCGCAGAACCTAGAGCCTCTGAACGAGCCCGGCGACTTCCAGCCC-3
Overlap PCR products were also cloned into pAttB-Act5C>STOP>EGFP-Pk construct

on Apal/Ndel (for S515,5S519 mutations) or Ndel/Sphl (for S595,5S599 mutations) sites.
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HA-tagging on Dco
FlyFos020844 Fosmid containing Dco coding region was used to make FlyFos020844-
HA-SpotTag-dco and FlyFos020844-dco-SpotTag-HA using KanaRpsL strategy,

whose maps are shown below.

FlyFos020844

£ 4

4
v

FlyFos020844-HA-SpotTag-aco
—

Dco Coding Sequence

%

FlyFos020844 S
\’bq
X
>
&
&
o
%
FlyFos020844-dco-SpotTag-HA <&

Dco Coding Sequence

HA-SpotTag- sequence was inserted into the N-terminal of the Dco coding sequence

in FlyFos020844 Fosmid by replacing:

5-GAGGAGTCCGAACTCTACCACACAGAAACCCACAGAAACAGACGTAACAAAA
TGGAGCTGCGCGTGGGTAACAAATATCGCCTGGGCCGCAAGATAGGATCGGGA
TC-3

by:
5-GAGGAGTCCGAACTCTACCACACAGAAACCCACAGAAACAGACGTAACAAAA
TGTACCCTTATGATGTCCCGGATTATGCCAGCGGCGGCGGTGGATCGGGAGGC
GGAGGAAGCCCCGATCGCGTTCGAGCTGTAAGCCACTGGTCCTCCGGCTCCG
CCGGATCCATGGAGCTGCGCGTGGGTAACAAATATCGCCTGGGCCGCAAGATA
GGATCGGGATC-3..
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The -SpotTag-HA sequence was inserted into the C-terminal of the Dco coding

sequence in FlyFos020844 Fosmid by replacing:

5-TTCGATACGGATGCGGCAGGGAGGCGGTGGTGGCGGCGGTGGAGTGGGCG
TAGGCGGTATGCCGAGCGGCGGAGGGGGCGGTGGCGTGGGGAACGCCAAAT
AATATTTTATCGTTTAGGTTGCGACGCTGGACACGACACAGTAGACAAAC-3’

by:
5-TTCGATACGGATGCGGCAGGGAGGCGGTGGTGGCGGCGGTGGAGTGGGCG
TAGGCGGTATGCCGAGCGGCGGAGGGGGCGGTGGCGTGGGGAACGCCAAAG
GCTCCGCCGGATCCCCCGATCGCGTTCGAGCTGTAAGCCACTGGTCCTCCAGC
GGCGGCGGTGGATCGGGAGGCGGAGGAAGCTACCCTTATGATGTCCCGGATT
ATGCCTAATATTTTATCGTTTAGGTTGCGACGCTGGACACGACACAGTAGACAA
AC-3'.

All constructed transgenes were injected by GenetiVision Corporation.

6.1.4 Drosophila genetics

6.1.4.1 UAS-GAL4 binary expression system

The Gal4/UAS system (Brand et al., 1994; Brand and Perrimon, 1993) was used to
temporospatially express target genes. When Gal4 coding sequence is inserted
downstream of either engrailed(en) or patched(ptc) promoter, the yeast transcriptional
activator GAL4 can be expressed in the posterior region of the pupal wing (en-
expression region) or in a stripe region between veins 3-4 of the pupal wing (ptc-

expression region)(Hinz et al., 1994; Johnson et al., 1995).

GAL4 activity is enhanced in high temperatures (e.g., 29°C) compared to lower
temperatures (e.g., RT) (Brand et al., 1994). Thus, fly crosses for Gal4/UAS expression
experiments were kept at RT before pupae collection to reduce the effects before

pupae formation.
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6.1.4.2 Mitotic clones generation using FLP/FRT

Twin-clones in wings were generated using the FLP/FRT system (Xu and Rubin,
1993). FLP is a recombinase inducing recombination mitosis. The recombination
induced by FLP recombinase occurs between FRT elements on two chromosomes in
heterogeneous genotype cells to generate homozygous genotype cells after mitosis.
The FLP recombinase expression was induced under either Ubx promoter (Ubx-FLP
(Emery et al., 2005)) or hsP70 promoter (hs-FLP1 (Golic and Lindquist, 1989)). The
hsP70 promoter induces expression at 37°C (Lindquist, 1980a; b) but not at 25°C
(Velazquez et al., 1983).

In the clonal Abl or Abl RNAIi expression experiments (Figure 2.14), clonal EGFP-Pk
expression experiments (Figure 2.16), and clonal Dco-GFP expression experiments
(Figure 3.4 E-F), clones were generated by inserting Act5C>STOP>GAL4 (Act5C
promoter-FRT-STOP-FRT-Gal4) into the genome. When the FLP recombinase
induced the expression, the recombination stochastically flipped out the STOP codon
in some cells and excise the cassette. Only these cells and their progenies inherit the

excised state expressed Gal4 and triggered the target gene expression.

Specifically, in the clonal Abl or Abl RNAI expression experiments (Figure 2.14), the
FLP expression was induced under hs-FLP. In this experiment, adult flies were
transferred to fresh vials at 24 h after cross set up. Vials containing eggs or larvae
were heat-shock at 48 h and 72 h after cross set up to induce FLP expression. In these
experiments, the UAS-LacZ transgene was also inserted to mark Gal4-expressing

cells with B-gal immunolabelling.
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6.1.5 Chemical inhibitors used

Table 6.4 List of chemical inhibitors used
Chemicals Description CAS number Supplier
D4476 Broad-spectrum CKI inhibitor 301836-43-1 AOBIOUS
PF-4800567 Dco (CKlIg) specific inhibitor 1188296-52-7 | Cayman
1NA-PP1 ATP analogue 221243-82-9 Cayman

6.1.5.1 Software used

Table 6.5

List of software used

NIS Elements AR version 4.60-5.21

Nikon

Image Lab version 4.1

BioRad Laboratories

Imaged version 2.9.0

https://fiji.sc

MATLAB_R2022b

Mathworks

GraphPad Prism version 9.4.1

GraphPad Software, Inc.

Tissue Analyzer

(Aigouy et al., 2010; Aigouy et al., 2016)

Membrane intensity scripts

(Strutt et al., 2016)

QuantifyPolarity

(Tan et al., 2021)
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6.2 Methods

6.2.1 Fly culture and pupae ageing
All fly work was performed in the Drosophila Facility at the University of Sheffield

(https://www.sheffield.ac.uk/flyfacility/drosophila). Stable stocks were cultured at 19°C

(room-temperature, RT) and kept in plastic vials with fly food on the bottom. Flies for
experimental use were cultured in plastic vials, plastic straight sided bottles, or ICRF

bottles.

To set up crossings, virgin females and males of desired genotypes were collected
and mated in plastic vials or straight sided bottles. Crosses were kept at RT or 25°C.
Adult flies in crossings were changed to a fresh vial or bottle every 2-4 days.

Genotypes of progenies from crossings for each experiment are listed in Table 6.2

Prepupae (when the pupal cuticle was still white) were collected onto the wall of plastic
vials for ageing. The plastic vial used for ageing also has food on the bottom to keep
the ageing environment damp. The time of collection was marked as 0 h after puparium
formation (APF). At the time of collection, the sex of prepupae can be checked under
a dissecting microscope if certain sex pupal is desired. Males have two more
transparent genital discs embedded in fat, and lie at about 2/3 of body length from the

anterior.

Pupae were aged at 25°C for 6 h for prepupal wings and 28 h for pupal wings
experiments, except the ones listed below:
In the aPKC[temperature-sensitive] inhibition experiment (Figure 2.2 F-J), pupae
were aged at 29°C for 24 h.
In the hsP70- driven nanobody expression experiment (Figure 3.1 C-D; Figure 3.2
B), pupae were aged at 25°C for 28 h. Vials containing pupae were then put into

a 37°C water-bath tank for 2-hour heat-shock before dissection.
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In the aPKC[wt] overexpression experiment in (Figure 4.5), pupae were either:
aged at 25°C for 24h then switch to 29°C for 3.5 h (3 hours and 30 mins)(Figure
4.5 B); aged at 25°C for 22.5 h (22 hours and 30 mins) then switch to 29°C for
4.75 h (4 hours and 45 mins)(Figure 4.5 C); or aged at 29°C for 24 h (Figure 4.5
D).

6.2.2 Pupal wing dissection

Pupae aged to 28 h APF at 25°C (or other conditions indicated above) were dissected
out from the pupal cuticle and transferred to a drop of 4% paraformaldehyde in PBS
(phosphate buffered saline) for fixation. The fixation time varies depending on the
antibody used. Fixation time for pupae was normally 20 mins, except for Rabbit anti-
Dsh (5 mins) and Rabbit anti-Fz (60 mins). Pupal wings were then dissected out from
fixed pupae by pulling the wing on its hinge region and transferred into a fresh drop of

4% paraformaldehyde in PBS for second round fixation for 5 mins.

Wings at this stage are surrounded by transparent pupal cuticles. Pupal cuticles were
removed after two rounds of fixation and the wings were transferred to a blocking
solution (900pL [PBS + 0.2% Trition X-100 (VWR)] + 100uL Normal Goat Serum) for

a 1-hour blocking at RT.

6.2.3 Pupal wing dissection for FRAP

FRAP was done in live imaging, thus the pupae used were not fixed. Instead of been
dissected out from the pupal cuticle, 28 h APF pupal wings were exposed by cutting a
small region on the pupal cuticle, but not removed from the pupal cuticle. Exposed
wings were then stuck to glass bottom dishes (lwaki) coated with heptane glue (made
by diluting glue from sticky tape (Sellotape) in heptane) and rested for 5-10 min before

FRAP. Detailed protocol can be found in (Warrington et al., 2022)
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6.2.4 Prepupal wing dissection and chemical treatment

Unlike 28 h APF pupal wings, 6 h APF prepupal wings are attached to the trachea, like
wing imaginal discs. Pupae were cut into half on its anteroposterior midline. To liberate
prepupal wings, the trachea was Then cut by cutting the anterior spiracles. A drop of
Schneider's Medium was immediately dropped on pupae to avoid dehydration. The
anterior part of pupae was then transferred to 1 mL Schneider's Medium without serum
to avoid effects of factors in serum. Pupae were then dissected out from the anterior
cuticle by pulling the pupae body, wings were now exposed on the anterior side.
Chemicals in stock concentration (D4476: 50 mM, PF-4800567: 10 mM, and 1NA-PP1:
50 mM) in Dimethyl Sulfoxide (DMSO) were added into Schneider's Medium to achieve

the desired concentration in experiments.

Prepupal wings were dissected out from pupae during chemical treatment by pulling
the most proximal hinge part and left in the chemical treatment solution. After the
treatment time, prepupal wings were immediately transferred for the next step

experiment by gently pipetting.

For fixed sample experiments, prepupal wings were then transferred into 4%

paraformaldehyde in PBS for a 5-min fixation before immunolabelling.

For FRAP experiments, the imaging chamber for live imaging was firstly made by
sticking Sellotape Super Clear tape on a microscope slide. An approximately 7 x 7
mm? square hole on the tape was cut out and coated with 4 uL [Schneider's medium
+ 1.25 % methyl cellulose]. Prepupal wings were transferred by gently pipetting
together with 1 yL chemical treatment medium into the imaging chamber. Coverslip

was then put on the chamber and sealed with nail polish.
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6.2.5 Fixed pupal wings and prepupal wings immunostaining

The immunostaining process is identical between pupal wings and prepupal wings.
Fixed wings were transferred to Nunclon™ plates (Thermo Scientific) by pipetting with
blocking solution. The blocking solution in wells was replaced by 15 pL primary
antibodies solution in blocking solution (concentration in Table 6.1). The plate was

then sealed with parafilm (Bemis) and left at 4°C in fridge for incubation overnight.

After the primary antibody incubation, wings were washed with 12 pyL [PBS + 0.2% TX-
100] each well for 12 times in one hour at RT. Then the final wash was replaced by the
secondary antibody mix. The plate was sealed with parafilm and left at 4°C in fridge

for incubation overnight.

After the secondary antibody incubation, wings were again washed with 12 pL [PBS +
0.2% TX-100] each well for 12 times in one hour at RT. Then the final wash was
replaced by 15 pL [4% paraformaldehyde in PBS] for a 10-min fixation. Another three
washes with about 12 pL [PBS + 0.2% TX-100] were performed and then replaced by
about 12 yL PBS.

25 L [PBS + 10% glycerol + 2.5% DABCO (1,4-diazabicyclo [2.2.2] octane, an
antifade), pH7.5] mount solution was added at the middle of a microscope slide. Wings
were then transferred into the mounting solution using forceps (or by gentle pipetting
for prepupal wings) and then covered with a coverslip. Slides were kept at 4°C in fridge

and sealed with nail polish before imaging.

6.2.6 Fixed sample imaging and image processing

The image process was similar to that in (Strutt et al., 2019a). Immunostained wings
were imaged on a Nikon GaAsP A1R microscope in the Wolfson Light Microscopy
Facility at the University of Sheffield. Nikon 60x NA = 1.4 apochromatic objective lens

was used, and the pinhole size was set to 1.2 AU (35.8 um). Wings without clones
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were imaged with vein 4 on the lower-middle, covering the cross vein to ensure all
images were taken in a similar region in the wing. Wings with clones were imaged
covering clones. Z-stacks of 9 slices covering adherens junctions region with the
highest Ecad or core protein immunolabelling signal were imaged with 0.15 pm
intervals. Each stack was imaged with 8 seconds/frame scan speed and in 1024 x
1024 pixels in a 2x zoomed-in sight fields (pixel size = 0.1uM). 3 slices with the highest

signal were selected and averaged using ImageJ(Fiji).

Cells in images were segmented by generating membrane masks using Tissue
Analyzer (Fiji plugin (Aigouy et al., 2010; Aigouy et al., 2016)). Since the core proteins
on clone edges affect the adjacent cells, the first row of cells on clone boundaries were
not included for quantification, except those in the aPKC[k06403] twin-clone
experiment (Figure 2.1) where homozygous aPKC[k06403] clones were in small size.
A MATLAB script was used to calculate membrane and cytoplasm intensity on
segmented images (Strutt et al., 2016). Cell areas were calculated using
QuantifyPolarity (Tan et al., 2021). Data acquired were compared using Student’s

paired t-test in Microsoft Excel or using ANOVA in GraphPad Prism.

Polarity nematics and magnitudes were also calculated using QuantifyPolarity in a
Principal Component Analysis (PCA) based method (Tan et al., 2021). In general, the
PCA-based method compresses cells into regular shapes and normalises intensities.
The angle with the largest variance of normalised intensities is defined as the angle of
single cell polarity, and the extent of the variance is defined as the polarity magnitude
(strength of polarity). The single cell polarity quantified was then averaged over a three-
cell size to generate the Coarse-Grain polarity, which reflects the polarity strength and

alignment at the tissue level.
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6.2.7 Fluorescence Recovery After Photobleaching (FRAP) experiments
and data process

Live-imaging samples mounted as described above were used for FRAP experiments.
Nikon GaAsP A1R microscope was used and FRAP was performed with Nikon 60x
NA = 1.4 apochromatic objective lens and 1.2 AU (35.8 uym) pinhole size. Given that
photo-bleaching strongly affects live imaging, the laser power was reduced, and the
resolution has to be decreased compared to fixed sample imaging. The flattest region
with a bright fluorescent signal was imaged with 0.5 seconds/frame scan speed and in

256x256 pixels in an 8x zoomed-in fields (pixel size = 0.1uM).

The FRAP experiments were performed as described in (Warrington et al., 2022). In
each wing, four “hub-and-spoke” regions covering half of all vertical and horizontal cell
junctions (Strutt et al., 2011) were chosen as regions of interest (ROI)(example image
shown in Figure 2.9). Three images were taken before bleach to measure the
fluorescence before bleach, and then a strong laser with 80% of the available laser
power was applied to all four ROIs. Images after bleach were taken in a time series
listed in Table 6.6. After all the imaging, the laser was then turned off to take a

‘background’ image, for measuring background fluorescence.

Table 6.6 Time series of image taking in FRAP

Number of images taken | Time intervals Description

3 No delay Before bleach
No image taken 0.115 seconds Bleaching

5 2 seconds After bleach
10 5 seconds After bleach
10 10 seconds After bleach
10 15 seconds After bleach
10 30 seconds After bleach
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Fluorescence recovery data were collected in Imaged(Fiji). The background
fluorescence was measured by averaging the fluorescent intensity in the laser-off
background image. The average fluorescent intensity in four bleached hub-and-spoke
regions and in four unbleached hub-and-spoke regions was also measured and the

laser-off background fluorescent intensity was subtracted.

Data processing was performed in Microsoft Excel. The fluorescent intensity in
unbleached hub-and-spoke regions was used to adjust the fluorescent intensity in

each bleach ROI for acquisition bleaching:

I[no bleach]yrepieacn
L = x I[bleach
n I[no bleach], [bleachl,

where I[no bleach]yyepieacn i the averaged intensity of the four unbleached ROls
before bleach, I[no bleach],, is the intensity of the unbleached region at timepoint n,
I[bleach],, is the intensity of the bleached ROI at timepoint n, and I,, is the adjusted
fluorescent intensity of the bleached ROI at timepoint n. All the intensity numbers here

were with background fluorescent intensity subtracted.

The normalised recovery ratios of each ROI were then calculated as:

i In - 10
normalised recovery = ———
Iprebleach - IO

where I, is the acquisition bleaching-adjusted fluorescent intensity of the bleached

ROI at timepoint n, [, is the acquisition bleaching adjusted-intensity of the first
timepoint after the bleach (taken immediately after bleaching), and L,,cpieqcn iS the

averaged acquisition bleaching-adjusted intensity of the four bleach ROI before

bleach.

The normalised recovery ratios of four bleached ROI in each FRAP experimental
sample were then averaged and transferred into GraphPad Prism for curve fitting.

Each column in GraphPad Prism represents one experimental sample in one wing.
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Two-phase exponential association were used to fit data sets of multiple time series
into one final curve and 95% confidence intervals were calculated. The two-phase
exponential association was calculated as below:

Y =Y, + Spanyase X (1 — e XrastX) + Spangpy, X (1 — e~ KstowxX)

Spangsqs = (platuau — Yy) X Percentsqse X 0.1
Spang,w = (platuau — Yy) X Percentgy,, X 0.1

Where Y starts at YO and ascends to Y, + Spans, + Spang,,, with two phases, YO
here is a constant O as recovery ratio was normalised to start at 0, K45 and Ko

are rate constants, Percent,, is the percentage of the signal due to the fast phase.

Two or more curves were compared using the Extra sum-of-squares F test in
GraphPad Prism, which determines if there is a significant difference between the

curve plateau and the rates of recovery (K).

6.2.8 Adult wings and legs imaging

Adult flies were anaesthetised on a carbon-dioxide plate. Wings and the middle legs
were dissected by pulling the most proximal region of the hinge near body walls. Wings
and legs dissected out were transferred onto microscope slides with drops of
isopropanol. Coverslips coated with 12 pl of GMM (Gary's Magic Mountant, [50%
Canada balsam, 50% methyl salicylate]) were covered onto microscope slides when
isopropanol dried. Mounted samples were left on the hot block at 60 °C overnight, then
kept in RT before imaging. Adult samples were imaged on a Leica compound

microscope with Jenoptik C14 using the Jenoptik software ProgRes® CapturePro.
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6.2.9 Western blots

28 h pupal wings were dissected out from the pupal cuticle and transferred to a drop
of PBS. Wings were then directly dissected into 2x NUPAGE (Novex) sample buffer
with 200mM DTT. Samples were then boiled for 10 min and centrifuged in max speed
for 5 min before loading or being kept in -20°C. Samples were run on a pre-cast
NuPage 4-12% Bis-Tris gel (Invitrogen, NP0323BOX) in 1X NuPAGE MOPS SDS
Running Buffer (novex, NP0001) at 200V for 60 min. Gels were cut out and be
assembled into Electroblotting cassette together with Nitrocellulose Blotting Membrane
(Amersham, 10600003). Transfer was run in 1X Western transfer buffer (100 mL 10X
transfer buffer (2.9 g Glycine, 5.8 g Tris, 0.37 g SDS), 700 mL distilled water, 200 mL
methanol) at 50 V for 2 hours. Following transfer, the membrane was rinsed briefly with
PBST (0.1% Tween-20 in PBS) and blocked with freshly prepared Blocking Solution
(5% Marvel milk powder in PBST) for 1 hour on a shaking platform at room

temperature.

Western blots were probed with antibodies listed in Table 6.1. Primary antibodies
diluted in Blocking Solution were incubated overnight at 4°C on a roller. Membrane
was then washed with PBST for 5 times within 30 mins. Secondary antibodies diluted
in Blocking Solution were incubated for 2 hours at room temperature on a roller,
followed by another 5 times PBST wash within 30 mins. Western blots were detected
using SuperSignal West Dura Extended Duration Substrate (Thermo Scientific) and

imaged in BioRad ChemiDoc XRS +.
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