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»Az utakat sokdig nem érti meg az ember. Csak lépdeutakon és masra gondol.
Néha széles az egyik Ut, aszfaltos, néha rogosizbas, meredek. Az utakat sokaig csak
alkalomnak tekintjuk, lehétégnek, melynek segitségével elmehetiink a hivatadgg
kedvesiinkhdz vagy a rikkanté tavasziébed Egy napon megtudjuk, hogy az utaknak
ertelmik van: elvezetnek valahovd. Nemcsak mi balagz utakon, az utak is haladnak
velink. Az utaknak céljuk van. Minden Gt Osszedgillvegyetlen kdzds célban. S akkor
megallunk és csodalkozunk, tatott szajjal bAmésekqdcsodaljuk azt a rejtelmes rendet a
sok Ut szdvevényében, csodaljuk a sugéarutak, ars#ags 0svények sokasagat, melyeken
athaladva végul eljutottunk ugyanahhoz a célhoen)@gz utaknak értelmik van. De ezt csak

az utolso pillanatban értjik meg, kézvetlenul aedétt.”

(Mérai Sandor
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INTRODUCTION

Planar cell polarity

Definition and short history

In tissues, cells show coordinated properties aredpalarized along different axes.
Well known examples include thH&rosophilaovary and embryo where all major body axes
are determined in a single cell, the oocyte, nealraells that typically exhibit axonal-
dendritic polarity and epithelial cells that ardgrzed in multiple ways. Apical-basolateral
polarity (perpendicular to the plane of the epiddesheet) enables a cell to directionally
transport molecules across a cell layer (e.g. enght, kidney and glandular tissues) or to
selectively secrete extracellular components fdrenltasal lamina (Eaton and Simons, 1995).
In many instances, however, tissue differentiatedso requires the coordination of cell
polarity within the plane of the tissue - a featteterred to as planar cell polarization (PCP)
or tissue polarity, for short.

PCP was first recognized in 1975 in the eye andcthieular bristle pattern of the
insectOncopeltus fasciatu@arge milkweed bug) (Lawrence and Shelton, 19@8hough it
is now obvious that PCP can be observed througheutature. In plants it is studied mainly
in Arabidopsis where the position of the root hairs is directedvdard a concentration
maximum of the hormone auxin in the roor tip (Gre@04; Fischer et al., 2006; lkeda et al.,
2009). In vertebrates it is evident in the ordema@dngement of fish scales or bird’'s feathers,
hairs of the mammalian skin, cilia of the respimativact and the oviduct, or the stereocilia of
the sensory epithelium of the inner ear. The dsdagienetic and molecular dissection of what
is now referred to as PCP, began 28 years ago Datvid Gubb’s and Antonio Garcia-
Bellido’s observations that a small set of genestrods the polarity of cuticular hairs and
bristles inDrosophila(Gubb and Garcia-Bellido, 1982). This was lateroagpanied by the
detailed genetic analysis of several PCP genesi{GL@03) and the molecular cloning of
frizzled a key PCP gene fromrosophila (Vinson et al., 1989). These initial insights were
followed by systematic genetic screens in the fijuiby several research teams and the
subsequent molecular cloning and analysis of teatifled PCP factors. Finally, in the last
several years it has become clear that the basitbanesms of PCP establishment are highly
conserved from insects to vertebrates (Wang antdaxat 2007; Roszko et al., 2009; Lai et
al., 2009).

The analysis of PCP generation is now an imporfeature of developmental

biological studies in many organisms. Despite thet fthat the phenomenon of planar



polarization is widespread in nature, to date & hemained best studied in tBeosophila

model system.

Model systems for PCP studies

PCP is evident in various body regionsosophilafrom which the most heavily
studied are the wing, the eye and the epidermigs. Simplest and best-understood model
system is offered by the organization of wing hairse surface of th®rosophilawing is
covered by a well organized epithelium of about080. hexagonal cells, each of which
displays a single protrusion, called trichome orr ljgigure 2. A). Wing hairs are formed
during pupal life when each cell produces a simgierovillus-like prehair stiffened by actin
and microtubules. In wild type wing cells prehdmsm at the distal vertex of the cells and
extend distally as they grow (Figure 1. A) (Wongl &dler, 1993). In the adult wing all hairs
align coherently along the proximal-distal axis,jnpmg towards the distal direction. The
regulation of wing hair orientation and the hexagjgmacking of these epithelial cells appear
to be under PCP control (Classen et al., 2005).

The compound eye drosophilahas emerged as another important model system to
study planar cell polarity. The adultrosophila eye is a highly organized neurocrystalline
lattice consisting of about 800 unit eyes, callethwtidia. Each ommatidium is composed of
20 cells, including eight photoreceptor neuronsy fens-secreting cone cells, seven optically
insulating pigment cells and one mechanosensosgidiell. PCP in the eye is manifested in
the mirror-symmetric arrangement of the ommatidiatters (Figure 2. E). The rhabdomeres
(R) are membrane- dense extensions of the phofoeells that contain the light gathering
rhodopsin molecules. The rhabdomeres of the ouitetopeceptor cells (R1-R6) are grouped
around the inner rhabdomeres, R7 and R8, in a atyR7 lies on the top of R8. Because the
R3 and R4 rhabdomers acquire an asymmetrical positithin the photoreceptor cluster, the
ommatidia obtains a chiral structure (Figure 1.I&grestingly, ommatidia display a different
chirality in the dorsal and ventral halves of thge eand are arranged in mirror image
symmetry as compared to the dorso-ventral midiaigo called equator. The mirror image
orientation of the ommatidia is the direct consexpee of ommatidial rotation during
development (Figure 1. QWolff and Ready, 1993)At the beginning of photoreceptor
differentiation, each developing ommatidial clus{precluster) consists of five cells, the
precursors of the R8, R2/R5 and R3/R4 cells (Fidur€). Initially, these preclusters are
symmetric with respect to the equator, subsequdrtlyever, the preclusters start to rotate

and at the same time, the R3 and R4 photorecegterdisplaced from each other and acquire



an asymmetrical position within the cluster (Figute C). Strikingly, although each

ommatidia rotates about 90°, the distal and verdiadters rotate in the opposite directions.
Ultimately, the opposite direction of rotation lsatb mirror-symmetric dorsal and ventral
halves of the adult eye with asymmetric positionirighe R3 (anterior, polar) and R4 cells
(posterior, more equatorial) within the trapezoainied by the six outer photoreceptors
(Figure 1. C, D) (Jenny and Mlodzik, 2006).

On the thorax and abdomen Dfosophila, sensory bristles are aligned along the
anterior-posterior axis and point toward the read ef the fly body. These bristles develop
during the pupal stage and consist of four diffexails that originate from a single sensory
organ precursor (SOP) cell in two rounds of asymimelivision (Bardin et al., 2004). First,
the SOP cell divides into a smaller anterior (pHayl a larger posterior (plib) cell. Next, the
the plla cell gives rise to the externally visilblair and the socket cell, whereas the plib cell
generates the neuron and the sheath cell whichaireisible from outside. In this process,
PCP signaling is required to orient the mitoticnsié during asymmetric cell divisions that
will determine the orientation of the future bréstdell (Gao et al., 2000; Roegiers et al., 2001,
Le Borgne at al., 2003).

The abdomen dDrosophilarepresents a continuous epithelium that is suddd/into
a succession of anterior (A) and posterior (P) cammpents. Bristle pattern is organized by
signaling across these compartment boundaries @ragret al., 2004). The dorsal surface of
the abdomen includes the pigmented tergites as ageltegions of flexible cuticle. Most
tergites are decorated with polarized hairs andtlbs. From landmarks, it is possible to
estimate positions of the cells vis-a-vis the cortipants and their boundaries. The ventral
surface consists of the sternites and the pleuna. latter is a flexible cuticle covered by
polarized hairs, whereas the sternites are covieyelristles and hairs. Both the hairs and
bristles originate from the histoblast nest celflatt during the pupal stage, propagate and
migrate to replace the larval epidermis. As thegrate, some of the epidermal cells in the A
compartment become selected as SOPs (Fabre €0@8). Both on the dorsal and ventral
epidermal regions, bristles and hairs point posthyriindicating the polarity of the epidermal
cells (Struhl et al., 1997; Lawrence et al., 2004).
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Figure 1. Planar polarity and PCP phenotypes in theDrosophila wing and eye. (A) The
establishment of PCP in the wing begins with aatoumulation at the distal vertex (middle cartotat will
subsequently lead to the formation of a distallinpog hair (shown in green)Bj The absence of PCP genes
can affect hair formation in different ways. Hainee sometimes disoriented, and the site of haigrouth is
often not restricted to the distalmost part of dedl, or multiple hairs form in a single cell (motaforms are
indicated in red).€) Ommatidial preclusters emerge from the morphoterferrow (MF) of the eye disc and
initially form symmetric structures. As eye develmmt proceeds, preclusters rotate 90° towardsghater, i.e.
dorsal clusters rotate clockwise, while ventralormate counterclockwise. At the end of this pssahe R3/R4
cell pair acquires an asymmetric position withia tuster, and thus chirality also becomes estadaligR3 cells
are highlighted in green, R4 cells in red)) (The mirror symmetric structure of an adult eye ba disrupted by
PCP mutations that can cause rotation defects,aldeesitral inversions, and loss of chirality reggtin
symmetrical ommatidia with either R3/R3 or R4/R# pairs (see enlarged on E). (Mihaly et al., 2005)

In vertebrates, the most widely used PCP modekeBystinclude the processes of
convergent extension (CE), neural tube closureegmtid closure, the determination of hair
bundle orientation in the cochlea and follicle otaion in the mammalian skin. Convergent
extension is a polarized cell movement during earbryogenesis whereby cells converge

medially toward the axial midline, intercalate aagtend the embryonic axis along the



anterior-posterior direction (Figure 2. I) (Wallfiogd et al., 2002). The cell types of the early
vertebrate embryo that undergo this type of morphetjic cell movements include
mesodermal cells, and cells of the middle ectodefrthe neural plate where medial
convergence is essential for neural tube closuigu(€ 2. I-L) (Wallingford and Harland,
2001; Wallingford and Harland, 2002). In order tgrate during CE, cells elongate along the
axis of migration and become polarized. Eyelid gtesnormally occuring in E16 (16 days
old) developing mouse embryo is similar to neuudlet closure; it involves CE of a pair of
flanking epithelial sheets (Wang and Nathans, 2007)

The best studied vertebrate PCP model beyond @évwsded by the sensory epithelia
of the inner ear. Cells of the sensory epitheliatre# Corti- organ generate an array of
uniformly orientated stereociliary bundles on thegmical surface (Figure 2. G). The precise
orientation of these stereociliary bundles is alisty critical for both hearing and balance
(Yoshida, 1999). The inner ear sensory epithelismléarly an important model system for
vertebrate PCP studies, with the unique advantdgas the PCP phenotypes can be
guantitatively scored at single cell resolution (Waand Nathans, 2007), and that the
developing epithelium from the Corti- organ candudturedin vitro for at least one week
during which time the hair bundles refine theireatations (Dabdoub et al., 2003).

The mammalian PCP phenomenon, that most closelgmigles the oriented
patterning of hairs and bristles on theosophila cuticle, is the regular arrangement of the
epidermal hairs (Figure 2. C). Hair follicles make acurate angle with the skin, and
therefore each follicle and its associated hair &atefined orientation with respect to the
body axis. A major difference between the mammaédiiain follicles and thérosophilahairs
and bristles is that iDrosophilaeach wing epithelial cell makes a single hair, wwhe each
mammalian hair follicle is composed of hundreds cells and is separated from the
neighboring follicles by tens of cell diameters.viegheless, such as hair or bristle orientation
in flies, hair follicle orientation in mammals i¢early coordinated as compared to the major
body axes and the neighboring follicles (Wang aathins, 2007).

Despite the fact that the precise molecular meshasiof PCP establishment in these
different model systems are not entirely understomdent findings revealed that PCP
regulation is highly conserved from flies to hum@eifert and Mlodzik, 2007; Wang and
Nathans, 2007; Simons and Mlodzik, 2008). Mosthef¢urrent evidences indicate that tissue
polarity is regulated by a very similar set of gerne all tissues and organisms examined.
Thus, the core cassette of PCP genes is conserveskaissues and species, even though the

cellular readouts of this conserved signaling désseust be highly variable.
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Figure 2. Characteristics of PCP pathway are consged between flies and vertebrates(A-D)
Proximo-distal orientation of hairs on appendageBriosophilaand mouse.A) Each wing cell oDrosophila
generates a single distally pointing haB) Mutations in PCP genes disrupt this orientatiod astead, wing
hairs create swirls and wavdz (hutant). C, D) The pattern of mammalian fur/hair, similarly@wosophila is
regulated by Fz/PCP signaling. finmutants the hairs do not point uniformly distalyirls, waves appeab¢
Fz6 mutant mouse)E¢F) PCP aspects of unit eye orientation in Elresophilacompound eye. The ommatidia
are composed of photoreceptors arranged in prgaisieinted trapezoids. In PCP mutants both thengement
of photoreceptors in each ommatidium and the asaregt of ommatidia with respect to the whole eyepbee
disorganized k- Stommutant). G-H) The sensory epithelia of the mouse inner eaiividal sensory hairs of
the cochlea generate polarized bundles of actieebatereocilia (green). In PCP mutants these bsaratilé form
but their orientation becomes randomiz€&d (ild type mouseH-Vangl2 mutant mouse)l-{L ) PCP effects on
convergent extension during vertebrate gastruladiah neurulation. Zebrafish embryos from PCP mastéait
to extend their antero-posterior axis as cells domigrate distally nor intercalate medially in aeocdinated
manner. This leads to a shortened and broadened/erthbJ-lateral and dorsal view of zebrafish embryos) and
K, L - trilobit /Stbommutants).

DrosophilaPCP genes and their phenotypes
Genetic studies iDrosophila led to the identification of a number of geneswno
referred to as PCP genes) mutations of which intgsue polarity. In the wing, mutations of

PCP factors generally do not cause a complete maizdtion of hair orientation. Rather, hairs



tend to be roughly aligned with their immediategdiors, leading to a large- scale pattern in
which many hundreds of hairs create swirls and wdi#gure 1. B and Figure 2. B). In the
eye the PCP mutations can lead to very diverseadiftes in the polarity of the ommatidia.
Ommatidia can be flipped along the D-V (dorsal-tval) axis (e.g. for a dorsal ommatidia
the adoption of ventral chirality) or along the A@@hterior- posterior) axis. They can lose
their polarized trapezoid form resulting in symneetrmmatidia and can display both under-
and over- rotation defects (Figure 1. F and Figurg&). On the epidermis, in the absence of
PCP signaling, the SOP cells still divide asymmgatly. However the axis of division is
randomly chosen, and thus the bristles become ralydariented (Fanto and McNeill, 2004).

Based on their phenotypic effects, PCP genes easiassified in different ways. For
example, some of the PCP genes appear to affeariyoin all tissues examined and
therefore these are often referred to as primalgripp genes, whereas some other genes act
tissue- specifically and are placed into the grofighe secondary polarity genes. Another
classification relies on genetic epistasis analgsis the careful comparison of the phenotypic
details. Below, | will introduce all major polarityenes according to the latter classification
with focus on the wing phenotypes they cause whetated.

The first group (upstream elements) includes twpiatl cadherinsdachsous (ds)
andfat (ft) as well as four-jointed (fj) encoding a type Il transmembrane protein, and the
transcriptional co-repressatrophin (atro)(Adler et al., 1998; Zeidler et al., 2000; Straid
Strutt, 2002; Ma et al., 2003; Fanto et al., 2008)tations of this group (often called the
Ft/Ds group) exhibit two major phenotypic effeciolarity inversions and non- cell-
autonomous effect (Adler et al., 1998; Zeidlerlet2000; Ma et al., 2003). These genes have
a role in PCP establishment in all tissues examined

The second group of PCP genes consists of theetemgents. Mutations in this group
of genes impair hair orientation to various degrexdten causing a swirling pattern, while
some cells display double hairs. In wing cells yiag these mutations prehairs typically form
in the center of the cells (Figure 3.) (Wong andefAd1993). The core PCP gene to be cloned
first wasfz (frizzled which was found to encode a seven-pass transnaa@lprotein (Vinson
et al., 1989). Although Fz can act as a redundzaggptor for the Wingless (Wg) ligand during
canonical Wnt signaling (Bhanot et al., 1996), dgriPCP signalingz is thought to act
through a non-canonical Wnt pathway (Wong and Adl®93). Other members of the core
group are the four-pass transmembrane proteiniStnals (Stbm), also known as Van Gogh
(Vang) (Wolff and Rubin, 1998), the seven-passdnaembrane cadherin Flamingo (Fmi),
also known as Starry night (Stan) (Chae et al.919Bui et al., 1999), and the cytoplasmic



proteins Dishevelled (Dsh) (also involved in camahiWg signaling) with three conserved
domains (DIX, PDZ, DEP), Prickle (PK), that contathree LIM domains and a PET domain
(Tree et al., 2002b) and the ankyrin repeat probdego (Dgo) (Axelrod, 2001; Das et al.,
2004). They all have intrinsic roles in polarizimglividual cells, but some of them display
non- cell- autonomous functions in polarizing néighing cells. Bothfz andstbmhave long
been implicated in transmitting polarity informatido neighboring cells. Clones of cells
mutant forfz often disrupt the polarity of neighboring wild gells (Gubb and Garcia-
Bellido, 1982). This non-autonomy can be observedhe distal side of wing clones and the
polar side of eye clones (Zheng et al., 1995). I@myi loss- of- function mutations istbm
revealed non- autonomous functions in oppositectiors as compared fa (Taylor et al.,
1998). Mutations ofdsh or pk affect cells within the clones primarily, and thast in cell
autonomous manner (Adler et al., 2000; Lim and Ch004).

The third group of PCP genes (In group) includeturtred (In) coding for a
cytoplasmic protein with a putative PDZ domain (&dét al., 2004), Fuzzy (Fy) a putative
four- pass transmembrane protein (Park et al., 2@0®l the WD40 repeat protein FriEatz)
(Collier et al., 2005). Mutations of these genegseathe formation of multiple (mostly two)
hairs per cell that are roughly equal in size,hiligmisoriented and derive from prehairs
formed around the cell cortex in abnormal positifiigure 3.) (Adler et al., 2004). These
genes act cell- autonomously, whereas in regatdsoe specificityin affects the polarity of
wing hairs, sensory bristles and weakly the omnmetidhile fy and frtz have roles in the
establishment of hair and bristle polarity (Ad2002).

The fourth group (Mwh group) includes Multiple wirgairs (Mwh), a GBD-FH3
domain containing protein (Yan et al., 2008; Stauttd Warrington, 2008). The mutant of
mwh is characterized by the presence of four or maieshof different size in each cell,
initiated from the cell peripherynwhis known to act cell autonomously, and it is sped¢o
the wing (Yan et al., 2008; Strutt and Warringt2@08).

Apart frommwh there are several other genes that affect wimgntenber, many of
which encode cytoskeletal regulators like the si@dlPase family memberBhoAandDrok
(Rho associated kinas#)at appears to regulate wing hair number withogjor effects on
hair orientation (Figure 3.) (Winter et al., 200Ma et al., 2003). BesideRhoAand Dok,
additional small GTPase family members have alsnishown to regulate hair formation.
Cells lacking the activity of the actin polymerimat regulator Cdc42 often fail to generate
hair outgrowth or show multiple and short hairsjle/eells expressing the dominant negative

form of Racl(small GTP binding protein) fail to restrict hautgrowth to a single location
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resulting in multiple wing hairs (Eaton et al., 899Furthermore, mutants tfcornered (trc)
andfurry (fry) show clustered and split hairs, whitésshapen (msnjhat is part of the Jun-
N-terminal kinase pathway, also shows multiple paenotype (Adler et al., 2002).

Beside the core and wing- specific genes, theresakeral PCP factors that are
responsible for correct PCP establishment inRhesophilaeye. This eye- specific effector
group includesnemo (nmaq) roulette (rlt) (Choi and Benzer, 1994)amininA (lamA)
(Henchecliffe et al., 1993)scabrous (scajChou and Chien, 2002), Notch signaling elements
such as the Notch (N) transmembrane receptor aniigénd Delta (DI) (Cooper and Bray,
1999; Fanto and Mlodzik, 1999); the Janus kinhspscotch (hop)and Stat92E/marelle
involved in Jak- Stat pathway, the Wnt ligand, Wass (Wg), the glycosyl- transferase
Fringe (Fng) and the homeobox transcription fadwirror (Mirr) (Adler et al., 2002).

Class I11, upstream

Class I, core group Class I1 Class IV
elements
dachsous (ds) frizzled (fz) inturned (in) multiple wing hairs (mwh)
fat () dishevelled (dsh) fuzzy (fy)
four-jointed (fj) prickle (pk) Jritz (frtz)

atrophin (atro)

polarity inversions

flamingo/starry night (fmi/stan)
strabismus/Vang Gogh (stbm/Vang)
diego (dgo)
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Figure 3. The four major groups of PCP genes basesh their mutant wing phenotype. Mutations
in the Ft/Ds group (Class 1l1.) results in revergatarity of the wing hairs; the core mutationsg&3 1.) mainly

impair hair orientation, often swirls form; mutai®affecting Class Il and Class IV genes causéaiimeation of

multiple wing hairs.

One of the most striking recent finding of the Pf@&d was that PCP regulation in
vertebrates depends on a very similar set of gas@sDrosophila It has been shown that the
vertebrate homologs & (Fz3 and Fz6)dsh(Dvll and Dvi2),stbm(Vangl2),fmi (Celsr1-3),

and pk (Pricklel and Prickle-like2) have important rolesthe establishment of correct
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polarity during CE or inner ear development. Whemtated alone or in combination, they
give rise to PCP phenotypes (Figure 2. D, H, J\Mang et al., 2006; Montcouquiol et al.,
2006; Wang and Nathans, 2007; Roszko et al., 2@0@®ating that the molecular mechanism

of PCP establishment is highly conserved througkeatution.

The PCP regulatory hierarchy and a general model odPCP establishment inDrosophila
Double mutant analysis demonstrated that the tigsolarity phenotypic groups
summarized above, also represent epistatic grolipgich mwhis epistatic to all the other
groups. The In group is epistatic to the Ft/Ds graad the core group, and the core group is
epistatic to the Ft/Ds group. These data togethggested that the PCP genes may act in a
regulatory hierarchy where the Ft/Ds group is am tivp followed downstream by the core,
than the In and Mwh groups. Although the existeatesuch a linear hierarchy is debated
(Casal et al., 2006; Lawrence et al., 2007), it @esn proposed that polarity genes regulate
PCP establishment through a multi- tire mechani$req et al., 2002a). According to this
view, in response to a graded ligand (first tira)gradient of Fz activity (second tire)
determines the direction of polarization and adéisathe cell type- specific tissue polarity
effectors (third tire) (Lawrence et al., 2004).dugh, this is clearly an attractive hypothesis
that is in agreement with most published data,sthherce and nature of the polarity signal
remained elusive, including the basic question tveit is a long or a short range signal.
Models counting with the long range possibility pose that polarity is established as
a result of interpreting the concentration of agldange signal, probably a secreted factor,
present in a concentration gradient across theetid€3espite the fact that the molecular nature
of the polarity cue (often called factor X) is natown, several genes acting upstream of Fz
have recently been implicated in long-range sigwgrlit has been shown that the activity
gradients of Ft, Ds and Fj generate or modulateatiievity of a long-range polarity signal
(Zeidler et al., 1999; Simon, 2004; Mihdly et @005). Whether the activity of the Ft/Ds/Fj
module will ultimately lead to the secretion of a llgand or coordinate PCP in a different
way, is still an open question. So far, experimdmse provided evidences that Ft acts
through the transcriptional corepressor Atro (Atnop (Fanto et al., 2003); supports for the
in vivo existence of the Ft-Ds heterophilic interactiona(bkatsu and Blair, 2004); and
proved that Fj is a Golgi-associated protein ($&tial., 2004). Strutt et al. also demonstrated
that Fj is a signaling molecule present in a gnatdan the proximal- distal axis of the wing
and proposed that Fj most likely acts by modulativgactivity of other proteins involved in

intercellular signaling (Strutt et al., 2004). Tihest candidates for being the targets of Fj are
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Ds and Ft which have been shown to act downstredmp (¥ang et al., 2002). Additionally
Fj may regulate cell adhesion by modulating Ds/Ftrogteilic interactions (Strutt and Strultt,
2002; Ma et al., 2003; Matakatsu and Blair, 200&joaigh the molecular mechanism of this

modulation remains to be discovered.

Directional clue (long range signi
Fj/Ds/Ft?

v

26-32h APF

Hair
formation

/

Distal

Proxima

Figure 4. A model for PCP signaling in wing cellsFirst a directional clue that is provided by the F
Ds and Ft proteins determines the axis of polddmafThis somehow initiates the asymmetric relazdion of
the core PCP proteins that is enlarged by feedbadhanisms between the core elements themselvisswillh
lead to high Fz signaling activity on the distadlesiof the cell, which will subsequently activate gholarity
effector proteins in the distal vertex where theytiate actin accumulation or with other words m@ieh
formation. Additionally, it is believed that thetimned complex prevents hair formation on the pratiside of

the cell.

Based on the short range models, cells may nobonespo a global directional cue
(present in a concentration gradient), but instgathrity information is only relayed to the
neighboring cells through an asymmetric distributaf the PCP proteins. The asymmetric
localization of the PCP complexes in one cell altexcalization of these complexes in an
adjacent cell through Fz-dependent feedback cy@le et al., 2002b). It has been suggested
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that a gradient of Ft activity controlled by Ds dfdexpression sets up an initial weak bias
along the proximal-distal axis (Ma et al., 2003)hieth subsequently initiates a weak
asymmetrical distribution of the PCP proteins, #mat is finally stabilized by Fz-dependent
interactions between neighboring cells (Figure 4Hpw Ft activity would alter the

asymmetric localization of PCP proteins is uncleapresent.

Asymmetric localization of the PCP proteins duringdevelopment

Although the precise molecular mechanism of how RECBstablished in different
tissues still remains elusive, an important seblofervations revealed that the core PCP
proteins adopt a proximo- distally polarized suluat localization in critical periods of PCP
establishment, e.g. when prehairs form in Dmsophila wing cells (Usui et al., 1999;
Axelrod, 2001; Shimada et al., 2001; Strutt, 20DE&e et al., 2002; Bastock et al., 2003; Das
et al., 2004). Significantly, the polarized enrigmh of the core PCP proteins is critical for
proper trichome placement in the wing, and polagisyablishment in other tissues (Zallen,
2007). These initial studies suggested that dupogal wing development, the core PCP
proteins are recruited into apico-lateral junctiocemplexes that are symmetrical until 24
hours after puparium formation (APF). However, aiuad 24 hours APF these complexes
relocalize into asymmetrical complexes in a wayt thgymmetry is evident until prehair
initiation at about 32 hours APF. Subsequently, gb&arized accumulation is lost again in
few hours and by 36 hours APF it can hardly beaetk Between 24-32 hours APF Fz, Dsh
and Dgo accumulate in distal junctional complex&®se(rod, 2001; Strutt, 2001; Das et al.,
2004), Pk and Stbm enrich in proximal complexe®€Tet al., 2002a; Bastock et al., 2003)
(Figure 15. A), whereas Fmi is found on both sidésthe membrane (Ursui et al., 1999;
Shimada et al., 2001). This polarized distributddrthe core PCP proteins has been shown in
other epithelial tissues as well, including theosophila eye and the dividing SOP cells
(Mihdly et al., 2005; Jenny and Mlodzik, 2006). &lsecent work revealed that some of the
vertebrate PCP proteins display a polarized digtioim suggesting that the polarized
distribution is a key property of PCP function ipithelia, although differences do exist
between different tissues.

Importantly, it has been demonstrated that alldbee PCP proteins are required for
the correct localization of each of the others I&dgl2007), suggesting that these proteins act
together in multiprotein complexes. However, dethiphenotypic analysis revealed that the

different proteins might play different roles iretprocess of PCP protein localization. In the
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wing, for instance, some PCP mutations (&, fzand stbn) impair the apical localization
of the other proteins, whereas others (elgh, dgoand pK merely affect the asymmetric
enrichment of PCP proteins without disrupting thepical localization. Regarding the
potential physical association between the core POGRiIns, Fz has been reported to interact
directly with Dsh (Wong et al., 2003; Strutt andu®t 2007), Stbm can associate with Pk
(Bastock et al., 2003; Jenny et al., 2003), wheiggs can bind Pk and Stom (Das et al.,
2004). Together, these observations suggest thatge@ein localization can be divided into
two main phases: proteins first become localizeddberens junctions, and in the second
stage they become asymmetrically distributed. Adiogy to this model, the transmembrane
proteins, Fz, Fmi and Stbm, are required for thenbrane recruitment of the cytoplasmic
proteins, Dsh, Dgo and Pk that are in turn involuedhe formation and/or maintenance of
polarized complexes.

Although the existence of polarized core PCP pnotamplexes is well established,
recent studies challenged the view that PCP praielarization is limited to 24-32 hours
APF. Instead, it has been suggested that at legstrtéal proximal-distal polarization is
already evident at the end of larval life and dgttine prepupal stages (6 hours APF). Polarity
is then largely lost at the beginning of the pypetiod, but becomes evident again in several
hours until hair formation begins (Classen et 2005). Thus, molecular asymmetries are
clearly revealed during wing hair formation, yee timolecular mechanisms that contribute to
the establishment of these asymmetrical core PGteiprpatterns are not well understood.

While much attention has recently been paid taagyemmetric localization of the core
PCP proteins, novel studies on the planar polefigctor genes, fy, frtzandmwhled to the
discovery that these elements exhibit a polarizecumulation as well. The first study
towards this direction revealed that the In prote#comes preferentially accumulated at the
proximal edge of the pupal wing cells under thetcmrof the core PCP genes irfygandfrtz
dependent manner (Adler et al., 200¢)encodes a transmembrane protein that could recruit
In directly (Collier and Gubb, 1997), and singledmuble mutants ofy, frtz andin display
almost identical wing hair phenotypes suggestirag these genes function together in PCP
and might interact with each other directly (Wongak, 1993; Lee and Adler, 2002). Very
recent findings demonstrate that Fy and Frtz alsmwvsa proximal enrichment in a Stbm
dependent manner, and together with In activatéhNtvat is enriched on the proximal side
of the wing cell (Yan et al., 2008; Strutt and VWagton, 2008).
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Figure 5. Core PCP protein localization in the deveping wing and eye.(A) During the initial phase
of pupal wing development [up to24 h after prepupa formation (APF)] the proteindurcts of the core PCP
genes are found in apically localized symmetric plaxes (shown on the left). However,zaR4 h APF they
redistribute into asymmetric complexes that aresgme transiently until actin accumulation begins=e®2 h
APF. Between 24 and 32 h APF Fz, Dsh and Dgo arehmd on distal cell membranes, Stbm and Pk
accumulate on proximal membranes, while Fmi is ébon both sides (right panelB) Although core PCP
protein localization in the eye is somewhat morenglicated than in the wing, it appears that PCReimo
distribution across the R3/R4 cell boundary is ndmlbaly similar to that of the distal-proximal celbundaries
in the wing. Notably, after the initial phases ohratidia differentiation when PCP proteins do nlobvg
polarized accumulation, five or six rows behind thwrphogenetic furrow Fz, Dsh and Dgo begin to
preferentially accumulate on the R3 side, wherdam&nd Pk accumulate on the R4 side, and Fmi besom
enriched on both sides of the R3/R4 interface. [pirg ommatidia are shown in five-cell preclusséages
before and after asymmetric redistribution takee@] in Row 4 and Row 7, respectively. Color cadin® PCP
proteins is identical in bothA) and B8). Numbers onH) indicate the identity of the photoreceptor prsour
cells. (Mihaly et al., 2005)

Adler et al. hypothesized that In might functionaasinhibitor of hair initiation on the

proximal side of the wing cell (Adler et al., 200Zhis information together with the recent

finding that the site of prehair initiation is inénced by both proximal and distal protein
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complexes, led to a model in which Fz/Dsh promabias formation at the distal-most part of
the cell but only there, while at the same timen8BXk inhibits hair formation in the proximal

part acting through an In complex and Mwh (Strad &varrington, 2008).

Cell shape and planar polarity

The function of some epithelial tissues dependstlom exact geometry of the
constituent cells. ThBrosophilawing for example consists of a hexagonally packedy of
cells, each of which produces a single hair. Regudér spacing and orientation have been
proposed to guide air flow over the surface ofweg during flight (Wootton, 1992). Wing
epithelial cells are irregularly packed during theval and prepupal stages. In this period less
then half of the cells are hexagonal. Subsequétlyever, by the time of prehair formation,
the epithelium is repacked into a quasihexagomralyaof cells (Classen et al., 2005) which
involves the rearrangement of many of the celljlactions.

Interestingly, it has been shown that the PCP prefglay important role in generating
hexagonal packing of the wing epithelium (Classeal.e 2005). However, defects in packing
geometry do not appear to directly perturb hairapty in core PCP mutant wing cells
(Classen et al., 2005). The possible exceptiomigrule ispk that exhibits very strong hair
orientation defects and induces the strongest pgclifects within the core PCP group
(Classen et al., 2005; Lin and Gubb, 2009). Addaity, another study revealed that
irregularities in cell geometry are associated vptharity defects in the case &f mutant
wing clones (Ma et al., 2008). Thus, cell geomeasrynot the direct determinant of cell
polarity, but in some instances cell packing se&nsave an impact on PCP signaling and
hair orientation.

The cellular mechanisms of hexagonal packing, &edway how PCP proteins are
transported to the proper membrane domains duangdtion of the asymmetric complexes,
are equally elusive. However, it is conceivabld thath of these processes include membrane

trafficking that might help protein translocatiomdgplasma membrane remodeling as well.

Membrane trafficking and wing morphogenesis

Upon activation by Wnt, the Fz receptor is inteized in a process that requires the
recruitment of Dsh. Yu et al. (2007) have showrt tha direct interaction of DvI2 with Ap-2
is important for Fz internalization and Fz/PCP sigmy. Internalization of Fz is likely to
proceed by clathrin- mediated endocytosis (Cheal.eR003; Yu et al., 2007). In addition, it
has been shown that during wing PCP development, &t Fz containing vesicles are
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transported along microtubules that are approxilpatéented along the A- P axis of the cell
(Shimada et al., 2005). Thus, these results dematadtthat membrane transport plays a role
during PCP signaling.

It has also been shown that during hexagonal pgakibrosophilawing epithelium,
cellular junctions are rearranged and this requesgensive endocytosis and recycling of the
adhesion molecule E-cadherin through endosomesioomg Rab11. PCP proteins polarize
trafficking of E-cadherin containing vesicles dgijunction remodeling (Fmi can recruit
Secb5-positive vesicles containing E-cadherin). €halsservations indicate that PCP proteins
may promote hexagonal packing by polarizing memdbteadficking.

Since cell fate determination is often dependentpoecise levels of extracellular
ligands, endocytic trafficking of these ligands atteir receptors provides an important
mechanism for communication between cells duringebgment. The best evidence of a role
for endocytic trafficking in PCP signaling is thent®Vg signaling regulation iDrosophila.
The Wqg protein can be detected in cytoplasmic umctving imaginal disc (van der Heuvel
et al., 1989; Marois et al., 2005). It seems likiblgt Wg enters the cell by receptor-mediated
endocytosis since both its receptor DFrizzled-2Z22)Fand its coreceptor Arrow (Arr) contain
putative endocytic sorting signals (Marois et &Q05; Rives et al.,, 2006). Thus, the
regulation of the distribution of the Wg morphogsnanother important aspect of wing
development that is controlled by membrane trafifigk

Together, these results underlined the importanfceregicle transport in several
different aspects of wing development. Nevertheless understanding of membrane
trafficking during PCP signaling has just begurd &mther work is required to shed light on

this process.

Vesicular transport/membrane traffic

The compartmentalization of the eukaryotic cefiguires the constant transport of
lipids and proteins between distinct organelles. maintain the characteristic structure,
biochemical composition and function of differentganelles represents a formidable
challenge for the organelles of the exocytic andoegtic pathways given the continuous
flow of protein and membrane along these pathwdy® exocytic pathway sorts newly
synthesized proteins from the endoplasmic reticultmough the Golgi apparatus to their
final destination at the plasma membrane or lys@seacuole. Conversely, the endocytic
pathway is required for the uptake of nutrients toidhe internalization of receptors. Newly

internalized material is transported to the earmdasome, a tubulo-vesicular network
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localized to the cell periphery. Proteins destirfed recycling are sorted to recycling
endosomes and then to the plasma membrane, whaass destined for degradation are
transported to late endosomes (also called predyses) and subsequently to the lysosome
vacuole (Grosshans et al., 2006).

The mechanisms underlying membrane traffic caniadet! into four essential steps.
1. Cargo is selected, and transport intermediatéisel form of vesicles or tubules are formed.
2. These vesicles are delivered to their target bmane, often using molecular motors for
transport along the microtubule or actin filameygtems. 3. Tethering then brings the vesicle
and the target membrane into close proximity. 4e fihal step is the fusion of vesicles with

the target membrane (Kartberg et al., 2005).

Rab proteins

Rab (Ras associated binding) proteins are ubigsiycexpressed family of small (20-
29 kDa) monomeric Ras-like GTPases (Chavier anddGt099), that play a fundamental
role in the regulation of vesicular membrane teafffouchot et al., 1987). They regulate
vesicle transport by the association of motor atiteroproteins with the vesicles, and by
docking and fusion of vesicles at defined locatig@havier and Goud, 1999). Several
subfamilies of closely related Rab GTPases shat@59b sequence identity and overlapping
functions, therefore many Rab GTPase genes areglthoww be the product of gene
duplications. Generally, Rab GTPases consist afgel GTPase and small N- and C- terminal
domains. They differ mostly in their C- terminalndain’s sequence, which is involved in
subcellular targeting, whereas the regions invoinealucleotide binding are highly conserved
(Echard et al., 2000).

Rab proteins closely resemble other Ras- relateBaS@s regarding their structure.
They contain five parallgt- sheet strands plus one in anti parallel oriemaflenked by five
a- helices (Pfeffer, 2005). In this structure thenedats responsible for guanine nucleotide
and Md" binding, as well as GTP hydrolysis, are locatediie loops that contain the-
helices angh- strands (Figure 6.) These structures are highlgewmed within the entire Ras
superfamily, and therefore they can be used asrarké to recognize any small GTPase
family member (Stenmark and Olkkonen, 2001). BExtenssequence-analysis studies
revealed the presence of five distinct amino-ad¢idtshes that are characteristic for Rab
GTPases. These so-called RabF regions clustedimm@und Switch regions | and Il, and are

suggested to be characteristic to Rab proteinadtition, four regions named RabSF can be
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used to define the subfamilies of Rab GTPases, pinelyably allow the specific binding of
downstream effectors (Figure 6.).
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Figure 6. Structural features of Rab GTPasesOn the left: Ribbon drawing of Rab3A complexed
with the GTP analogue GppNHp. Purple, bound nuiteptorange shore, Mg ion; blue, switch | and II
regions; greeng- helices ang- sheets; yellow loops. On the right: a profile amacid sequence of the Rab
GTPase subfamily generated using the Markov mddkIN) method. Uppercase characters, residues fonnd i
the profile with a probability of p>0,5; red, Rapesific residues (RabF1-5); dark blue, subfamilgesfic
motifs (RabSF1-4); cyan, highly conserved nuclestithding motifs; G, guanine-base-binding motif; PM
phosphate/magnesium-binding motif. The secondamyctire units:a helices,p- strands, and.- loops are
indicated above the sequence. (Stenmark and Olkk@91)

Crystallographic analysis has shown that Rab prsteadopt two different
conformations (Ostermeier and Brunger, 1999). THeP®ound form of the protein is
complexed to a so-called GDP dissociation inhib{@DI) that complexes the isoprenoid
functions of the Rab C-terminus, thereby enabliyigpsolic localization of the protein. Upon
contact with a donor membrane, a GDI displacemaciof (GDF) initiates release of Rab
from the Rab-GDI complex and promotes Rab membea@horing via the geranylgeranyl
groups. Rab now can interact with membrane locdlgganine nucleotide exchange factors
(GEF) that catalyze GDP-GTP exchange. In the GTihtostate Rab now does sense
effector proteins that are connected with the targembrane, thereby participating in
membrane fusion. Subsequently, a GTPase activaprggein (GAP) catalyses GTP
hydrolysis by Rab, and enables binding of RabGbdt brings the Rab protein back to the
cytosol, where a new transport cycle may start ufég7.) (Behnia and Munro, 2005;

Pechlivanis and Kuhlmann, 2006).

20



GTP Rab. GTP

guanine Effector

nucleotide \
exchange /

GDP

membrane nucleotide
attachment hydrolysis

\\ mhoe
GDI
displacement
membrane
release

Figure 7. The Rab GTPase cycleThe Rab GTPase switches between GDP-bound inaatides TP-bound
active form. The conversion from the GDP- to GTRutmb forms is catalyzed by the guanosine-nucleotide-
exchange factor (GEF), while the opposite chandmy i&TPase activating protein (GAP). The GTP-bofanch

interacts with effector molecules, while the GDR#bo form interacts with Rab escort proteins (RER) &@DP
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The Switch sequences of the Rab proteins are vadolin the transition
between the GDP and GTP bound conformation (Zhard ,e2007). Mutations affecting
these regions can lead to GTP-bound constitutigetive (CA) or GDP-bound dominant
negative (DN) forms (the well conserved Threonin&erine amino acids are changed in
the DN, Glutamine amino acid is changed in the @ds) (Zhang et al., 2007).

In order to fulfill their functions, Ras GTPasesdargo hydrophobic modifications.
First, a common sequence motif at the C-terminuthefprotein is recognized by a soluble
isoprenyl transferase. Ras proteins with amino-8Ad\X box (Cysteine-aliphatic-aliphatic-
arbitrary) are either farnesylated by the farnésysferase (FTase) or geranylgeranylated by
the geranylgeranyl transferase (GGTase I) enzyrhan(@ and Casey, 1996; Roskoski and
Ritchie, 1998). Rab proteins also contain isoprayh motifs in their C-terminal xxxCC, -
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XXCXC, -xXCCx, -XxCCxx, or —Ccxxx pattern. Here acaed geranylgeranyl transferase
(GGTase Il or RabGGTase) does catalyze the inttamu®f the hydrophobic side chain
(zhang and Casey, 1996). In addition to Ras fammbtifs, Rab family members require a
helper protein, the Rab escorting protein (Grosshah al.,, 2006), to be efficiently

isoprenylated (Pereira-Leal et al., 2001).

Rab protein family members

Rab GTPases have been found in all eukaryotes tigae=d, including
Saccharomyces cerevisi@el members)Caenorhabditis elegan@9 members) (Bock et al.,
2001), Drosophila melanogastgi33 members) (Zhang et al., 2007) and mammals dinaiu
human (63 members) (Zerial and McBride, 2001; Nmhia and Sasaki, 2008), some of
which have been intensively studied for their rolasendosome and synaptic vesicle
trafficking. Bioinformatical analysis has revealed that Rabegeexhibit a rather strict
phylogeny of homology and function (Pereira-Leatl &eabra, 2001; Buvelot et al., 2006).
Although Rab proteins are themselves highly hommlsg their GEFs and GAPs that are
specific for a particular Rab protein or relatedoR&otein, share very little structural or
sequence homology among each other (Ng and Taf§).20

The first member of the Rab subfamily to be studiet4p, was identified in yeast as
an essential protein required for secretory veseslecytosis (Salminen and Novick, 1987).
Mammalian relatives of Sec4p were identified andnfibto be specifically associated with
distinct subcellular membrane compartments, soméem being considered as standard
markers for these compartments. For example Rapdinsarily enriched in the endoplasmic
reticulum, Rab3 in synaptic vesicles, Rab5 in earlgjosomes, Rab6 and Rab10 in the Golgi,
Rab7 and Rab9 in late endosomes, Rab8 in post-@Ggigiytic vesicles, and Rabl1 in the
recycling endosomes (Figure 8.) (Pfeffer, 2001ffBfeand Aivazian, 2004; Ali and Seabra,
2005; Jordens et al., 2005; Pfeffer, 2005).
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Figure 8. The intracellular localization of Rab prdeins in mammalian cells.Some proteins are cell
(for example Rab3a in neurons) or tissue speclfi@ (Rabll in tight junctions), others are locadizen
endomembranes. (CCV, clathrin-coated vesicles; QRin-coated pits; EC, epithelial cells; IC, Elgi
intermediate compartment; M, membranes; MTOC, ntidrole organizing center; SG, sensory granules; SV,
synaptic vesicles; T, T-cell granules; TGN, trardgbnetwork). (Zerial and McBride, 2001)

The mouse andDrosophilaRab23 proteins

Rab23 has been first described in 1994 as a nowelll sGTPase expressed
predominantly in the mouse brain (Olkkonen et H94). Later it has been shown that the
mouseopen brain(opb) gene (encodindRab23 is cell autonomously required to define
dorsal and lateral cell fates during mouse neuwk tdevelopment (Eggenschwiler and
Anderson, 2000). In the caudal spinal cord of EX&gopb" embryos, markers of dorsal cell
types are reduced or absent and ventral markemxpanded. Eggenschwiler and coworkers
have identified ampk? mutation that exhibited ventralization of neurall ¢ates in the spinal
cord posterior to somite 17. This phenotype islsinio that described previously fopb" but
significantly stronger. In @b’ mutant neural tubes the Shh-responsive early mmraé
ventral neural progenitors were expressed in thmeesaested order as seen in wild-type

embryos, but all the domains were expanded dor¢gliggenschwiler and Anderson, 2000,
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Guo et al., 2006). These results suggested tha2FRigban essential negative regulator of the
mouse Sonic- hedgehog (Shh) signaling pathwayg. iequired for the specification of dorsal
cell fate in the spinal cord, that is an opposiolg iin neural patterning as comparedStth
required for ventral cell fate determination in t@nal cord (Eggenschwiler et al., 2001).
The organization of ventral cell types opb, Shhdouble mutants revealed that Shh-
independent mechanisms can pattern the neurabtohg its dorsal- ventral axis. This shows
that dorsalizing signals activate transcriptionopb (Rab23 in order to silence the Shh
pathway in dorsal neural cells (Eggenschwiler gt24l01), and it has also been revealed that
opb acts downstream @&hh In the chick,Rab23was found to be expressed asymmetrically

in the Hensen’s node, and to play a role in thesaantral patterning of the neural tube. It
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acts in Figure 9. Schematic diagram depicting signaling coponents of the Sonic hedgehog (Shh)
pathway that may be subject of regulation by Rab23Solid arrows indicate various trafficking processe
associated with Shh signaling components. Dotteedliarrows indicate the possible influence by Rab23
Although Smo has been shown to translocate to ithencfrom the cytoplasm, it is less likely to beRab23
target as it functions upstream of Rab23. On tinerohand, some other cilia proteins carried byragrade
vesicles (ATv) and retrograde vesicles (RTv) mayceivably be regulated by Rab23. Rab23 may al$oente
the exocytosis of Tectonic (T), or the nucleocyasphic transport of Gli proteins or Iguana. (Wanglgt2006a)
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the same manner as described for the spinal cambirse, but unlike in mouse, it is already
expressed asymmetrically during gastrulation (Lalet2008).

The Rab23 protein was first linked to vesiculafficking and endocytosis in 2003 by
Evans et al. They revealed that Rab23 is localimedplasma membrane and shows
colocalization with the early endosomal marker Rath not with the late endosomal marker
LBPA (lysobisphosphatidic acid) (Evans et al., 2003 investigate Rab23 with respect to
members of the Shh signaling pathway, Rab23-GFP awagpressed with either Patched
(Ptc) (Shh receptor) or Smoothened (Smo) a trandraera protein required to transduce the
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Human 7w [FYRGAGACW LYFSTTORES FEAV(SS E KW 107
Drsophila 78 [ YA GAQASMLYESTTODR[E]S FDA I|KD R W 107
mAab3s, 91 (Y ¥R GA[NG FLL LMY T 5 F[MA v o oE (o 1] 2
e
Mouse 108 ¥ VGE TP -[TaCFENE TEE LB D S|c[T[k N & 136
Human 108 ¥ VGR IP[-[TVILYANKE DL LDDS|ClI[KN A 136
Drasaphila 108 E ME[C|NE TR[-[Tv | WANK I OL 1 EEAvV|Ta Vo136
mAabas 121 K[T]Y s WlER & o VL EM[GIN K[ MEEER viv|s s|E[R & 150
~+Z0H -~ -G
Mouze 127 [EG[ERKE ALK L[TF TR TEVEED CHV|S[EWF R i) 166
Human 127 [EfafL A KA L[ LIRE YR TS WKED L NWV|MEWF K ¥ LA| 16
Drasaphila 127 [E[T[LAK[CJE(McR[C TR TS ¥ KED | NV A SMF R Y L A| 166
mAabas 151 A ol A[D[A LG F E[E FJE[a S[A]E O[N] NV |«[E[TIE[E RILV 180
-
Mouss 187 [ER[H L[@R CJK[@Q[T]TE|D P EQ TH|SEE MK | GV F[Aa 198
Human 187 YL@ Lfkl@alfafElo P E L TH|S|E & MK 1 GV F|N[T 1ae
Drosaptila 167 TIK[C H|@[L]M{T|A|s Yolo|lv e cn ooNE S HP Py s s[T|P Es
mAabah 181 O]V | c[E EMS|E[S[C]D - - - - - -5 - oo o - o e 142
w—— COR———=
Mouss 187 [S|v G[E]H L G @ N[E]s[E]L G0 v[TNERE NE S - g2l
Human 157 [s[G G[s|H 5 G @ N|s|G|T|L GO V|INLRPNEZ[- - - - 222
Drasaphila 187 [T[1 s|a|F s P T F|T|K|S|s 5]6|- - TvV[ERP[AK K|c H G5 224
mAabas  18E - - -|T|A D P oA V| T|GA K --POLTODO@EAF - - - - 213
Mouss 223 - R[T K R|T[R|M P F[E = 8|5 [P 227
Human 223 - R[T K K|N|R|M P F|5 5 B[5]1|P 227
Drasaphila 225 5 W[a RKE|RK| 1 v L KEJE[a[1|L 240
mAab3s 214 - - PH QD - T G| - - - 220

Figure 10. Alignment of mouse, human andDrosophila Rab23 and mouse Rab3a sequences.
Positions of stop codons iopb' and opl? alleles (mouse orthologues) are indicated aboee séquence.
Functional domains defined in other Rab family pite$ are indicated below the sequence: P-loop,ghtads
binding loop; Switchl and 2, conformational switelgions; CDR, Rab effector binding regions; G, gqsame
nucleotide-binding residues; PS, prenylation sitee WDTAGQE (red lineDrosophilaamino acid sequence
before the switch Il region is responsible for matide binding and hydrolysis. The Q96L changeltesn a

constitutively active form. (Eggenschwiller et £001)
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Shh signal. Ptc colocalized with intracellular R&2FP but Smo did not. Analysis of
Patched distribution by light and immunoelectrorcnmscopy revealed that it is primarily
localized to endosomal elements, including tramsfgrreceptor-positive early endosomes
and putative endosome carrier vesicles and, tosseteextent, with LBPA positive late
endosomes. Neither Ptc nor Smo distribution wasredt in the presence of wild-type or
mutant Rab23-GFP, suggesting that despite the enddscolocalization of Rab23 and
Patched, Rab23 acts independently and downstredttcoh regulating Hh signaling (Evans
et al., 2003). Later genetic analysis has shownRla®23 functions downstream of Smo and
affects the function of the Shh regulated Gli famadf transcription factors (Figure 9.)
(Eggenschwiler et al., 2006; Wang et al., 2006a)addition to these observations, another
study has shown that Rab23 controls phagosome atiaturmodulated bySalmonella
typhimurium as DN mutants oRab23interfere with phagosome-lysosome fusion in HelLa
cells (Smith et al., 2007).

In contrast to other organisms, the knowledge atimibrosophilaRab23orthologue
remained very poor. According to FlyBase (an indégnl Drosophila Genome database), the
Drosophila Rab23gene is located on the right arm of the third aiwsome in the 83B9
cytological region. It encodes a 268 amino acidsyl@olypeptide with the characteristic
GTPase domain, and overall the predicted protebb% identical to mousRab23(Figure
10.) (Eggenchwiller et al., 2001). However, prioraur work, functional or phenotypic data

were not available.
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AIMS OF THE THESIS

Tissue polarity or planar cell polarity is a widesgd and conserved phenomenon in
nature. The detailed genetic and molecular disseadf PCP began 28 years ago by the
identification of a small set of genes that corsttble polarity of cuticular hairs and bristles in
Drosophila(Gubb and Garcia-Bellido, 1982), and subsequebitgsophilahas become one

of the best-studied model organism of this field.

Although by now much has been learned about thegand pathways contributing to
PCP establishment in flies, many fundamental qoestremained unanswered. What is the
ligand of the Fz receptor in the Fz/PCP pathway® Techanistic details of protein
localization are largely missing or just poorly erstood. The link between Fz signaling and
asymmetric localization of the core PCP proteind Bnis not understood, and it remains a
mystery how upstream elements are coupled to tgenrastric enrichment of the PCP
proteins. Furthermore the tissue- specific dowastreomponents or their way of action is
still an open problem.

The major aim of this work was to answer part afsth questions by isolating new
PCP genes and by studying their role during PCiRatilgg and development.

We have successfully isolated new PCP mutationsdmducting out a large scale
mutagenesis screen. Later on, we have moleculafped two novel PCP complementation
groups identifying the Drosophilduzbanian-likeand Rab23genes. For detailed functional
analysis we have chosétab23which encodes a putative membrane transport pr@ted
addressed the following specific questions:

- What is the role oRab23during PCP establishment?

- Where does Rab23 fit into the PCP pathway?

- What is the regulatory relationship betwéab23and the known PCP proteins?

- What is the mechanism through which Rab23 acttheatcellular and molecular

level?
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MATERIALS AND METHODS

Fly strains and genetics

Flies were grown on cornmeal-yeast food at 25°C. WedOregonR andw'''® as
wild type strains. Fly strains carrying tihe, cu, camapping chromosome and the deletions
were obtained from the Bloomington and Szeged steckers, except for the differdRab23
alleles (see below), and thébx-FIp stocks (Emery et al., 2005) which was a generdftis g
from J. Knoblich (IMBA, Vienna). Other stocks usd®{RS5}5-SZ-3123DrosDel),Rab23
RNAI line (c2L 54F9 8178) has been provided by YHBRC RNAi Center (IMP-IMBA,
Vienna), whereas th&; UASp-YFP::Rab23nes were generous gifts from M. Scott (Stanford
University, Stanford).

The following mutant alleles were used in interatstudiesfz?, dsh, fmi™3, dgo®®°,
kP30 pPkesPle-1d gihnf frizt, int, fy®, mwh.

Mitotic clones were generated using the FRT/Flgesys(Xu and Rubin, 1993). Flip-
out clones of UASpYFP::Rab23 were generated usingv,hsFLRACtP-FRT-y+-FRT-
Gal4,arm-lacZ,FRT40Ay applying 2 hours heat shock at 37°C duringaasy third instar

larval stage. For overexpression studies we Bs&¢6C-Gal4 orSal-Gal4 drivers.

Isolation of PCP mutants, mutagenesis screen

In order to isolate new PCP genes, we mutatedebensl chromosome and the right
arm of the third chromosome taking advantage ofRR&/FIp mosaic recombination system
(Xu and Rubin, 1993). As a Flp source, we uséx-Flp which is expressed at the highest
level in the wing imaginal discs (Pirrotta et &1995) (Figure 11. B), and thus induces
recombination in the presumptive wing and notuntsoghere polarity in adults can easily be
followed under normal stereomicroscopes. The latgae size is partly ensured by the fact
that Ubx-Flp is expressed from early stages of kdgwveent and in addition, mutant clones are
induced on a genetic background where the so chiledspot cells are eliminated by the cell
lethal technique (Newsome et al., 2000). To furiherease the sensitivity and reliability of
the screen, we performed apd€reen (Figure 11.) that offered the advantageaignizing
even the weak and low penetrance phenotypes, amthaled the sterility problems of, F
screens.

In the first step of the screen we mutagenized ys ddd male flies carrying the

appropriate  FRT chromosome. As a mutagenic agent eitker used EMS (ethyl
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methanolsulphonate) in 30mM concentration or ENUe{hyl-N-nitrosourea) in 1,6mM
concentration both in 1% sucrose solution. Aftezdiag 4x100 males with the mutagen
agent, these were crossed to 4x80 females in eqahiment. All crosses were transferred in
new bottles two times in three days intervals. hesed mutagen and the contaminated tools
were neutralized in 20% Na-tiosulphate and 0,1N Nasdlution. The dosage of used
mutagen was reported to induce an average of arehchromosome. The male progeny of
crossed males carrying the mutated chromosome(FR)42 on 2R, FRT40 on 2L, FRT82
on 3R) were then crossed individually to femalesryiag the appropiate balance
chromosome. For example, for the right arm of #geoaed chromosome the male progeny of
this cross (F2 males) were crossedytov Ubx-Flp FRT42 arm-lacZ, I(2R)3.ICyO, y+
females, and siblings of this cross were analypedCP phenotypes on the wing and notum.
After that, we established stable stocks from tlwamt lines that exhibited PCP defects.

A EMS (30mM)
ENU (1,6mM) Q
P Ubx-Flp . FRT42 X w . CyO ("
7 " FRT42 [T .
EoW FRT42 o _UbxFlp . FRT42,W, cl(2)
, fy Ubx-Flp CyO
Fo  Ubx-Fip; FRT42 and Ubx-Flp . _FRT42
FRT42, W, cl(2) — CyO
Clones on wing and notum stocks

Figure 11. Generation of new PCP mutants(A) Crossing scheme for the right arm of the second
chromosome. At the beginning of the screen mutageninales were crossed with double- balanced famgle
males carrying the mutagenized chromosome ovetaamder were crossed to Ubx-FIp females also cagrgim
FRT cell lethal chromosome over balancer. In the second generat@mbserved the mutant clones on the
notum and wings. Before establishing the stocksrditer to check our mutants, we back crossed tHesmeéth

the Ubx-Flp carrying femalesB) Ubx-FIp expression in L3 wing disc.
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Isolation of newRab23mutants

In order to generate neRab23alleles, we used the P-element excision techniGoe.
P- elementP{RS5}5-SZ-3128DrosDel) inserted into the first intron of tikab23gene was
remobilized using &b/Tm342-3 transposase source. Candidates carrying potémiaécise
excisions were tested with PCR analysis using th®2BF1 and Rab23R1 primers (see
below) to detect the potential deletions. Succéssindidates were later tested with other
primer pairs to determine more precisely the plaictne deletion and to check if the excision

alleles contain P- element residues.

Determination of the lethal phase

We established stocks carrying the mutént and Rab23°°* chromosomes over a
TM6,Th,Ubi-GFP balancer chromosome. This allowed us to selectozggous embryos
from the stocks that did not express the GFP maBgmonitoring the development of these
animals we could determine till what developmestabe they survive. In each case 100-100

homozygous mutant embryos were collected and oederv

DNA techniques

DNA constructs for transgenic flies and transfecttexperiments were made with
standard cloning techniques and BresophilaGateway system (Hartley et al., 2000).

For transfection vectors tHeab23coding region was PCR amplified fromRab23
cDNA clone (RH23273) using the Rab23pFl and Rab23pRmer pairs. The EcoRI
fragment was introduced into pJET1 cloning vectGerfe JET Fermentas kit) and the
resulting clone was sequenced with the pJET prinmiEnen the Rab23 coding region was
ligated into EcoRlI- digested pPENTR3C Gateway vedtater on the pENTR3C-Rab23 clone
was introduced into different destination vectoss R reaction using the Gateway LR
Clonasell Enzyme mix (Invitrogene).

To create aRab23genomic rescue construct, the gene has been #dplibm the
BACROO03P13 genomic clone (BACPAC Resourses). Thg kf2s Xbal restriction fragment
carrying the gene has been inserted first into 8 g+ vector, and after that recloned into
the pCaSpeR®Drosophilatransformation vector. To clone tRab23* transcript, total RNA
was isolated from homozygous mutant adults witlzdlrreagent (Invitrogen), cDNA was
synthesized with Revert Aid (Fermentas), RT-PCR wasied out with primers specific to
the first and third exon dkab23 respectively Rab23Ex3 and Rab23Ex1.
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The Kul genomic rescue construct was cloned out from tA€BP98203 genomic
clone (BACPAC Resourses). For the rescue expersrnént8,4 kbs Bglll- ECORV fragment,
including the entire gene with 5 regulatory regiams subcloned into pCaSpeR4 after

multiple cloning steps.

Primer sequences:

Pry4 CAATCATAT CGC TGT CTC ACT CA

Rab23F1 CTG CAG AAA GAC ACATTC GG

Rab23R1 AAA CCC GTT CAC ATC GAA GC

Rab23pF1 GGG AAT TCATGC GTC TAATCC AAA CGG
Rab23pR1 GGG AAT TCC AAT ATT CCG CAT TTC TTRGC
Rab23Ex3 CCC GGC CAC AAC ATC ATT AG

Rab23Ex1 TCA AAT TTC GAT CGC GAC GAG

For transfection experiments the following constsuwere built: pAVW-Rab23,
pPHW-Rab23, pPVW-Rab23, pPMW-Rab23, BLMT-RFP-Rab28AVW-Rab23%%",
pPVW-Rab28%4 BLMT-Rab23% BLMT-Rab23*°~EGFP, pAC5.1-Fz-Myc, pAC5.1-
Dsh-EGFP, pAC5.1-HA-Dgo, pAC5.1-6xMyc-Pk, pRME-StbA (a kind gift from T.
Wolff, Washington University). When necessary, pASt-Gal4 has been cotransfected to
drive expression from UAS promoters. Expressiomfithe BLMT vectors was induced by
1mM CuSQ for 4 hours or 500M CuSQ, ON (overnight).

DNA preparation from single flies

Single flies were placed into 0,5ml Eppendorf tylmsd mashed with a pipette tip
containing 50ul SB buffer (10mM Tris-Cl pH=8.2, 1mBDTA, 25mM NacCl, and 200pg/mi
ProteinaseK, with the enzyme diluted freshly eaat)dAfter breaking the fly body the SB
buffer was expelled from the pipette tip. Preparati were then incubated at 37°C for 30
minutes, followed by an incubation of 1-2 minutes 9%°C in order to inactivate the

ProteinaseK. Preparations were then stored at 4°C.
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Analysis of planar polarity in adult wings and notum

For microscopic analysis of the wings, flies wetered in glycerol-ethanol 3:1
solution for at least 1 hour. After that, the wingsre collected, washed in distilled water and
mounted in Hoyer’s solution (Sullivan et al., 20@®) microscopic glass plates and incubated
overnight at 60°C. For genetic interaction studieisg hairs were counted on the dorsal side
of the wing in the proximal half of the A regionta8stical analysis was done with the
Microsoft Office Excel2003 program. The sensonsthes and trichomes on fly notums were

observed under stereomicroscopes in Voltalef oil.

Analysis of planar polarity in adult eyes

In order to analyze thkul LOF clones in eyes, fly heads were dissected &ed a
cut on one of the eyes (to expose the inside oh#aal to the fixative), the heads were placed
into 2% glutaraldehyde in PBS in Eppendorf tubei@n After 15 minutes the eyes were
collected by centrifugation and incubated for 1 than 1:1 mixture of Os® and
glutaraldehyde. After the solution mixture was agegld with Os@Q) heads were incubated for
another 1-6 hours and were dehydrated successnedp%, 50%, 70%, 90% and 100%
ethanol for 10 minutes each. After dehydration, ¢fleanol was replaced with propylene-
oxide for 10 minutes and incubated overnight ina¢églumes of propylene- oxide and resin
mixture at room temperature. Next day the soluti@s removed and heads were incubated 4
hours in resin. After they were transferred intolasan Durcupan resin (Fluka), positioned
and incubated at 70°C overnight, the excess ohrasiund the eyes was trimmed and the
embedded eyes sectioned horizontally with microtorBections were collected on
microscope slides in a drop of water, and drie@58C for 2 minutes. Afterwards, in order to
get a clearer image, we stained the sections witixture of 1% borax and 1% toluidine-blue
for 1-5 minutes at 65°C. In case of sections ohaleeyes we didn’t stain the slides as the
clone border (the border af’/w and w/w tissues) on these sections are visible only on

unstained sections.

Analysis of planar polarity in the adult abdomen

For abdomen analysis, flies were stored in glyeetb&nol 3:1 solution for 2-3 days.
After removing the head and thorax, the abdomen® wéaced into 96% ethanol for 20
minutes and a cut was made on the dorsal sideddimabn. Cut abdomens were placed into

glycerol for 10 minutes and after cleaning, theyevenounted in 10% KOH solution and
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incubated for 30 minutes at 51°C. Abdomens were thiashed away from the cover slips,

mounted in Hoyer’s solution (Sullivan et al., 20@@)d incubated ON at 60°C.

Analysis of planar polarity in legs

Adult flies were boiled in 10% KOH for 10 minuteachawashed several times with
distilled water. Legs were mounted in Hoyer's medi(Sullivan et al., 2000) and incubated
ON at 60°C.

Rab23 antibody production

To produce Rab23 antibody, pDEST17-Rab23-His (Hgged full length Rab23
protein) expressing BL21 (codon+) cells were lysed the His- tagged transgenic protein
was purified using BD-Talon beads (Clontech). Theifigd protein was tested with €o
conjugated HRPO (horseradish peroxidase) (PierneYVestern blot. The purified protein
was then injected subcutaneously into Balb/c 3 moid female mice. After four boosts, the

crude serum was used for immunostainings and Webtet analysis (1:100 dilution).

Tissue culture

DrosophilaS2 cells were cultured at 25°C in Schneid@tssophilamedium (Sigma
or in the case of induction in Lonza or GYBCO) deppented with 10% FBS and 1%
antibiotic mix (Penicilline 106 1U, Strepthomyciag/100ml).

Immunohistochemistry

For pupal wing analysis white puparia were colldaead kept at 25°C. At 6, 30, 31,
32, 36 hours APF (after puparium formation) pupa&aeenemoved from their pupal case, cut
at both ends, cleaned, and then fixed in 4% foretglde in PBS solution for 30 minutes at
room temperature. For In staining fixation was medé% para-formaldehyde (30 minutes at
4°C) (Adler et al., 2004). After fixation wing saegere peeled off from the wing and free
wings still attached to the body were washed thiraes in PBS-T (PBS+0,1% Triton-X100)
at intervals of 5 minutes. Then they were blockedBS-BT (0,1% BSA in PBS-T) for 20
minutes and stained with primary antibody in PBS-d@/Ernight at 4°C. Next day the wings
were washed six times with PBS-T at 10 minuteswais, and incubated with the secondary
antibody in PBS-BT for 2 hours at room temperatéfeer washing six times at 10 minutes

intervals in PBS-T, the wings were removed and nexdiim PBS: Glycerol- 1:1 mixture.
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Drosophila S2 cells were transfected with different expression teesc (100ngdl
concentration) using Effectene transfection kita@@ne) and transferred to Petri dishes of
35mm diameter (about 2,2 X1@ells) on 4-5 round- shape cover slips. After 24irho
incubation, cells were washed one time with PBS fixeld in 4% formaldehyde in PBS
solution for 10 minutes. After that cells were wedi3 times with PBS at intervals of 5
minutes and permeabilized with PBS-T for 3 mindt#lewed by a wash with PBS 3 times, 5
minutes each. Cells were blocked for 1 hour at reemperature (RT) with 5% FBS in PBS
(PBS-FBS) solution and incubated for 1 hour at raemperature with primary antibody in
PBS-FBS. After 3 times washing with PBS at 5 miswach, cells were incubated 1 hour at
room temperature with the secondary antibody in4FBS followed by 3 times washing with
PBS. The coverslips were mounted on slides in PB8d®ol 1:1 solution and analyzed with
Olympus SV1000 LSM confocal microscope.

For immunostaining we used the following primantilaodies: mouse anti-Rab23
1:100 (our laboratory), mouse afitgal 1:1000 (Promega), rabbit afitgal 1:1000
(Molecular Probes), mouse anti-GFP 1:200 (DSHBRhbitaanti-GFP 1:1000 (Santa-Cruz
Biotechnology), rabbit anti-Dgo 1:200 (Feiguin &t 2001), rabbit anti-Stbm 1:500 (Rawls et
al., 2003), mouse anti-In 1:1000 (Adler et al., £200rabbit anti-Pk 1:2000 (Tree et al.,
2002b), mouse anti-Myc 1:400 (Roche), mouse anti-E400 (Roche), mouse anti-Fz 1:10
(DSHB), mouse anti-Fmi 1.10 (DSHB). For secondamyibmdies we used the appropriate
Alexa-488, Alexa-546 or Alexa-647, all in 1:500 (Moular Probes). Actin was stained with
Rhodamine-Phalloidine 1:100 (Molecular Probes).

Immunoprecipitation and Western-blot analysis

For immunoprecipitation experiments 100 pupae (@8-8Bours APF) were
homogenized and lysed in 1ml Lysis buffer (0,1% SD2% NabDoc, 0,5% NP-40, 150mM
NaCl, 50mM TrisHCI, pH=8.0) for 1 hour at@. Insoluble materials were pelleted with
centrifugation (15000 rpm, 15 minutes at 4°C) dmel ¢clear supernatant was used for further
studies. 1/10 volume of clear lysate was used agaan Western-blot. The remaining lysate
was then preincubated with 100gG free Protein-A Sepharose (CL-4B, Pharmaciegds
for 1 hour at RT to deplete non-specific bindingsr immunoprecipitation §0 of CL-4B
Sepharose beads were incubated withul 3@nti-Rab23 antibody for 2 hours at room
temperature in 1ml final volume in Lysis buffer épomplex). The precomplex was washed
briefly 3 times with Lysis buffer and was addedthe lysate. A portion of the precomplex

was saved as bead (IgG) control. Immunoprecipitatias carried out ON af@. Beads were
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then washed 3 times with Lysis buffer and proteiese eluted with 2x Laemmli buffer.
Primary antibodies- mouse-Rab23: 1:100, rabbiti-Pk: 1:1000, mouse-Fmi: 1:10 and

rabbit a-Stbm: 1:500- were applied ON atGl Secondary antibodies wemerabbit-HRPO

(1:20000, Sigma) and-mouse-HRPO (1:5000, DAKO). For chemiluminescernéeckon we

used a Millipore Immobilof* kit.

To test the specificity of the-Rab23 antibody produced in our laboratdtiy-tagged
full-length Rab23 was transiently expressed inwell S2 cells. Non-transfected S2 cells
were used as negative contrélliquots of 16 cells were lysed in 80 Lysis buffer for 1 hour
at £C and, after addition of 205x Laemmli buffer, the samples were boiled formibutes.
SDS-PAGE and Western-blot analysis were done asrided above. Primary antibodies
were: mouse-Rab23 (our laboratory) (1:100) and mouasklA (Roche) (1:400).

Image acquisition

Bright field and Nomarski images were collectedngsZeiss Axiocam MOT2, with
Axiocam HR, we used a 40x plan-neofluar (NA=0.7Bjective. Confocal images were
collected with Olympus FV1000 LSM microscope. Immgeere edited with Adobe
Photoshop 7.0CE and Olympus Fluoview1000.

Statistical analysis

Pairs with different number of samples (m)

In each case pairs of standard deviatissafds,) were calculated with Microsoft
Excel, and compared with FishEfprobe to decide if the difference between them lheeh
statistically significant or not, using the follavg formula:

&
F=

2
S,
The calculatedr-value was then compared to a table containingtitieal F-values with at

least 95% confidence level.

Pairs with different standard deviations
If the difference between the standard deviatioas wignificant, then thé-test (a

modified two-tailed-probe) was used to calculate thealue using the following formula:
— W1t1+W2t2 _ 312 _ 322
W, W, whereV'= T andV:="m
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t; andt, aret values from the-table, where freedom of degree (FG},06 n-1 and FG of; is

m-1. Thet” value was then compared td@alue calculated with the following formula:

1X2

S« , whereX; and X, are the averages of measured mwh numberssansg the

St Sz
deviation of difference between standard deviatiS~{ 0t m

If the t” > t, than we stated with at least 95% confidence I1€9&D,05) that the difference
betweenX; andX; was not significant. On the other hand if the t, we stated with at least
95% confidence level (P<0,05), that the differerzetween the two phenotypes was
significantly different.

Pairs with equal standard deviations
If the difference between standard deviations watssignificant (based oR-probe

X=X,
=
data), then the t value was calculated with ©~ =S¢ formula, and the value was

compared to the values Bfable with at least 95% confidence level.

Pairs with equal number of samples (n=m)

The calculation was basically the same as befaite twe following modifications.

:X1'Xz u. S12+822
Sq wheresd‘d n

Pairs with different standard deviations

The calculated value was compared with valuestaéble at FG=n-1

Pairs with equal standard deviations:

The calculated value was compared with valuestdéble at FG=2(n-1)
In each case we usdeables with the highest available confidence leffedm 95% to
99,99%).
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RESULTS

Isolation of new PCP genes

In order to gain a better understanding of PCBrwmsophilaand to identify new PCP
genes, we have initiated a large-scale mutagermsisen using the FRT/FIp mosaic
recombination system (Xu and Rubin, 1993) which wasployed for the first time in
Drosophila to identify PCP mutants. As mutagenic agents, wedu&MS (ethyl
methanolsulphonate) in 30mM concentration or ENUe{Nyl-N-nitrosourea) in 1,6mM
concentration. To increase the sensitivity andabglity of the screen, we performed a two
generation (F2) screen (Figure 11. A) that offees advantage of recognizing even the weak
phenotypes and phenotypes with low penetrance gamihates the sterility problems often
occurring in one generation (F1) screens. Thereatifeast two important requirements for
the success of such an approach: a Flp sourcesseutet appropriately high levels in the
tissues where polarity phenotypes can easily begrézed; and the ability to induce large
mutant clones. To meet the first requirement weewgsing an Ubx-FIp transgene that is
expressed at high levels in wing imaginal discgFeé 11. B) (Pirrotta et al., 1995), and thus
induces recombination in the presumptive wing aatm cells where polarity phenotypes
can easily be followed under normal stereomicrossofhe large clone size was partially
ensured by the fact that the Ubx-Flp is expressenh fthe early stages of development. In
addition, mutant clones were induced in a genedtkground where the so-called twin-spot
cells are eliminated by the cell lethal technighiewWsome et al., 2000). We mutated the left
and right arms of the second chromosome (2L and &) the right arm of the third
chromosome (3R). We analyzed about 23.000 crosssedlon notum and wing phenotypes,
and isolated 23 mutants on the 2R, 8 on the 21.23noih the 3R chromosomes (Table 1.) that
exhibited tissue polarity phenotypes. The high nemif the isolated mutants demonstrated

that our strategy was an adequate and powerfutddsblate new tissue polarity genes.

Mapping of the new PCP mutants

In order to map our mutants, we employed diffetgpées of mapping techniques. The
first step was to decide whether the newly isolatedants are allelic to the already known
PCP genes or they identify new PCP genes. Theréfi@renew candidates were crossed to
alleles of already known PCP genes. The resultisese tests have shown that on 2R we have
isolated 18mi, 1 stomand 1pk alleles and 3 new PCP genes. The high numberwvoffme

alleles could be explained by the fact that is a large gene (encodes a polypeptide with
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3579 amino acids) thus offering a larger targee dior the mutagen. The allelic
complementation of new mutants obtained from théagenesis of the 2L has shown that we
have obtained tls 4 frtz alleles and 3 new alleles. No PCP genes havelbeated so far to
the 3R chromosome, therefore all 27 mutants istlateour screen and located to this arm
can be considered new (Table 1.).

The next step was to determine the number of camgi¢ation groups among new
PCP mutants. Because the chromosomes carryingaved #CP mutations were lethal in
homozygous state, the cross- complementation dealgs a lethality/viability test. Viable
combinations were checked for adult PCP phenotypesThese experiments revealed that
the 6 new alleles isolated on the second chromodgalinato 6 independent complementation
groups, while the mutants on 3R can be classifienl 22 complementation groups: one with
5 members, one with 2 members and 20 individualed|(Table 1.).

Having these results in our hands and after thedqtlpic characterization of our new

candidates, we selected two complementation grdapsfurther mapping and detailed

analysis.
Known PCP genes
2R (7300X) 2L (7400X) 3R (8100X)
fmi (18) ft
stbm (1) ds (1)
dgo fy
RhoA frtz (4)
pk (1) bsk
f]
jun

New PCP genes
3independent 3 independent 1 complementation group
complementation groups | complementation groups | (5 members)

1 complementation group
(2 members)
20independent
complementation groups

Table 1. Summary of the results of the mutagenessereen.In the columns are shown the number of
crosses made for each chromosome, the known gerthe sespective chromosome and in brackets thdoeum

of alleles isolated by us for the known genes. Bethe number of new alleles are represented in red
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Phenotypic characterization and mapping of the complementation group with five
members

The PCP mutants of the complementation group vivgh ihembers isolated from the
mutagenesis of the 3R were originally designate8las.T.4 82.1.7.282.3.4.582.6.7.1and
82.4.2.1.These mutants exhibit PCP phenotypes that are atkasdic to the primary polarity
genes, as they are manifested in all tissues exahso far. On the notum we detected shorter
and misoriented sensory bristles (Figure 12. Bj,tlee wing they exhibited multiple wing
hairs and weak hair orientation defects (Figure A2. whereas in the eye misrotated and
symmetrical ommatidia can be observed (Figure 12. C

All members of this complementation group were hpygous lethal, and the
transheterozygous combinations were lethal as Beltause in mutant clones these 5 alleles
displayed very similar PCP phenotypes, it seem&dlyli that the lethal hits on these
chromosomes are mutations of the same gene thegpsnsible for the PCP defects. If it was
not the case, we should assume the very unlikéhatson that we hit the same gene five
times and additionally, we induced an independ&® hutation on the same arm in every
case. Therefore, to map this complementation greepmapped the lethality by deficiency
mapping. For this purpose we used deletions ungayenost of the 3R chromosomal arm.
This analysis led to the conclusion that all fivwethbl alleles map to the 99B7-B10
chromosomal region (Figure 13.).

The 99B7-B10 chromosomal region contains 12 geMest of them are described as
housekeeping genes or having roles in olfactiothdigh we could not formally exclude the
possibility that such genes play role in PCP, weught that out of the 12 genes the best
candidate for being affected by our mutationKuzbanian-like(Kul) because it has recently
been reported that RNAiI mediated silencing of tiesie leads to the formation of multiple
hairs on the wing (Sapir et al., 2005). To test thipothesis, rescue experiments were carried
out with a genomic rescue construct containingftiidength Kul gene. The presence of one
copy of this construct was able to rescue the ligghaf our mutants therefore we concluded

that our mutants are indeed n&wl alleles.
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Figure 12. PCP phenotypes of the 3R complementatigroup with five members(A, A’) wild type
(A) and82.1.T2(A") mutant wings (A region). Note the multiple hghenotype and hair orientation defects on
mutant wing (A’). On the82.4.2.1mutant notumB’) the bristles are shorter and misoriented comptoete
wild type B). (C’') In 82.1.T.4mutant’s compound eye misoriented ommatidia (redvas) and symmetrical

ommatidia (blue arrows) appear (in comparison Withupper wild typ€).

The Drosophila Kulgene encodes a polypeptide with 1534 amino-atids show a
significant homology with the human ADAM10 metaliopease (Sapir et al.,, 2005)
consisting of several conserved domains: SP domBno; domain, metalloprotease,
desintegrin homology, cystein rich transmembrarg iatracellular domains (Figure 14.) In
order to determine the precise place of the mutatio our newly isolate&ul mutants, we
cloned and sequenced them. We found that our nsutanild be classified into two groups.
In the Kul®*>T4 KuP?1 T2 Kulf#3**and Kul®?*®"alleles, a Cysteine amino-acid in position

481 was changed to Arginine; while in thel®****

mutant a Valine residue in position 603
was changed to Alanine (Figure 14.). Given thase¢hare conserved residues within the
functionally important metalloprotease domain, msults suggest that we have isolated LOF

alleles ofKul with reduced protease activity.
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|
DF(3R)Exel6212 —
99AL; 99A5

Df(3R)01215
99A6; 99CL

DIBRPtp(19A)(R3) —
90A7

Df(3R)Dr-rv1
99A1; 99B11

Df(3RED6310

98F12; 9982

Df(3R)ED6311
99A5; 99B7 \

Df(3R)ED13102
99B1; 99B10 1 1

99B7-BB10

Figure 13. Deletion- based mapping of the complemeatton group with five members. The red
lines represent deletions that do not complement rautants, while the black lines the deletions that
complement the lethality of our mutants. Based @megic mapping our mutants carry the mutation W98B7-

B10 chromosomal region.

SF Pro-domain Metalloprotease Desintegrin Cys-rich TM Intracell
481 603 1534 aa
CR vV A
82.1.T.4 82.4.2.1
82.1.T.2
82.3.45
82.6.7.1

Figure 14. The domain structure of theDrosophilaKul protein, and the position of the mutations
induced in Kul. In the upper part of the figure the domain strreetof the Kul protein is shown. Four of dgul
alleles carry a C481R mutation, while one of thdants carries the mutation in the 603rd positioreneV was

changed to A. Both mutations occur in the metatigase domain of the 1534 amino acid long polygdepti

Previous work demonstrated tHatosophila Kulplays a role in the cleavage of the
Notch ligand Delta both in cultured cells and i thing (Sapir et al., 2005). The double
stranded RNA (dsRNA) "knock down” constructkdil (dsKul)resulted in the appearance of
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multiple hairs and partial vein loss when expressetihe wing (Sapir et al., 2005). Despite
the intensive former studies, the Notch pathwayrtmadeen linked to multiple hair formation
in the wing. Conversely, the Notch pathway is knotenplay role in the regulation of
ommatidial polarity (Baonza and Garcia-Bellido, @GHowever, unlike for the case Ktil,

the loss of Notch or Delta in the eye has minoceafbn ommatidial rotation. Taken together,
these results suggest thul regulates planar polarity establishment in a N@ela
independent way and we have therefore revealeceaously unknown link between the
ADAM metalloprotease family and PCP establishmamriosophila What is the substrate of
Kul during PCP signaling, is a critical questionaiidress however, for the moment it awaits

future investigations.

Mapping of the 82.1.4.Imutant

The other complementation group chosed for detailealysis was identified by the
82.1.4.1 mutant, isolated from the mutagenesis of 3R. Timistant displayed weakly
misoriented and multiple hairs on the wing in matglones, was homozygous lethal, and the
cross- complementation analysis demonstrated thddes not complement any of the other
newly isolated alleles on 3R. To determine if tle¢hality is associated with the PCP
phenotype, we used a recombination- based mappiategy. During this experiment we
found that the PCP phenotype is not associated with lethality, as we isolated 3
independent recombinants (later we designated @emM69A) that still exhibited the PCP
defects but lost the lethal mutation. The lethd¢lal has turned out to be a second site
mutation on 3L, while the polarity mutation was rpeg to the genomic region between 82D
and the recessive marker gengled (cu) located in 86D. For our further studies we only
used the T69A recombinants that lost the secora lsthal mutation. Subsequently, we
delimited the position of the T69A allele to theB&C1 chromosomal region by deficiency
mapping (Figure 15.).

42



83B 83C
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
I | | | ] 1 ] | | | | 1 | 1 | | L [ 1 ] | |
l T T T T T T T T T T l T T T T T T T T T T
Df(3R)Exel7283 83B7-C2 -
Df(3R)BSC47 83B7-D1 =
Df(3R)Tpl10 83C1-2 -+ —_—
DI(3R)ED5187 83878 + ——
5-HA-1651 83B7 +
Df(3R)Exel6145 83c1-4 +
83B8-Cl1
40 kbp
5 predicted genes
GenBank Scaffold
AREOOZ602
Transgene insertion site
E‘-CESS}E:SZz-.l‘lZl_. E{EPQHZ}E\QSZZQ E{EPE'AZ}EYUOESI. IE(XP}caS[tllf!?Zﬁ]
V ‘EEal:{RB}EahZ3[E019731 1P{IS.E!.IE}»MP.’SESQ*E*l
fCETl}SGGZ:’}iE 7'?([35I-lB}NP6656-3»1
?{lach‘}cas[JlEZ]
P-(’XF‘}(&S[-’AOEG\E?\J
?{BawB}NF‘5545f571
Gene Hodel
CG14674 Elx
%16744?9‘“_’ Elyfﬂﬁ
E\lk*RE
Cytologic band
57 8389 83C1 3
Base ruler il
FO7K 1517k 1527K 1537K
Rab23-RA CG2104 cas
- <
Rab23 CG2104-RA cas-RA
=2 flceu ax i gy e |
LNE*J{}SZS‘S
PBac{PB}c03119 P{xP}cas[d09216]
2 ‘b{GauB}NPOﬂiOvS—i
" pexPycastdooss?
g I—‘{EpgyZ

Figure 15. Schematic representation of the deletiobased mapping oilRab23%%*. (A) The red lines

represent the deletions that do not complementrautant, while the black lines are the complementings.

(B) The 83B3-C1 genomic region of the 3R chromosadnayding theRab23gene (Flybase).

This small region is about 40 kbs long and containky five genespollux (plx),
castor (cag, CG14674, CG2104 and CG2108. Former phenotypatysis of plx andcas
(Flybase) made them unlikely candidates for beagponsible for the PCP defects, whereas
mutational analysis was not available for the otheee genes. CG14674 encodes a protein
with unknown function, CG2104 encodes a putativesine phosphatase activator, whereas

CG2108 encodes tHarosophilaRab23orthologue. Because RNAI constructs were available
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for the latter two (VDRC- Vienna Drosophila RNAI @er), we first tested these and found
that the wing- specific silencing of CG2108 indu¢kd formation of multiple hairs (Figure
17. J), whereas silencing of CG2104 had no phemotgifect (not shown). These
observations made CG210Bgb23 the best candidate to be affected by8Bel.4.1polarity
mutation. Indeed, sequence analysis revealedhib&®2t1.4.1.allele carries a point mutation
in the Switchl region of the GTPase domainRefb23 a Threonine to Alanine transition
affecting an amino acid residue that is invariantthe whole small GTPase superfamily
(Figure 16.) (Vetter and Wittinghofer, 2001). THere this allele was nameBab23°%"
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Figure 16. The position of theRab23®** mutation. Multiple alignments of different Rab family
members reveal a high level of conservation in @EPase domain indicated with a black line above the
alignment. TheRab23%"* mutation affects a threonine residue (T69A) thatnigariant in the whole small

GTPase superfamily (arrow).

44



The Rab23%” allele is semilethal (the lethal phase of mosttld homozygous
animals is between late L2 and early L3 larvalarst but homozygous animals occasionally
survive to adulthood and display a strong multipdér phenotype and mild hair orientation
defects on the wing (Figure 17. C, D, F). Althoulese trichome orientation defects are
ralatively mild compared tdz and dsh they are exhibited in everigab23 mutant wing.
Whereas in wing sectors B and C (Figure 17. A) lmientation is midly affected, the
deflection from wild type orientation is obvious sectors A, D and E (Figure 17. A-B and
not shown), clearly indicating a requirement foir lngientation.

Isolation and characterization of newRab23alleles

To test our point mutant allele and to increase namber of independemab23
alleles for further experiments, we generated riRab23 alleles by remobilizing the P-
element lineP{RS5}5-Sz-3128&:siding in the first intron of thRab23gene (Figure 18.). PCR
analysis of the P element excision candidates hawars that we have isolated two deletion
mutants (50/3, 51/1) (data not shown) but accorttintheir phenotypic analysis only one of
them, namedRab23*was homozygous viable and displayed a strong nielkigir phenotype
(Figure 17. G ), therefore we have used this aftaléurther experiments.

Further, we tested the neRab23" allele in combination with our point mutants.
Rab23' is viable overRab23%* and this combination displays a strong multipler hai
phenotype. Similarly, both mutations are viable rogeficiency chromosomes uncovering
Rab23and both exhibit multiple wing hair phenotypessuth a genetic background (Figure
17. H, 1). Because the severity of the PCP phemoigpalmost identical in these mutant
combinations, ouRab23alleles genetically behave as strong loss-of-foncfLOF) or null.

In agreement with this, it has already been repdtiat impairment of the Threonine residue
(T69 in Rab23) in other small GTPases leads to édsfsinction (Vetter and Wittinghofer,
2001) (Figure 16.). With respect to the excisidel@) we revealed by molecular cloning that
Rab23" encodes a hybrid transcript consisting of the fmsn coding) exon dRab23 part of

the first intron ofRab23 followed by 443 base pairs from the 5’ end of BJRS5}5-Sz-3123
transposon spanning from 5’ ITR until the end of FDRO’Hare and Rubin, 1983) that is
fused to the third exon &ab23(Figure 18. ). If translation from this fusionnsript begins
with the ATG of ORFO, the predicted fusion prot&rentirely devoid oRab23sequences
because ORFO and the third exorRaib23are not in the same phase. If a downstream ATG

would be used, according to our sequence anaM&i8,(Methionine) of
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Figure 17. Rab23mutant wings display PCP defects(A) A schematized wing indicating the main
wing blade regions (A-E) and the two cross-veire/(@nterior cross vein, pcv: posterior cross veldiytal is
on the right and anterior is on top on all pan@fdd type wing cells exhibit a single, distally ping hair 8,
E), whereaRab23%* (C, D, F) andRab23" (G) mutant wings exhibit multiple hairs and oriertatidefects in
every wing regions. Photomicrographs were takemftioe A region (B, C), the C region (D) and thedgion
(E-L) of the wing (dashed areas in panel A). Win§Rab23°*4Df(3R)BSC47H), Rab23Y/Df(3R)BSCA4TI),
and wings in whictRab23is silenced by RNAIJ), also display multiple hairs and hair orientatitefects. K-

L) The wing PCP phenotypes induced Bgb23can be fully rescued by a single copy of the Ra@3omic
rescue construct (Rab23-GR))( and byAct-Gal4driven expression dJAS-YFP::Rab23L ).

Rab23 is a potential alternative starting pointwéeer, translational initiation from here
would result in a mutant Rab23 protein that is llagi52 N-terminal amino acids, including

15 from the highly conserved and functionally esis¢mpart of the GTPase domain (Santos
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and Nebreda, 1989). Thus, these results suggest®ab23* encodes a functionally strongly
if not entirely impaired protein.

The multiple hair phenotype of tiRab23alleles can be fully rescued by providing a
single wild type copy of th&®ab23gene, whereas the semilethality of Rab23°* allele
could not be significantly rescued probably dueatmearby second site mutation on the
chromosome (Figure 17. K). The LOF analysis andéseue experiments together show that
Drosophila Rab23s not essential for fly viability, but, it is ioWwed in the regulation of wing

hair number, and to a lesser degree, wing hantation.

P(RS5)5-Sz-3123 —S00bp
5’ -
ATG
RH23273
1.7 kb of P-element 5' ) Rab23"

ATG STOP
Rab2351transcript
ORFO

Figure 18. Isolation of newRab23alleles.The upper line indicates thitab23genomic region and the
position of theP{RS5}5-Sz-312@-element (triangle) insertion line that was usedenerate thRab23" allele
(bottom line). The structure of the RH23273 ESThelocorresponding to the full leng&ab23cDNA, is shown
in the second row, black color indicates the codiggjon; white color indicates the untranslatedaeg The

possible transcript from tHeab23 deletion- carrying gene is shown at the bottonhefpianel.

Drosophila Rab23mpairs hair polarity and number on the adult cuticle

Because PCP appears also in tissues other thawitige we examined the eyes,
notum, legs and abdomen Bfab23 mutants. We found that ommatidial polarity and the
orientation and number of the epidermal bristlesh@ennotum (not shown), legs and abdomen
are the same as in the wild type and these mutaats lack the duplicated dorsal joint
phenotype typical for the core PCP mutants (Figl®e. ConverselyRab23 affects the
orientation and number of the trichomes covering ldgs and abdomen. The orientation
defects are equally evident on the tergites, desmand pleural regions of the abdominal
cuticle, and also on the leg (Figure 19. B, D, B, Hhterestingly, hair polarity looks

randomized all over the tergites (Figure 19. Rt th different from other PCP mutations
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Figure 19. Rab23 affects hair polarity on the leg and the abdominal cuticle. (A-B)
Photomicrographs taken from the femur (male fiegf)| the third sternite (femalef{D), the fourth tergite
(female) E-F), and pleural regions of the adult cutictg-H). Proximal is on left, distal is on right on A-B,
anterior is on top, posterior is on bottom on Q#4) A wild type leg exhibiting distally pointing hairand
bristles. B) A Rab23 mutant leg is covered by distally pointing bristlehowever, trichome orientation
defects,and occasionally the formation of multipders are evidentQ) Hairs and bristles of a wild sternit&)(
tergite, and pleura@) point posteriorly. IrRab23mutant sternitel), tergite £), and pleuraH) hairs display

largely randomized orientations and the appearahceultiple hairs is also evident whereas, bristlentation

is not significantly altered.
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exhibiting polarity reversions or orientation defeaffecting only certain areas along the
anterior-posterior axes of the tergites (Casal.e2802; Lawrence et al., 2004). Additionally,
the formation of multiple hairs is also obvious thie leg and the abdominal cuticle (Figure
19. B, F). Together, these findings suggest Redi23identifies a unique class of PCP genes
that is specifically required for the regulationto€home orientation and number in different
body regions without affecting the polarization thfe multicellular structures such as

ommatidia and sensory bristles.

Drosophila Rab23as no role in Hedgehog signaling and CNS developmt in flies

Because former work revealed that the modab23orthologue gpen brain2 is an
essential negative regulator ®dnic- hedgehofshh signaling during neuronal patterning of
the mouse embryo (Eggenschwiler et al., 2001), eeewurious whether it has the same role
in Drosophila However, we found thd®ab23is not expressed in tH2rosophilaembryonic
CNS (central nervous system) (data not shown)wike, CNS defects were not detected in
Rab23 mutant embryos and therefoi@ab23is unlikely to play a role in any aspects of
neuronal development in flies. Nevertheless, Drbgaphedgehog(hh) is required for the
proper development of many different tissues frombeyonic stages to the adulthood
(Ingham and McMahon, 2001). Thus, to determinBribsophila Rab23lays a role in Hh
signalling in tissues other than the CNS, we amaly®ab23homozygous mutant embryos
and adult tissues. We found no evidence fdRab23requirement in Hh signaling, as for
example the embryonic cuticle pattern or anterimstprior patterning of the wing remained
normal in our mutants (data not shown). MoreoveRab23were a negative regulator of Hh
signal transduction in flies, the lossR&b23should activate the Hh pathway (such as the loss
of patcheddoes) and would lead to similar phenotypic effestshe overexpression of Hh. In
case of the abdominal cuticle Hh overexpressionaed reversed hair polarity (Struhl et al.,
1997, Lawrence et al., 199%hich is clearly distinct from the effect &ab23that induces
randomized polarity and multiple hairs (Figure 1. Thus, our findings indicate that
although the Rab23 protein has been highly condethieoughout evolution (Guo et al.,
2006), its role in Hh signaling is likely to be tésted to vertebrates.

Rab23influences the place of prehair initiation and act cell autonomously inDrosophila
pupal wings
To investigateRab23function at the cellular level, we examined prelaitiation in

Rab23" homozygous pupal wings at 31 hours APF. We obsetivat- similarly to mutations
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of the In group genes- in the absenc&®ab23 presumably as a consequence of the failure to
restrict the site of actin accumulation, many cdééselop more than one prehair in abnormal

positions around the cell periphery (Figure 20.8’). We observed an increased amount of

» D237 Fmi

Rab23™* clones 32h .

Figure 20. Rab23 impairs prehair initiation. (A-A” ) Prehair initiation in wild type pupal wings at 31
hours APF. Note that each wing cell develops amaith prehair at its distal vertexB{B”) Apical actin level
is increased ifRab23* mutant pupal wing cells, many of which fail totrést prehair initiation to a single site.
(C-C”) Z axis projections of the wing shown in panebByjection is shown along the white line indicatedB-
B”. Note that Fmi and actin are accumulated nearatpical cell surfaceDtD”) Prehair initiation is delayed in a
Rab23°** mutant clone (derived from the proximal half ofngisector C, and marked by the absenc@-gél
staining, in blue) as prehairs are shorter in thegamt tissue than in the surrounding wild typeutssNote that
some cells initiate multiple hairs that form arouhd cell periphery. Moreover, the P-D accumulatbirmi is
partly impaired within the mutant tissu&-E”) Multiple hairs are not seen outsideR#b23°** mutant clones
indicating thatRab23acts cell-autonomously. In all panels, cell bosdare labeled with Fmi staining (green in
AA’,B,B',C,C',D,D’,E and E"), actin is labeled imed in A,B,C,D,E and E’, and in white in A”,B",C",Dand

E". Scale bar: 1@um. Proximal is on left, distal is on right on adinels.
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disorganized apical actin filaments in mutant tssuFigure 20. B’, C’). The above-
mentioned phenotype is also presenRab23°** mutant clones (Figure 20. C- C", D- D").
This clone analysis demonstrated that actin accatioul is somewhat delayed in tRab23
mutant tissue (Figure 20. C'- C”). This delay istmaularly obvious in clones induced in the
proximal half of the wing sector B and C (in 85,d%the clones, n=23), conversely the delay
is less frequent in clones from distal B and C @®c(25%, n=20). Clones with delayed
prehair initiation are more randomly distributedwmg sectors D and E in about 50% of
clones examined (n=36). Beyond these effects, Ra&u®8 in a cell autonomous menner
(Figure 20. D-D”), as the presence of the multipdér outgrowth was always resticted to the

mutant area.

Rab23is required for hexagonal packing of the wing epftelium

Recent studies uncovered that the wing epitheélis @re irregularly shaped throughout
larval and early pupal stages but most of them imecbexagonally packed shortly before
prehair formation (Classen et al., 2005). It ha® deen shown that the core PCP proteins
partly interfere with normal cellular packing (Céas et al., 2005). While analyziipb23
mutant wings, we noticed that some of fRab23 mutant wing cells also fail to adopt a
hexagonal shape at around 30-32 hours APF (FigurBR We quantified this effect in the D
intervein region of the wing (Figure 21. C), andrid that in wild type wings the ratio of non-
hexagonal cells is about 11%, whereas inRa823°%* homozygous mutant wings this ratio
is increased to 27% (Figure 21. C). As a compayis@measured the packing defects in two
core PCP mutantstbn? anddsH, where the ratio of the non hexagonal cells was 20
28%, respectively (Figure 21. C). Because the gtreaf theRab23-induced packing defects
is comparable to the effect of the core mutatitimsse data suggest tiRab23might also be

an important determinant of cellular packing.

The Rab23induced multiple hair phenotype is not correlatedwith the packing defects

To address whether the multiple hair phenotype antlle hair orientation problems
induced byRab23 correlates with the packing defects, we compaled average prehair
number of hexagonally and non-hexagonally padRed23mutant wing cells. However, we
failed to reveal any correlation between the preseari multiple hairs and the cellular packing
defects (Figure 21. D). To extend this analysis,investigated the packing defects of other
mutations causing multiple hairs such ias frtz and mwh These mutants exhibit weak

packing defects (Figure 21. C), and similarly te tase oRab23 the formation of multiple
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hairs does not appear to correlate with irreguir shape (Figure 21. D). Taken together,
these results demonstrate that cell packing hadimet effect on the number of prehair
initiation sites in the wing epithelial cells.
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Figure 21. Rab23impairs hexagonal packing of the pupal wing cellshut packing defects do not
correlate with the formation of multiple hairs. (A) DE-cadherin staining in wild typend @) Rab23" mutant
pupal wings at 30h APF. In wild type wings by thiage of development most cells acquire a hexagdragde,
whereasRab23 wings display an increased ratio of non hexagamdls (indicated with white dots).C}
Quantification of the ratio of the non-hexagonahaped cells in wild typ&ab23mutant and other PCP mutant
wings. We examined 10-25 wings for each genotypd @wunted at least 100 cells per wing. To test for
significance we applied thetest as a statistical method, P indicates proibgb{D) Quantification of the ratio
of cells that exhibit multiple hairs in hexagonaihfte columns) and in non hexagonal (gray colunuads in

Rab23® in* andfrtz* mutants. Scale barsy8n. On A and B panels proximal is on the left, disaon the right.
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Rab23is required for the late cortical polarization of the core PCP proteins and In

We demonstrated th&ab23has a role in hexagonal packing of the wing epiihe
Because this process depends on correct asymnhétidedization of the core PCP proteins
(Classen et al., 2005), we were curioufRk#b23influences the asymmetric localization of
these proteins in pupal wing cells. To this end,finst examined the localization pattern of
the core PCP proteins Rab23* homozygous mutant pupal wings. We found that byp@4
hours APF core PCP proteins accumulate into agitardl complexes however, they fail to
polarize properly in &Rab23 mutant tissue where the PCP complexes are natiesftiy
removed from the anterior-posterior cell membravfasmany of the wing cells (Figure 20. B,
and not shown). We obtained similar results whenlae&ed at PCP protein localization in
Rab23°%9* mutant clones (Figure 22. A-C’). Moreover, we petl that inRab23°** mutant
clones that exhibited a delay in actin accumulationslocalization was always evident
(n=26) in most part of the mutant tissue independéthe wing region the clone was formed.
In clones that did not exhibited a delay in actotwanulation, localization was strongly
affected in the distal C region in every case ()=TQ other wing sectors the effect was
restricted to a smaller region within the clones24). Thus instead of a regional specificity,
it appears that altered PCP protein localizationretates with the delay of actin
accumulation. In agreement with this, we were umablfind a regional specificity iRab23"
homozygous mutant wings. Instead, smaller or laageas in which the “zigzag” pattern was
altered were evident in all wing sectors (n=25).

It has been shown previously that In localizati@pehds on the correct localization of
core PCP proteins (Adler et al., 2004), so we assuthat the asymmetric localization of In
might also be altered irRab23 mutant wing cells. Indeed, the analysis R&b23"
homozygous mutant wings afib23°%%* mutant clones strengthened our assumption, as we
found that the lack dRab23impairs In localization as well (Figure 22. D, D’)

Recent data suggested that asymmetric PCP pratetnmalation is not restricted to the
period of 24-32 hours APF but it is also visibledarly pupal wings until 6 hours APF
(Classen et al., 2005). Therefore, we decided t@stigate if Rab23 affects the early
polarization of the PCP proteins. When we examifel distribution in early, 6 hours- old
Rab23* mutant pupal wings, we failed to detect any probla Fmi distribution (Figure 23.
A-B).
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Rab23"** clones 30h" -

Rab23™ clones 30h

Figure 22. Rab23 is required for correct localizathn of the PCP proteins.(A-D’) Rab23%* mutant
clones at 30 hours APF, marked by the absen@egafl staining (blue). The proximal-distal polaripat of Pk
(in green) A, A’), Stbm (in green)R, B’), Fmi (in green) ¢, C’) and In (in green)¥, D’) is impaired in many
of the mutant cells. Sometimes the angle of pglasitnot well correlated from cell to cell (bessiale in A’,
D’), or the PCP protein complexes are not effidenémoved from the anterior-posterior cell bounesrand
the “zig-zag” pattern is lost (obvious in B’, CBPhotomicrographs were taken from the C region (Bar@l the
D region (A, D) of the wing. A’, B',C’ and D’: sing images of the green channel of A, B, C and Rl&bar:
10 um.
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Figure 23. Rab23is not required for the early polarization of Fmi. (A-A’) Wild type pupal wing cells
display a partial polarization of Fmi distributigwhite) at 6 hours APFA), schematized on panel A’A()

Black lines are drawn between cells with coheremi Bolarity. B-B’) Fmi distribution (white) inRab23*

mutant pupal wing cells displays a similar levelpolarization at 6 hours APF as in wild type. ®char: 10

pm. Proximal is on the left distal is on the rightall panels.

As we pointed out aboveRab23is also required for hexagonal packing of the wing
epithelium therefore it was necessary to clarifythe abnormal- looking PCP protein
localization is not simply the consequence of iatag packing. In order to address this issue,
we carefully examined Pk localization in wild tymend Rab23 mutant wings in such
hexagonal cells, whose all six neighbours were ¢exally shaped as well. This analysis
revealed that &ab23mutant hexagonal cell has significantly higherofabtwice as high)
chance to display impaired PCP protein localizatioan a wild type cell (Figure 24. C).
Because impaired PCP protein localization is aswmeaated with cellular packing defects in
the core PCP mutants, as a comparison, we apiisdapproach talsh” mutant hexagonal
wing cells. In agreement with previous work thabywded a general assessment of Pk
localization indshmutants, we found thatshstrongly impairs the asymmetric accumulation
of Pk in hexagonal cells (Figure 24. C). Hencepipears that the core PCP mutations have a
stronger effect on PCP protein polarization thamt tlof Rab23 Since asymmetric
accumulation of the PCP proteins is likely to semgea critical cue for cell polarization, the
subtle but significant alterations in wing hair quity probably produced brab23are best
explained by the similarly moderate effect on PGametries.
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Figure 24. Pk is mislocalized in hexagonally packeRab23and dsh mutant wing cells. (A-B) Pk
staining (white) on wild typeA) and Rab23" mutant wings B). Pk localization was examined in those
hexagonally shaped cells whose all neighbors wexadonal as well, white circles represent cell$ witpaired
Pk localization. Note tha®ab23' mutant wings exhibit a higher ratio of cells widitalization defects than wild
type. C) Quantification of hexagonal cells with impairek IBcalization in wild typeRab23* mutant andisH
mutant wings. 6-15 wings were analyzed for eactoggre. To test for significance we applied thest as a
statistical method, P indicates probability. Sdades 5um. Proximal is on the left distal is on the right all

panels.

Taken together,Rab23 is required for the late (24-30 hours APF) apicaltical
polarization of the core PCP proteins and In. HevgRab23does not appear to be involved
in core PCP protein polarization during the earlypg life. These results suggest that,
similarly to Dsh and Pk, Rab23 plays a role onlyhia late phase of PCP protein polarization,
and thus, consistent with its cell autonomous naidection,Rab23is likely to be involved in
the establishment of intracellular asymmetries aathmajor contribution to intercellular PCP

signaling prior to the establishment of intracelhihsymmetries (Srutt and Strutt, 2007).

The subcellular localization of Rab23 in developingupal wing cells

To gain insight into the mechanism whereby Rab23rdmites to core PCP protein
localization, we examined the subcellular localmatof Rab23 in developing pupal wings.
During the first set of experiments we used an-Rath23 serum raised in our laboratory.

However, this antibody was not suitable for immustdthemical analyses because of
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background problems. To get around this problemexpgessed a YFP::Rab23 fusion protein
to assess localization in wing cells. As a contmd first tested the YFP::Rab23 fusion
construct in rescue experiments. Because YFP::RdblB rescued theRab23 mutant

phenotypes (Figure 17. L), we considered it fullpdtional. We found that between 24 and
32 hours APF, when the core PCP proteins repolatiee YFP::Rab23 protein expressed
uniformly in the wing exhibits a strong plasma meamg association in the junctional zone
and also in the basolateral zone (Figure 25. A, Bi)d a weak staining is evident in the
cytoplasm with occasional accumulation in punctsteictures in the sub-apical region
(Figure 25. A- B”). We detected a very similar |bzation pattern before 24 hours APF (not

Sal-Gal4 /+; UAS-YFP::Ra

Sal-Gal4 /+; UAS-YFP::Rab23/+ YFP

YFP::Rab23 flip out clones

Figure 25.The subcellular distribution of YFP::Rab23 in pupal wing cells.(A-A") In the junctional
zone the YFP::Rab23 protein (in green) is enricineithe plasma membrane of pupal wing cells andlayspa
diffuse staining in the cytoplasm. In the basokdterone B-B”) YFP::Rab23 is also enriched in the plasma
membrane, but staining in the cytoplasm is muchkeethan in the junctional zone. Pupal wings demiain A-
B” were stained at 39 hours APF at 22°C (correspantb 31 hours APF at 25°C), actin is labeleded in
these panels.G-D”) The subcellular localization of YFP::Rab23 (greemxpressed in flip-out clones. DE-
cadherin (red) labels the junctional zone. Noteldo& of any obvious proximal-distal polarizatidd-C”), and
the strong co-localization with DE-cadherin in fhactional zoneD-D”). D-D” display a Z section of the wing
along the white line indicated on C-C”. Proximabis the left, distal is on the right on each paBehle bars: 5

pm in A-B and 2Qum in C.
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shown) and at 36 hours APF. The expression of thB:XRab23 fusion protein in flip-out
clones also led to similar observations and impoigait confirmed the lack of any apparent
proximal-distal polarization (Figure 25. C- D”). 0%, Rab23 itself does not appear to display
a proximo-distally polarized distribution from tbaset of pupal development till shortly after
trichome placement.

As a comparison, we examined the localization pattef YFP::Rab2%3%., a
constitutively active (CA) (Figure 26. C) and YRARap23°™N a dominant negative (DN)
form of Rab23 (Figure 26. B). The overall pattewese similar to wild type YFP::Rab23, but
the activated form displayed stronger membranecestson, whereas the DN exhibited higher
accumulation in the cytoplasm than wild type. Tisisn agreement with the membrane cycle
model for Rab GTPases (Behnia and Munro, 2005). abdkecluded that although the
localization studies are based on overexpressiogy t@re likely to reflect the normal

localization of Rab23 to a grate extent.

YFP::Rab23 — | YFP::Rab23™ YFP::Rab23**

Figure 26. The subcellular distribution of DN and CA YFP::R&bix pupal wing cells.A) In the
junctional zone the wild type YFP::Rab23 proteim green) is enriched in the plasma membrane oflpwipg
cells and displays a weak diffused staining in dii®plasm as well.B) The dominant negative (DN) form of
YFP::Rab23 (in green) is partly membrane assocjdiat displays a stronger accumulation in the dgp
than the wild type proteinQ) The constitutively active (CA) form of YFP::Rab®8 green) is enriched in the
plasma membrane, whereas the cytoplasmic staiaisgmewhat weaker than that of the wild type pnotaiC
displays apical sections, while Z axis reconstomngi(made along the white lines indicated on A+@) shown

below these panels. Scale bar:utQ.
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Next, we addressed the question whether increasedirgs of Rab23 would affect
wing development and PCP protein localization. Heeve overexpression of YFP::Rab23
had no effect on wing development and the prot&nndt impair PCP protein localization.
Similarly, overexpression of EGFP::Ra?2%, a constitutively active form of Rab23, had no
effect on pupal wing development either (not showwi)ile the DN induced a weak multiple
hair phenotype that was much weaker than th&aif23" (not shown). Therefore this allele

was not used for further studies.

Rab23 associates with the Pk protein

As Rab23seems to be required for PCP protein polarizatiee,wondered whether
core proteins might be directly regulated by, moasated with Rab23. Because YFP::Rab23
displays a strong, uniform membrane associatiomvexpressed in pupal wing cells, and the
core PCP proteins are also enriched in membran@leass, our initial colocalization studies
in pupal wings were not informative with regard ttee identification of potential Rab23
partners. To address this question, we WexsophilaS2 cells in which Rab23 and the core
proteins are normally not expressed or only exgesst a moderate level (Bhanot et al.,
1996). We analysed the subcellular distributiothef core proteins in S2 cells in the presence
of Rab23. We examined if protein localization wéierad by Rab23 in Fz/Dsh and Stbm/Pk
co-transfected cells (data not shown). These gudgkto the conclusion that the presence of
Rab23 does not modify the subcellular pattern efdbre proteins including the membrane
localization of Fz (Figure 27. A- C) and Fz/Dsh.w&ver, we noticed that while Fz, Dsh and
Dgo do not exhibit a significant degree of colarafion with Rab23 (Figure 27. A-B”, and
not shown) (for Fz 0% of the cells exhibited colaeion, n=29), the Stbm and Pk proteins
partly colocalize with Rab23 (Figure 27. C-D”). Thiegree of colocalization is higher
between Rab23 and Pk (96% of cells, n=54) than Ralb® Stbm (compare Figure 27. C” to
D”). Because the Stbm and Pk proteins did not sloet membrane localization when
expressed alone or together (not shown), it was pustsible to test directly if Rab23
dependent endocytosis affects the subcellularilgigion of Stom and Pk. Nonetheless, these
results suggest that Rab23 might affect core prdteialization by regulating Stbm and/or Pk
distribution.

Consistently, the activated form of Rab23 (Rab23Q)9@lisplayed a strong
colocalization with Pk (Figure 27. E-E”), whered®e tT69A mutant version of Rab23
(Rab23T69A, corresponding tdRab23°%) exhibited a significantly lower level of
colocalization with Pk (Figure 27. F-F”) (in 1 coit26 cells).
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Rab23Q96A Rab23Q96A

Rab23T69A Rab23T69A

Figure 27. Rab23 colocalizes with Pk in S2 cell§A-F") S2 cells cotransfected with Rab23 and Fz
(A-A”), Rab23 and DshB(B"), Rab23 and StbnCLC"), Rab23 and PKD-D"), Rab23Q96A and PKE(E")
and Rab23T69A and PE{F"). Rab23 is labeled in green, core PCP proteingadseded in red. Fz and Dsh do
not show a significant colocalization with Rab23',(B"), whereas Stbm and Pk display a partial oxenivith
that of Rab23 (C”, D"). Rab23Q96A, the activatednioof Rab23, exhibits a strong colocalization wtk (E-
E"), while the Rab23T69A mutation reduces coloaian with Pk (F-F”). Scale bar:im.
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To support the relevance of the observations mad&2icells, and to verify whether
Rab23 associates with Stbm andiRkivo, coimmunoprecipitation experiments were carried
out. Western-blot analysis of S2 cells transfestétth HA-tagged Rab23 demonstrated that
HA-Rab23 is specifically recognized by our anti-Rabserum, but not by the pre-immune
serum (Figure 28. A). The same was true for thefipdrHis-tagged protein (not shown),
therefore the anti-Rab23 serum appeared suitablbié@hemical experiments. Indeed, anti-
Rab23 co-immunoprecipitated Pk from wild type bat from Rab23' mutant pupal protein
extracts (28-30 hours APF) (Figure 28. B). In datalve were unable to detect Stbm or Fmi
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Figure 28. Rab23 associates with Pk in immunopredi@ation experiments. (A) Western-blot
analysis of non-transfected S2 cells, and S2 teltsfected with HA-tagged Rab23. Rab23-HA is dfpedly
recognized by anti-Rab23 and anti-HA, but not by pne-immune serum. The predicted molecular wedght
wild type Rab23 is 30kDa, whereas HA-Rab23 is ald@kiDa. 8) Immunoprecipitations from lysates of wild
type andRab23" homozygous mutant 30 hours pupae using anti-Rah8%robed with anti-Rab23 (upper left),
anti-Pk (upper right), anti-Stbm (lower left) anatigFmi (lower right). Rab23 co-immunoprecipitatek but not
Stbm and Fmi from wild type pupae, whereas Rab23Rincould not be precipitated frdRab23* mutants.
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in the Rab23 complex (Figure 28. B), despite tl flaat Stbm is known to bind Pk (Bastock
et al., 2003; Jenny et al., 2003). Thus, our daggest thaRab23interacts with Pk that could
explain the localization problems of Pk and, indilg the other core PCP proteins. However,
because the PCP complexes might be sensitive tchdmoical manipulations or might
undergo very dynamic changes, we can not exclud¢ Rab23 directly regulates the

distribution of Stom or some of the other PCP prstas well.

Dominant genetic interactions betweefRab23and other PCP genes

If the sole function oRab23would be to promote the cortical polarization & Bnd
may be some other core PCP proteins, one wouldcexpatRab23mutants would exhibit
similar phenotypic effects agk mutants or mutations of the core group. Howevee, w
observed that the strong multiple hair phenotypdrab23is markedly different from the
orientation defects exhibited by the core PCP ntatarhus, it appears th&ab23has two
distinct (albeit not necessarily independent) &o#iy during the establishment of tissue
polarity in the wing. The first is a role in lat€P protein polarization, while the second is to
restrict actin accumulation and prehair initiati@na single site. Consistent with a specific
role in the restriction of prehair formation, weufwl thatRab23dominantly enhances the
weak multiple hair phenotype of the core mutatif@?§ dsH, fmi™, stbnf, pk*sP***and
pkP*® without affecting the hair orientation defectsgiiie 29 and Figure 31. B). We also
observed that thRab23homozygous mutant phenotype is sensitive to the gese of the In
group (Figure 30. and Figure 31. E) which is knawrplay a role in the regulation of wing
hair number. Quantification of wing hair numbers mmutant combinations that were
homozygous foRab23and heterozygous for In group mutations have shibvatfrtz' andfy?
dominantly enhance the number of multiple wing $iaxhibited byRab23. The in,
Rab23°%%f Rab23" combination does not exhibit larger number of iplédt hairs in the A
sector of the wing (Figure 31. E) than tRab23single mutants, but increased multiple hair
number was evident in the D region (Figure 30. B, 1@ contrastRhoAandDrok mutations,
affecting two cytoskeletal regulators of trichomagement, do not exhibit genetic interaction
with Rab23(Figure 31. E). Moreover, we found that the mugtipair phenotype induced by
late hs-Fz overexpession (Krasnow and Adler, 1994) is enhduigeRab23(Figure 31. F).
This is again similar to the effect of In group etitins (Lee and Adler, 2002) but opposite to
the one ofRhoAandDrok (Strutt et al., 1997; Winter et al., 2001). Henttee dominant
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interaction studies suggest thRéb23cooperates with the core and In group of genesibut
with the Rho pathway during the regulation of wiragr number.

Figure 29. Genetic interaction studies with
Rab23and the core PCP mutations(A) Wild type
wing with single distally pointing hairsBj Rab23"
mutant wing exhibiting multiple hairs in a modetgte
strong densityfZ* (C), dsH (D), fmi"™ (E), stbnf (F),
pkesPe3 (G) and pk**° (H) wings displaying very
few, if any multiple hairs and strong hair orieidat
defects.Rab23significantly increases the number of
multiple hairs in theZYfZ* Rab28" (C’), dsH/dsH;
Rab28%+ (D'), fmi"™¥fmi"™, Rab23%+ (E),
stbnf/stbnf; Rab23Y+ (F), plksPel® pjekselely,
Rab28%+ (G’) and pk*°pk**® Rab23%+ (H')
mutant combinations. Photomicrographs were taken: -
from the D wing region and were positioned in the
same way like in Figure 17. Quantification of wing
hair number is presented in Figure 31. Proximalris

the left, distal is on the right on each panel.
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Figure 30. Genetic interaction studies
with Rab23 and in, frtz and mwh' mutations.
(A) Rab23' mutant wing exhibiting multiple
hairs in moderately strong density, like the
Rab23% Rab23%* mutant combination ing).
in' (C), frtz* (D) and mwH (E) mutant wings
exhibiting a large number of multiple hairs and
orientation problems. The'/+; Rab23Y/Rab23*
(C), frtz'/+; Rab23"/Rab23" (D’) and mvh'/+;
Rab23Y/Rab23" (E’) combinations exhibit larger
number of multiple hairs thaRab23(A or B).
Photomicrographs were taken from the D wing
region and were positioned in the same way like
in Figure 17. Proximal is on the left, distal is on
the right on each panel.
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Figure 31. Quantification of wing hair numbers in dfferent Rab23 and PCP mutant

combinations. (A) Schematized wing, multiple wing hairs were codrtethe proximal half of the A region on

the dorsal side of each wing (a square with dadined indicates the area)BY Quantification of wing hair

numbers in mutant combinations that were homozydoua core PCP mutation and heterozygousRab23

Rab23 dominantly enhanced the number of multiple wingrshaxhibited by core PCP mutationsC)(

Quantification of wing hair numbers in mutant conmddions that were homozygous for an In group morati

and heterozygous foRab23 (D) Quantification of wing hair numbers in mutant damations that were

homozygous foRab23and heterozygous for a core PCP mutation. The pumfmultiple wing hairs exhibited

by Rab23" is not sensitive to the gene dose of the core §&fes. E) Quantification of wing hair numbers in

mutant combinations that were homozygousRab23and heterozygous for an In group mutation or aatbmrt

of the Rho pathwayfrtz*, fy> and mwH dominantly enhance the number of multiple wingr$aixhibited by

Rab23', whereasiRo¥ and RhoA?" had no significant effect. Thia® allele also had no effect in this wing

region but in other wing regions it significantlynfenced the number of multiple hairs exhibited by
Rab23"/Rab23%°°” (F) Quantification of wing hair numbers in wings tleatpress hs-Fz. Note that bdtab23
alleles increase the number of multiple hairs peedu We examined 10-22 wings for each genotypde3iofor

significance we applied thetest as a statistical method, P indicates proivabil

65



Double mutant analysis ofRab23with core genes, In group genes anchwh

After the dominant genetic interaction assays, uather probe the relationship
betweenRab23and the PCP genes, we examined double mutant natrdns ofRab23and
mutations of the core PCP group, the In grouprandh Such an analysis has previously been
successfully used to determine the epistatic melatiip between the different PCP mutation
groups (Wong and Adler, 1993), therefore we wondieabout the position oRab23as
compared to the described hierarchy of PCP regslaWwe constructed double mutants of
Rab23* with fZ%, dsH, stbnf, pk**® in, frtz!, and mwh. This double mutant analysis
revealed that thelsh; Rab23 double mutant exhibited a combination of hair widggion
defects essentially identical to the ones visibledsH and a multiple hair phenotype
resembling theRab23single mutant (Figure 32. D, D’) and thus, thisars example of an
additive interaction. The double mutants Wittt andstbnf displayed the type of hair

Figure 32. Double mutant analysis with
Rab23 and core PCP mutations.(A) Rab23°%%"
and @) Rab23" mutant wings exhibiting multiple
wing hairs in a moderately strong densiw?* (C),
dsH (D), stbnf (E), andpk**°(F) wings displaying
very few if any multiple hairs, and strong hair
orientation  defects. The double  mutant
combinations offZ!, Rab28' (C’), and stbnf,
Rab23" (E’) display very high number of multiple
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orientation defects found in the correspondinglsiegre PCP mutants (Figure 32. C, C', E,
E’). However, they exhibited a synergistic interaestwith regard to their multiple hair
phenotype, which is stronger than the sum of thévidual mutants (quantified in Figure 35.
A). In the pk’**® Rab23combination we noted a partial suppression ofviigy strong and
stereotyped hair orientation defects typically eiteid by thepk’**° single mutant (Figure 32.
F, F). Additionally, with respect to wing hair nlo@ar, we observed an even stronger
synergistic effect than witfz and stom since thepk’*® Rab23double mutant exhibited a
very high number of multiple hairs (Figure 35. A)verall, the phenotype was almost
identical to that ofrtz* orin® (Figure 33. C, D).

The frtz"; Rab23* andin', Rab23°** double homozygous combinations displayed
essentially identical PCP defects as fe" or in® homozygotes (Figure 33. C, D’), except
that the average trichome number per cell was sdraehigher in the double mutants than in
the corresponding single mutant (Figure 34.). lnathe mwh Rab23 double mutants
displayed an identical PCP phenotype with thahwfhsingle mutants (Figure 33. E, E’).

Figure 33. Double mutant analysis with
Rab23and In group and mwh' mutations. (A)
Rab23%**and B) Rab23* mutant wings exhibiting
multiple wing hairs in a moderately strong density.
in' (C), frtz* (D) andmwH (E) wings show a strong
multiple wing hair phenotype with orientation
defectsin’, Rab23%%*(C"), frtz*, Rab23" (D’), and
mwh, Rab23' (E’') double mutant combinations
display identical PCP phenotypes as the
corresponding in  (C), frtz (D) or mwh (E)
mutations Photomicrographs were taken from the
same wing region and were positioned in the same
way like in Figure 17. Proximal is on the left, tdis
is on the right on each panel.
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With respect to the determination of prehair initia site, the double mutant analysis
revealed thain, frtz and mwh are epistatic tdiRab23 and therefore they are likely to act
downstream of, or later thddab23 However, the core PCP proteins appear to coapevigth
Rab23 in a more complex manner. In the double nissay they exhibit an additive or a
synergistic interaction in regard of wing hair nienbsuggesting that they act in parallel
and/or redundant signaling pathways. Yet, the d®@P mutations not only exhibit a
dominant genetic interaction with that Réb23 but Rab23 seems to bind Pk and appears to
play a role in cortical polarization of the PCPtgins, which makes it unlikely that they only

act through completely independent pathways.

A

E
Genotype Cell No. Trichome No.  Trichome/Cell

Rab23°! 1712 1916 1.119

Rab23 % 1471 1781 1.21

in’ 1806 2932 1.623
in',Rab23 0% 1495 2732 1.827
fitz! 1589 2277 1.432

fitz! ; Rab23°' 1702 3002 1.763

Figure 34. Quantification of the average number oftrichomes per cell in Rab23,in and frtz
mutant combinations. (A) Schematized wing, trichomes were counted in tledbn (area bordered by dashed
lines) immediately distal to the anterior crossnvéacv) until the line of the posterior cross véptv). B)
Rab23, (C) frtz* and D) frtz'; Rab23" mutant wings. Wing cells with more than two hairs indicated with
red circles. Note that the number of such celligher in the double homozygous mutant combinatti@m in
the single mutantsE) Quantification of the average number of trichormpescell inRab23and In group mutant
combinations. In double mutant wings the averagmber of trichomes per cell is always higher tharthia

appropriate single mutants. Proximal is on the Bfital is on the right on each panel.
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Figure 35. Quantification of wing hair numbers in dfferent Rab23and PCP gene double mutants.
(A) Quantification of wing hair numbers in double famygous mutant combinations B&b23and a core PCP
mutation. Additive and synergistic effects are beten. B) Quantification ofRab23and In group double
homozygous mutant combinations. During the quaitéaanalysis hairs were counted in the proximdf b&
wing sector A, we examined 10-22 wings for eachotyge. To test for significance we applied tiest as a
statistical method, P indicates probability.
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DISCUSSION

The analysis of PCP establishment has recentlyrbe@n important field of research
in many different organisms from plants to vertédsa During the course of my Ph.D.
studies, we were analyzing PCP establishmemrosophila by trying to find some of the
missing elements of the pathway that is responsétsléhis process, and thus, to contribute to
a deeper understanding of this conserved phenoménonder to isolate new PCP genes, we
performed a large scale, two generation mutagensgisen on three major autosomal
chromosomal arms (2R, 2L and 3R) by taking advantag the FRT/Flp mosaic
recombination system. This system proved to beveepal tool for our purpose and resulted
in the isolation of 28 new PCP genes. Out of thex@3| PCP complementation groups, we
have successfully mapped two; el (Kuzbanian lik¢ and theRab23genes. Subsequently,
we have focused on the detailed analysis of orlbase geneflab23

We have shown that one of the newly identified RGRMplementation group on 3R
with five members exhibit PCP phenotype in alluss examined, which is similar to that of
the primary polarity genes. These alleles carrpiatpmutation in the Drosophilgul gene.
Kul encodes an ADAM10 family transmembrane metalloprsgethat has been shown to play
a role in Notch/Delta signaling iDrosophila(Sapir et al., 2005). It is known that Notch/Delta
signaling is required for correct R3/R4 cell fattaimination, and as a consequence, PCP
establishment in the compound eye (Cooper and Br899; Adler, 2002), and that the
impairment of this pathway in the eye usually leadsthe formation of symmetrical
ommatidia. However, oukul mutants induced mainly ommatidial rotation defeetsd the
Notch/Delta pathway is not known to regulate PCR@shment in the wing (Jenny and
Mlodzik, 2006). Thus, it seems likely that the P@#ects induced biful are not related to
its well described function in Notch/Delta signaglinnstead, we propose that during PCP
signaling Kul acts through the regulation of an unidentified sérede that is distinct from
Delta. This hypothesis is in good agreement witt kmowledge that ADAM10 family
metalloproteases are not dedicated exclusively éttaDprocessing but are able to cleave
many other proteins as well (Lamieux et al., 2003hutek et al., 2009). With regard to PCP
signaling, the substrate of Kul can be an alreadynn component of the pathway or it might
be a novel PCP protein. The identification of thifstrate and the detailed analysis of the
relationship between Kul and the other elementsthaf PCP pathway could provide

interesting information about the molecular meckanof PCP establishment in flies.
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The other new PCP gene we identified corresponBsdesophilaRab23 Mutations in
the DrosophilaRab23orthologue result in abnormal trichome orientatéord the formation
of multiple hairs on the wing, leg and abdomen. S$#lew thatRab23impairs hexagonal
packing of the wing cells, and that it plays a rioleortical polarization of the PCP proteins.
We found that Rab23 is able to associate with teximally accumulated Prickle protein,
although Rab23 itself does not appear to displagplarized subcellular distribution in wing
cells. The absence &ab23leads to increased actin accumulation in the gudaaregion of
the pupal wing cells that fail to restrict prehaitiation to a single site. Moreover, our results
indicate that, unlike the vertebrate orthologu&®sophila Rab23s not an essential gene and
does not appear to regulate Hh signaling.

Careful comparison of thRab23mutant wing and abdomen phenotype with that of
the other PCP mutations revealed that Reb23 effect differs from all the others. Most
notably, Rab23 has a specific requirement in theeld@ment of one particular type of sub-
cellular structure (cuticular hair) in every bodsgion we examined, however it does not
appear to play any role in the planar orientatibmalticellular units such as ommatidia in
the eye or the sensory bristles of the adult epiderOn Rab23 mutant wings, the weak
trichome orientation defects and the medium stromgtiple hair (mostly double hair)
phenotype is clearly different from the core PCRertypes (hair orientation problems and
few multiple hairs), or the phenotypes inducedhsy lh group (strong multiple hair effect and
orientation defects), anwhtypically displaying 4-5 hairs per cell and cldeir orientation
defects. As compared ®holandDrok, Rab23displays a similar adult wing hair phenotype
in mutant clones in respect of multiple hairs, whihe orientation defects are less clear in
Rhol and Drok mutants (Strutt et al., 1997; Winter et al., 200Upreover, a significant
difference exists at the molecular level becaudikeiiRab23 RhoAandDrok do not play a
role in cortical polarization of the core PCP pnage(our unpublished results). Given that our
Rab23alleles genetically behave as strong LOF or riléles, it appears th&ab23identifies
a unique class of PCP genes employed for the rieguilaf trichome planar polarization.

The analysis oDrosophilaRab23indicated further that although this small GTPase
family is structurally well conserved during evatut, the functional conservation between
the vertebrate and insect members is much lesoafvNotably, unlike in the case of its
vertebrate orthologues, we found tBabsophilaRab23is not an essential gene and does not
appear to regulate Hedgehog signaling. In fliRe)23is not expressed in the embryonic CNS
and CNS defects were not detectedRab23mutant embryos, therefoRab23is unlikely to

play a role in neural development. Similarly, werrid no evidence for Rab23requirement
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in other Hh dependent developmental processese dime embryonic cuticle pattern or
anterior-posterior patterning of the wing remaimedmal in Rab23 mutants. Moreover, if
Drosophila Rab23vould be a negative regulator of Hh signal tratida in flies - like its
mouse orthologue (Eggenschwiler et al., 2001) e litss of Drosophila Rab23should
activate the Hh pathway (e.g. the lospafched and would show phenotypic effects similar
to the overexpression of Hh. However, in case efghdominal cuticule, Hh overexpression
induces reversed hair polarity (Srtuhl et al., L9R&wrence et al., 1999) that is clearly
distinct from the effect ofRab23 which induces randomized polarity and multiplerhai
outgrowth. These findings suggest that although Ra#d23 protein is highly conserved
throughout evolution (Guo et al., 2006), its raleHh signaling is likely to be restricted to
vertebrates.

It is generally thought that the polarized activitlythe core PCP proteins is a key
determinant of hair polarityfRab23mutant wing cells display both cortical polaripatiand
hair orientation defects, and additionally, we fduhat Rab23 is able to associate with Pk
which shows a polarized localization. The simplestdel explaining these observations is
that Rab23plays a role in the proximal accumulation of Pkved that Rab proteins are
known to control membrane trafficking, our resufteovide further support for models
suggesting that polarized membrane transport isn@nrtant mechanism for the asymmetric
accumulation of the PCP proteins. Until now, thame several evidences arguing for
endocytosis playing role in PCP signaling. Yu et déscribed an interaction between
Dishevelled2 (Dvl2) and the clathrin adaptor AP#2 Xenopus They show that direct
interaction of DvI2 with AP-2 is important for Faternalization and Fz/PCP signaling (Yu et
al., 2007). Another interesting observation was enbg Shimada and co- workers. They
observed that internalized Fz is transported iricles along a planar microtubule array in
Drosophila pupal wing cells in a polarized manner (Shimadalgt2006). These are nice
evidences for the role of vesicular transport ie golarized translocation of PCP proteins.
Based on our data, Rab23 could be an additiondabrfabat influences these transport
processes. Given that Pk, found to be associatddReb23, is enriched at the proximal side
of the wing cells, it is possible that Rab23 proesaransport towards the proximal direction.

The Rab23 protein itself was first linked to ve&curafficking and endocytosis in
2003 by Evans and coworkers. They revealed thaP®Rab HelLa cells is localized to the
plasma membrane and shows colocalization with 8y @ndosomal marker Rab5, but not
with the late endosomal marker LBPA (Evans et24(Q3). During our studies we have also

observed a partial colocalization of Rab23 with Rapositive endosomes Drosophila S2
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cells (data not shown). This pattern let us to spkie about the possibility that Pk transport
to the proximal membrane domain in wing cells iscasplished by its association with early
endosomes through the Rab23 molecule.

Although Rab23 showed a specific interaction wity chnical limitations might
have prevented the detection of interactions witieocore PCP proteins, and hence it is
possible that the mechanism whereby Rab23 congébtat cortical polarization is not limited
to Pk regulation. One additional candidate is ttegmembrane protein Stbm that partly
colocalizes with Rab23 in S2 cells (this work) drad been shown to bind Pk (Bastock et al.,
2003; Jenny et al., 2003). Thus, through bindin@kpRab23 might affect Stbm localization
or signaling capacity. Irrespective of whetliab23directly affects the localization of only
one or more PCP proteins, in the wiRgb23has a relatively modest effect on protein
localization, and on hair orientation, indicatif@tRab23has a minor or largely redundant
role in this tissue. Interestingly, howev&ab23induces much stronger trichome orientation
defects on the abdominal cuticle than in the wisthough it is not proven formally, genetic
analysis suggests that asymmetric PCP protein adation (or at least polarized activation)
is likely to occur in the abdominal histoblast se#ls well. Hence, with respect to protein
polarizationRab23may act in a tissue- specific manner playing gdbr dispensable role in
the wing, but having a critical role in the abdoatiapidermis.

Besides our work that suggests a role for Rab2adiin cytoskeleton regulation
through Pk, recent works demonstrated the rolenotheer intracellular trafficking molecule
in localized actin assembly. It has been shown Relt35 regulates the assembly of actin
filaments during bristle development Drosophila and filopodia formation and neurite
outgrowth in cultured cells (Zhang et al., 2009;u€het al., 2010). These effects were
mediated by the actin binding protein fascin, whastrectly associated with active Rab35.
Inadequate Rab35 function leads to bends and kimk&ie bristles (Zhang et al, 2009).
Although we could not detect similar fenotypesRiab23mutants, it would be interestinmg to
investigate if beyond its role in PCP signalingbR& is directly associated with actin binding
molecules.

Correct trichome placement at a single distallyated site is clearly a crucial step in
planar polarization of the wing cells. Current misdsuggest that prehair initiation is
controlled by an inhibitory cue localized proxinyaih a Stbm-dependent manner, and by a
Fz-dependent cue that positively regulates haimé&tion at the distal vertex (Strutt and
Warrington, 2008). Whereas it is not clear how thstal cues work, with regard to the

proximal cues it is known that Stom and Pk colasalvith the effector proteins In, Fy and
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Frtz that controls the localization and activity Mfvh, which is thought to regulate prehair
initiation directly by interfering with actin bundl in the sub-apical region of cells (Strutt
and Warrington, 2008; Yan et al., 2008). We fouhdt Rab23severely impairs trichome
placement in the wing leading to the formation afltiple hairs, which indicates a role in the
repression of ectopic hair initiation. Where détah23fit into the regulatory hierarchy of
trichome placement? Our double mutant analysis estgghat Rab23 is upstream of the In
group and Mwh, and acts at the same level as the PE&P genes. The additive and
synergistic genetic interactions betwdeab23and the core PCP mutations indicate that they
function in parallel and/or partly overlapping pattys during the restriction of prehair
initiation. Remarkably, thek’*; Rab23double mutants exhibit an almost identical phepety
to mutations of the In group, suggesting that, smleve assume the existence of an In
independent restriction system, Pk and Rab23 tegetlre both necessary and sufficient to
fully activate the In complex. Ipk single mutants the proximal accumulation of Intpiois
severely impaired, yet multiple hairs rarely depelindicating that proper In localization
plays only a minor role in the restriction mechami€onversely, irRab23single mutants In
protein localization is weakly affected, but mukéiphairs often form, suggesting that the
major function of Rab23 is related to In activatidrhus, it appears that the proximally
restricted activation of In on the one hand is eeddy Pk, that mainly plays a role in proper
In localization, and on the other hand by Rab28t seems to be required for In activation. At
present, the molecular function of the In systerariknown, and it is therefore also unclear
how Rab23 might contribute to the activation of iheomplex. Nevertheless, becal&h23
has a weaker multiple hair phenotype tiranbut thepk®; Rab23double mutant is nearly as
strong asin, it is conceivable that In activation is not exghely Rab23 dependent but,
beyond a role in protein localization, Pk has atiphrequirement as well. Because the
molecular basis of the establishment of the prgppdlarized cortical domains is poorly
understood, and the machinery that prevents hamdton at ectopic positions is almost
completely elusive, future analysis Rab23will help to gain deeper insights into these two
critical aspects of planar polarization in besophilawing and abdomen.

The regulation of cellular packing is an interegtiget only lately appreciated aspect
of wing development. It has been reported by Clagtel., (2005) that the wing epithelium
is irregularly packed throughout larval and prepgiages, but shortly before hair formation
it becomes a quasihexagonal array of cells. Hexagapacking depends on the activity of
the core PCP proteins (Classen et al., 2005) ajthalefects in packing geometry do not

appear to directly perturb hair polarity in coreFP@utant wing cells. The possible exception
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to this rule ispk that exhibits very strong hair orientation defeatsl induces the strongest
packing defects within the core PCP group (Classeal., 2005; Lin and Gubb, 2009).
Additionally, another study revealed that irregitias in cell geometry are associated with
polarity defects in the case fa#t mutant clones (Ma et al., 2008). Thus, cell geoynist not
the direct determinant of cell polarity, but in samstances cell packing seems to impact on
PCP signaling and hair orientation. Here we havewshthat in the wingRab23 is
predominantly involved in the regulation of wingithaumber, and it is also required for
hexagonal packing of the wing epithelium. Do theseking defects correlate with the
severity of the multiple hair phenotype? Our datgua against this idea for the case of
Rab23 and also for the cases of other strong multiple mutants, such as, frtz andmwh
Therefore, cell shape has no direct effect on égellation of the number of prehair initiation
sites, andRab23appears to regulate hexagonal packing and haibeaumdependently.

As Rab23 and Pk are both required for cellulakjpey and Rab23 associates with Pk
in pupal protein extracts, it is possible that tlvepperate during the regulation of packing.
This alternative is in agreement with the obseorathatpk® Rab23double mutant wings do
not show stronger packing defects thapk® single mutant (not shown). However, other
interpretations are also possible, hence furtheestigations will be required to understand
how Rab23 and Pk regulates cellular packing, andafy the impact of packing geometry
on PCP establishment in the wing.

Given that the Rab GTPases are thought to regulatecular transport, and
consistently, localization studies linked mouse Fabo endosomegEvans et al., 2003), it
was expected that Rab23 regulates the traffickingesicle- associated Hedgehog signaling
components. However, mouse Rab23 does not appeagutate the subcellular localization
of the tested Hedgehog signaling elements (Evard.,e2003; Eggenschwiler et al., 2006),
hence in the mammalian systems it has remaineduobsehat does Rab23 traffic (Wang et
al., 2006a). Our finding thd&rosophilaRab23 associates with Pk suggests that Rab23 might
be directly involved in the regulation of Pk traiing, and therefore Pk could be the first
known direct target of Rab23. Interestingly, thé&sea significant overlap reported in the
embryonic expression domains of the vertebrate iRk Rab23 genes in the region of the
dorsal neural ectoderm, the somites and the limdsb(Eggenschwiler et al., 2001;
Wallingford et al., 2002b; Takeuchi et al., 200%&evhan et al., 2003; Li et al., 2008; Cooper
et al., 2008)Moreover, it is also known that blocking of Rab23Rk function in vertebrate
embryos can both lead tespina bifidaphenotype (Eggenschwiler et al., 2001; Wallingfetd
al., 2002b; Takeuchi et al., 2003; Li et al., 2008)ese observations raise the possibility that,
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unlike the Rab23 involvement in Hedgehog signalithg, Rab23-Pk regulatory connection

might be evolutionarily conserved.
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LIST OF ABBREVIATIONS

A-
A-P-
APF-
arr-
ato-

atro-

BMP-
BSA-

CA-
CE-
CNS-

DFz2-

E16-
EMS-
ENU-
ER-

FBS-

anterior
anterior-posterior

after puparium formation
arrow

atonal

atrophin

bone morphogenetic protein

bovine serum albumine

constitutive active
convergent extension

central nervous system

dorsal
DrosophilaFrizzled 2
diego

Delta

dominant negative
decapentaplegic
Rho- kinase
dacshsous
dishevelled
dorso-ventral

dishevelled

16 days old
ethyl-metanolsulphonate
N-ethyl-N-nitrosourea

endoplasmic reticulum

fetal bovine serum
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FH3- formin homology 3
fj- four- jointed

fmi-  flamingo

frtz-  fritz

fry-  furry

ft- fat

FTase- farnesyl transferase
fy- fuzzy

fz- frizzled

GAP- GTPase activating protein

GDI- GDP dissociation inhibitor

GDP- guanosin diphosphate

GEF- guanine nucleotide exchange factor
GGTase-geranylgeranyl transferase

grh- grainy head

GTP- guanosine triphosphate

HCC- hepatocellular carcinoma
Hh-  hedgehog

HRPO- horseradish peroxidase
lamA- lamininA

in- inturned

JNK- Jun N-terminal kinase

Kul-  Kuzbanian- like

Kuz- Kuzbanian

LBPA-lysobisphosphatidic acid
LOF- loss of function
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msn  misshapen

mwh multiple wing hairs

N- Notch

nmoe nemo

ON- overnight

opb-  open brain

P- posterior

PBS- phosphate buffered saline
PCP- planar cell polarity

P-D- proximo-distal

pk-  prickle

ptch- patched

R- rhabdomere

Rab- Ras associated binding
Rcel- Ras converting enzyme
REP- Rab escort protein

rit-  roulette

RNAI- RNA- interference

RT- room temperature

sca scabrous

Shh- Sonic- hedgehog

sme smoothened

SOP- sensory organ precursor
stan starry night

stbm strabismus

svp  sevenup

trc-  tricornered
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Vang-

Van Gogh

VDRC- Vienna Drosophila RNAi Center

wdb-
V_
wg-

wit-

widerborst
ventral
wingless

wild-type
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SUMMARY

Epithelial cells commonly become polarized withire tplane of the cell layer during
development, a property referred to as planar pelhrity (PCP) or tissue polarity. This
phenomenon is evident in many vertebrate tissuesh(as the ordered arrangement of scales
on fish or feathers of birds, hairs of mammaliamskhe cilia of the respiratory tract or
oviduct or stereocilia of the sensory epitheliuntha organ of Corti). Although recent reports
demonstrated that PCP regulation is highly consktlieoughout the animal kingdom, such
polarity patterns are perhaps best studieBriosophila PCP in flies is most evident in the
wing, which is covered by uniformly polarized, diy pointing hairs, in the epidermis where
sensory bristles and trichomes point to the pasteaind in the eye where PCP is manifest in
a mirror symmetric arrangement of ommatidia.

Genetic and molecular studies Bfosophilaled to identification of a set of genes,
called PCP genes that are directing the establishofd®CP. Mutations in a number of genes
result in abnormal wing hair polarity patterns ith major effects on other aspects of tissue
morphogenesis. Based on their cellular phenotypéml studies placed PCP genes into four
groups. Mutations in the first group includitig (fat), ds (dachsouspand fj (four-jointed)
(referred to as the Ft/Ds group), display wing $aiith reversed polarity derived from
prehairs that form at the cell edges (Adler et 8898; Strutt and Strutt, 2002). The second
group (core group) includdg (frizzled),dsh (disheveledfmi (flamingo), stbm (strabismus),
pk (prickle)anddgo (diego) mutants of which impair hair orientation to aivas degree,
some cells display double hairs, and prehairs &liyidorm in the center of the cells (Wong
and Adler, 1993). The third group consistsirofiinturned), fy (fuzzy), frtz (fritz)n group)
and causes the formation of multiple (mostly twairé per cell that are roughly equal in size,
slightly misoriented, and derive from prehairs fraround the cell cortex in abnormal
positions. Finally the fourth group includesvh (multiple wing hairsthat is characterized by
the presence of four or more hairs equal in sizeaich cells initiated from periphery. Double
mutant analysis demonstrated that these phenotypigps also represent epistatic groups
from whichmwhis epistatic to all the other groups, the In grasiepistatic to Ft/Ds group
and core group and the core group is epistati¢/fdsFgroup. These data together suggest that
PCP genes act in a regulatory hierarchy where tfiesFgroup is on the top followed
downstream by core, In amiwhgroups. Although the existence of such a linearanchy is
debated (Casal et al., 2006; Lawrence et al., 2005 xlear that PCP genes regulate (1) wing
hair orientation, (2) the place of hair formatiand (3) the number of trichomes formed.
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Whereas, the molecular mechanism that restrictsagréormation to the distal vertex
of the wing cells is still elusive, it has been dersirated that the core proteins adopt an
asymmetrical subcellular localization when pretfaimms. This localization appears to be
critical for proper trichome placement (Mihaly ét 2005; Seifert and Mlodzik, 2007). The
core PCP proteins are first recruited to the apiedlsurface and subsequently segregate into
complementary apical sub domains before the onkdtaw formation. Fmi localizes to
proximal and distal surfaces (Ursui et al., 1998infxda et al., 2001), Fz, Dsh and Dgo
localizes specifically to the distal surface (Axely 2001; Strutt, 2001; Das et al., 2004) while
Pk and Stbm localizes on the proximal surface (Teeal., 2002b; Bastock et al., 2003).
Subsequent work revealed that, in addition to e @roteins, In protein also displays an
asymmetrical pattern with accumulation to the pmdi zone (Adler et al., 2004).
Significantly, the absence of any of the core PGBtgns prevents the asymmetric
localization of the other PCP proteins and thdhoHowever, in agreement with the epistatic
data, asymmetric core PCP protein localization du#sdepend oim function (Adler et al.,
2004). Very recent findings demonstrate that Fy Brid also show a proximal enrichment,
and, together with In, activate Mwh that is enrtloe the proximal side of the wing cells as
well (Yan et al., 2008; Strutt and Warrington, 2D08

It has been shown that the core PCP proteins aredfomn symmetric complexes until
24 hours APF, when they relocalize and become astrniwally enriched until prehair
formation begins at 30-32 hours APF, but then, ®By8urs APF, they again fail to display an
asymmetrical pattern.

How exactly these elements act together to polaisseies properly, is still an unsolved
problem. A model or working hypothes is that is sietent with most of the experimental
data is as follows. First a directional clue thatprovided by the Fj, Ds and Ft proteins
determines the axis of polarization. This somehoivates the asymmetric relocalization of
the core PCP proteins that is enlarged by feedbamthanisms between the core elements
themselves. This will lead to high Fz signalingivast on the distal side of the cell, which
will subsequently activate (an as yet unidentifietfector proteins in the distal vertex where
they initiate prehair formation. Additionally, is ibelieved that the In complex prevents hair
formation on the proximal side of the cell. Althduthis model explains many observations,
the mechanistic details on protein localization largely missing or poorly understood, the
link between Fz signaling and asymmetric localmatis not understood and it remains a

mystery how upstream elements are coupled to th@rastric enrichment of PCP proteins.
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Furthermore the tissue specific downstream comgsrartheir way of action is still an open
problem.

The aim of this work was to answer a part of thggestions by isolating new PCP
genes, and by studying their role in PCP signadéing development. In order to do so, we
employed the FRT/FIp mosaic system to induce hogmzy mutant clones on the wing and
notum by Ubx-Flp. After chemical mutagenesis of 2he 2R and 3R chromosomal arms, we
have isolated 33 new PCP mutants, 3 on 2L, 3 oma@&® 27 on 3R. Complementation
analysis and genetic mapping of our mutants redetllat one of the new complementation
groups (consisting of five members) identifl@szbanian-likgKul). This gene behaves like a
core polarity gene because it affects PCP on tliermowing and eye. The new alleles carry
amino acid changes in the metalloprotease domaihmeoiKul protein, four of them in the
C481, and one of them in the V603 position. Deepelysis of these mutants is subject of
future investigations.

Genetic mapping of another new PCP mutant fromHziR,led to the conclusion that
this allele carries a point mutation in the Swifcregion of the GTPase domain of fRRab23
gene. The mutation affects an aminoacid residu®,(Térresponding to T35 of Ras) that is
conserved in the whole small GTPase superfamilys Pbint mutant (nameBab23°%) is
semilethal and displays a strong multiple wing hatkenotype, and mild hair orientation
defects.

Because no othétab23alleles were available, we generated independiehesby P-
element remobilization. One of these allelRap23* is homozygous viable and displays a
strong multiple wing hair phenotypRab23°** andRab23" maintain their phenotypever
deficiency chromosomes uncovering the gene, bepaainstrong LOF or functionally null
mutants. We were able to fully rescue the phenobfpgbese mutants by providing one copy
of the wild typeRab23gene. Silencing oRab23by RNAI using ubiquitously expressed
drivers resulted in a moderately strong multiplé Iplenotype but neither viability nor the
morphogenesis of tissues other then the wing wéertad. TheRab23 mutants exhibit
trihome orientation defects and multiple hairs e abdomen and legs as well, without
affecting bristle polarity. Together these datagas thaiRab23is a peculiar PCP gene that
has a role in determination of trichome orientat number without affecting the polarity
pattern multicellular structures, such as bristleanit eyes.

It has been shown that the modgab23orthologue is an essential negative regulator
of the Shh (Sonic-hedgehog) pathway during neuropatterning of the embryo
(Eggenschwiler et al., 2001). Therefore we analyzabi23homozygous mutant embryos and
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adult tissues, but we failed to find any evidenoe & Rab23involvement inDrosophila
Hedgehog signaling. Rab23 is not expressed iDtiosophilaembryonic CNS and no CNS
defects were detected Rab23mutant embryos either, therefore most likely Raba3 no
role in neuronal development in flies indicatingttthe role oRab23gene in Shh signaling is
restricted to the vertebrates. In agreement with, tthe embryonic cuticle hair pattern of
Rab23mutants shows no sign of Rab23’s involvement inpthway inDrosophila.

To investigateRab23function at the cellular level, we examined prelaitiation in
Rab23' homozygous mutant pupal wing cells, andRab23°%* mutant clones. We found
that in the absence étab23apical actin accumulation is not restricted to dmsal vertex,
instead, the actin network was diffused and matig developed multiple hairs in abnormal
positions at the cell periphery. Additionally, paghinitiation is somewhat delayed in the
Rab23 mutant tissue. Since the multiple hairs were afvegstricted to the mutant area,
Rab23acts cell autonomously.

Recent studies revealed that the wing epitheliés eee irregularly shaped throughout
larval and early pupal stages, but most of thenoimechexagonally packed shortly before
prehair formation (Classen et al., 2005). We ndtitat some of thRab23mutant wing cells
fail to adopt a hexagonal shape at around 30-32sha®F. We quantified this effect and
found that in theRab23%%* point mutant the ratio of the non-hexagonally sfthpells is
significantly higher compared to wild type wing IlselAs a comparison we measured the
packing defects in two core PCP mutarstinf anddsh' too. Because the strength of the
Rab23induced packing defects is comparable to the effie¢he core mutations, this data
suggest thaRab23might also be an important determinant of cellpiacking.

Next we addressed if the packing defects revealdflab23mutant wings correlate
with hair orientation defects and /or the formata@mmultiple hairs also exhibited upon loss
of Rab23 However, we found that Rab23 regulates cellutarkpng, and hair orientation and
number, independently. To extend this analysisjrvestigated the packing defects of other
mutations causing multiple hairs, like, frtz and mwh. These mutants exhibit somewhat
weaker packing defects th&ab23 but in the same way, the formation of multiplersidoes
not appear to correlate with irregular cell shapethese cases either. These results
demonstrate that cell packing has no direct efbacthe number of prehair initiation sites in
the wing epithelial cells. In regard of hair origidn our data support the same conclusion,
that is similar to the findings of Classen et 2005 for the case of the core PCP mutations,
but opposite to the case of fat (ft) mutant clofMa et al., 2008).
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It has been recently shown that asymmetric accuioolaf the core PCP proteins
depends on hexagonal packing, and because in otantaupacking was altered, we were
curious if Rab23 has any effect on core PCP protedalization in different stages of
development. To address this issue, first we exadhihe localization pattern of Fmi in early,
6 hours APFRab23" mutant wings, but we failed to detect any locaia defects in this
stage of development. Next, we examined the lcatdiz pattern of the PCP proteins in later
stages (24-32h APF) iRab23* homozygous wings andab23°**clones. We found that at
this stage the core proteins and In fail to po&aproperly in &Rab23mutant tissue, although
they still accumulate into apico-lateral compleXeam these experiments we concluded that
Rab23plays a role only during the late phase of PCRepndocalization.

To understand the mechanism whereby Rab23 corgsbtd core PCP protein
localization, we examined the subcellular distibmitof YFP::Rab23 in developing pupal
wings. We found that at 24-32 hours APF the Rab®8jmn is predominantly enriched in the
cell membrane in the apico-lateral zone. This patisas detected before and after this
developmental stage, and it seems that Rab23 hgsolaoized distribution during pupal
development. These observations were strengtherigd rasults from examining flies
expressing the YFP::Rab23 in flip-out clones or tlenstitutively active and dominant
negative form of Rab23.

Since Rab23 is localized mainly to the plasma mamdin pupal wings and core PCP
protein asymmetric localization is also linked ke tmembrane, it was not informative to
check the colocalization between Rab23 and coraeeziés in this system. However, we were
curious to know which core protein(s) might be dile regulated by Rab23, therefore we
compared the subcellular distribution of differeate proteins (Fz, Dsh, Dgo, Stbm, Pk) with
Rab23 in S2 cells. We observed that Pk and Stbrw shpartial colocalization with Rab23.
Because Pk or Stbm did not show membrane localizathen expressed alone or together in
S2 cells, it was not possible to test directly i&bR3 affects Pk or Stbm endocytosis.
Nonetheless these results indicated that Rab23tnafjact core protein distribution by
regulating Pk or Stbm. This hypothesis was stresigtd by the observation that in cells
transfected with Rab23T69A (corresponding to thistpmutant) the degree of colocalization
between Rab23T69A and Pk was much lower. Unforaipat similar experiment was not
possible in the wing because of the low qualityhef available Rab23 antibody but we were
able to show that Rab23 and Pk can be coimmungptateid from pupal wing protein

extracts, indicating that they may act in the sgnogéein complex.
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If the sole function of Rab23 would be to promdte tortical polarization of Pk, and
may be some other core proteins, it would be eggethatRab23 mutants have similar
phenotype apk or mutations of the core group. However, the gtronltiple hair phenotype
of Rab23is different from the orientation defects shown dyre group mutants. Thus, it
seems thaRab23 has two distinct, albeit not necessarily indepandeoles during the
establishment of tissue polarity in wing. The firste is in PCP protein polarization, the
second is to restrict actin accumulation to a sirgite. Consistent with the second role, we
found thatRab23dominantly enhances the weak multiple hair phgretyf the core mutants
without affecting their hair orientation deefctshile the Rab23 homozygous mutant
phenotype is sensitive to the gene dose of thedapgthat has role in the regulation of wing
hair number.

Further, we were wondering what is the positiolRab23in the hierarchy of known
PCP genes, therefore we initiated double mutanlysisaof Rab23with 72, dsH, pk*=
stbn?, in®, frtz* and mwH. Our results have shown that in respect of thelagign of hair
orientation,Rab23has minor or no function there, which is entirebnsistent with the single
mutant phenotype dRab23 In respect of the determination of the prehaitiation site, the
In group andnwhclearly appears to function downstream of or l#tanRab23 Conversely,
the core PCP proteins and Rab23 function in paraeéhways during the restriction of
trichome placement.

Taken the Rab23 multiple wing hair phenotype ahd éffect on PCP protein
localization together with the dominant genetieratctions and double mutant analysis, these
results suggest that Rab23 links cortical PCP aiaon to a mechanism that is more directly
involved in the repression of hair initiation atiegac sites. In the simplest model, Rab23
would contribute to the proximal accumulation of Bkd would also play a role in linking In

activation to the proximal cell domain.
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OSSZEFOGLALAS

Az egyedfejpdés folyaman az epitélidlis sejtek gyakran a sslvetikjdban is
polarizalédnak. Ezt a jelenséget planaris vagy stzaolaritdsnak (SZP) nevezzik. A SZP
jelensége szamos gerinces allat szdveteiben isigyetifets, ilyenek a halak pikkelyei, a
madarak tollai, az ek sdHrmintdzata, a légésvagy a petevezeték csillbi vagy a ldefsl
érzékhamjaban a Corti-féle szerv sztereocilliumaieleende#dése. Habar az utobbididen
kimutattak, hogy a polaritas kialakulasa egy, agseggllatvilagban konzervalt szabalyozasi
folyamat eredménye, e jelenséget mindezidaig atmersticaban Prosophila melanogaster)
tanulmanyozték legbehatobban. Az ecetmuslicAbadR&szarnyon a legféhobb, mivel
minden egyes szarnysejtlegy apro sér (un. trichoma) & ki és ezek minegyike a disztélis
irAnyba mutat, de nyilvanvalé az epidermiszen iselget egységesen hatrafelé mutatod
érzékssrok boritanak, illetve az 0Osszetett szemben, areljkdér szimmetrikusan

elhelyezked elemi szemek alkotnak.

Az ecetmuslican végzett genetikai és molekularopiai kisérletek elvezettek a
SZP-t meghataroz6 gének azonositasahoz, ezekeitgsilgéneknek nevezték el. Ezen gének
egy részének mutacidja hibas szarfysmintazatot eredményez anélkil, hogy befolyasalna
szoveti fejpdés egyéb aspektusait. A sejtes fenotipusuk alapiket a géneket négy
csoportba soroltdk. Az €lscsoport génjeinek mutécidi, fa (fat), ds (dachsousdsfj (four-
jointed) avagy a Ft/Ds csoport, forditott polaritasa érezintazatot mutatnak, a
szrkezdemények a sejtek szélén alakulnak ki (Adlentsai., 1998; Strutt és Strutt, 2002). A
masodik csoport tartalmazza fa (frizzled), dsh (dishevelled), fmi (flamingo}Xbrs
(strabismus), pk (prickle)és dgo (diego) (core csoport) géneket, amelyek mutacidja
megvaltoztatja a tliskék kindvési iranyat, sokszarékyes fenotipust eredményez, ritkan
ketts sdrkindvések is difordulnak és a tliskék a sejtek kdzefléibnek ki (Wong és Adler,
1993). A harmadik csoport (In csoport) tartalmaazan (inturned), fy (fuzzygsfrtz (fritz)
géneket. Ezek mutécidja tObbes,éstsrban ketis szrkindvéseket eredményez, amelyek
egyforma hosszusaguak, orientacidés hibakat mutadésakz iniciacié nem a sejtek disztalis
csucsabol hanem a az apikalis sejtmembran meat&@om poziciobdl tortéeniki. Végil a
negyedik csoport tartalmazza aawh (multiple wing hairy gént, amelynek mutansaira
jellemzs, hogy sejtenként négy vagy tobb egyforma tliskéesrtenek sejtenként. A kst
mutans elemzések kimutattdk, hogy ezek a fenot@soportok episztatikusak egymashoz
képest, mégpedig az Mwh csoport episztatikus aze8stbbihez, az In csoport a Ft/Ds

csoporthoz és a core csoporthoz, mig a core cs@péitfDs csoporthoz képest. Ezek az
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adatok azt sugalltak, hogy ezek a gének egy lisdaerarchikus szabalyozas elemei, ahol a
Ft/Ds csoport van legfelll és ezt kdvetik a core,é6 Mwh csoportok. Habéar egy ilyen
lineéris hierarchia Iétezése még vitatott (Casahtsi., 2006; Lawrence és mtsai., 2007), az
vildgos, hogy a SZP gének szabalyozzak a (1) sganngrientaciojat, (2) a kindvés helyét és

(3) a sejtenkénti $zdk szamat.

Habar még nem ismert az a molekularis mechanizams)y meghatarozza az aktin
tuske kindvési helyét, kimutattak, hogy a core fgheaszimmetrikus sejten belili mintazatot
mutatnak az aktin tuske kialakulasakor. Ez a |aké&iid kritikusnak tnik a s#rkinbvés
helyének meghatarozasdban (Mihaly és mtsai., 2@@Hert és Mlodzik, 2007). A core
fehérjék ebbb kihorgonyzédnak a sejtek apikdlis felszinén magtarizalt komplexekben
halmozddnak fel a $ziniciacio ebtt. A Fz, Dsh és Dgo fehérjék jellegzetesen a diszt
oldalon halmozédnak fel (Axelrod, 2001; Strutt, 20Das és mtsai., 2004), a Pk és a Stbm a
proximdlis oldalra vandorol (Tree és mtsai., 20B2stock és mtsai., 2003), mig a Fmi a
proximalis és a disztalis oldalon egyarant kimugdh(Usui és mtsai., 1999; Shimada és
mtsai., 2001), K&hbi munkakbdl kiderilt, hogy az In fehérje is aszietrikus mintat mutat
ebben a fefldési stddiumban, és a proximalis oldalon halmozéelikAdler és mtsai., 2004).
Medgfigyelték, hogy barmely core fehérje hianya bgisolja a tobbi core elem és az In
fehérje aszimmetrikus lokalizacidjat és az episgtamalizisnek megfelén, a core fehérjék
aszimmetrikus lokalizaciéja nem flgg iazZfunkciojatél (Adler és mtsai., 2004). A legfriséeb
adatok alapjan a Fy és Frtz fehérjék ugyancsalozirpalisan halmozédnak fel és az In-el
egyutt aktivaljdk az ugyancsak proximdlisan felddgdwh-t (Yan és mtsai., 2008; Strutt és
Warrington, 2008).

Ismert, hogy a bebabozdédas utani (BU) 24 ordignadeanlitett fehérjék szimmetrikus
komplexeket alkotnak, majd relokalizalédnak és raszétrikusan halmozédnak fel a
membran megfelél oldalan, amig a $zkindvés elkezddik (30-32 6ra BU). Késhb, a

bebabozddas utan 35 oraval, Ujra felbomlik ez amrasetrikus mintazat.

Mindmaig nem tisztdzott, hogy a fenti elemek poatb$ogyan befolydsoljak a
megfeleb szoveti polaritas kialakulasat. Egy model vagy kalmpotézis, ami megfelel a
kisérleti megfigyelések nagy részének, a koveéik&xbb egy, a Fj, Ds és Ft fehérjék altal
meghatarozott iranyadé jel, kijeldli a polarizagiényat. Ez valamilyen médon elinditja a
core fehérjék aszimmetrikus relokalizaciéjat, areqy kozottik €% visszacsatolasos
mechanizmus ésit. Ez egy magasabb Fz aktivitast eredményezekstigztalis oldalan, ami

aktivalja a disztalis oldalon |éwégrehajtd fehérjeéket (amelyek még ismeretlenslgzaltal
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elinditja a s#érkindvést ezen az oldalon. Masrészt elterjedt agzet miszerint az In komplex
szerepe, hogy megakadalyozza é&rldntvést a sejtek proximalis oldalan. Annak eliené
hogy ez a model szamos megfigyelést megmagyarazosziérdés tisztazatlan maradt. Nem
ismeretesek azok a mechanizmusok, amelyek a f&hékalizaciojaért felgisek, ismeretlen

a Fz jelatvitel és a fehérjék aszimmetrikus fell@odasa kozti kapcsolat, nem tudjuk, hogy
a fel$) elemek hogyan befolyasoljak a core fehérjék asatrikus felhalmozodasat, valamint

nem ismeretes az dsszes szovetspecifikus végrafajtoés a hatasmechanizmusuk sem.

Ezen munka célkizése az volt, hogy olyan Uj, a SZP kialakitasab&sztved
elemeket azonositsunk és tanulmanyozzunk, amelyeiékaszt adhatnank a fenti kérdések
egy részére. Ennek megvaldsitasara egy nagy [éptékagenezis kisérletet hajtottunk végre,
amelyben az FRT/FIp mozaik rendszert hasznaltuk, anogy az Ubx-Flp segitségével
nagymeérei mutans klonokat hozzunk létre a muslicak szarng&nnotuman. Kémiai
mutagenezisnek vetettik ala a masodik kromoszobta és bal karjat, valamint a harmadik
kromoszéma jobb karjat és igy 33 Uj SZP mutansinaegitottunk. Ebtl 3 a masodik
kromoszoma bal karjara, 3 a jobbra és 27 a harnkadikoszoma jobb karjara térképditt.

A kapott jeloltek komplementacios analizise és tkaketérképezése kimutatta, hogy ot
kozuluk, amelyek SZP fenotipussal rendelkeztek aumon, szarnyon és szemben, egy
komplementécids csoportot alkotnak é&uw (Kuzbanian-like)gén pontmutansai. Ezek az
allélek a Kul fehérje matalloprotedz doménjébendbpzak az amindsav cserét, négyben a
C481-es, egyben a V603-as amindsav érintett. Eltélelabehatdbb jellemzése, csoportunk

jévébeni tervei kdzé tartozik.

Egy masik Uj, a harmadik kromoszoma jobb karjaraégesdd mutans genetikai
jellemzése azt mutatta, hogy ez az allél egy pot&oidt hordoz eéDrosophila Rab23gén
GTPaz doménjének élskapcsolo régidjaban. A 69-es pozicidban talalhatdéacio, a kis
GTPazok csaladjaban nagymértékben konzervalt Threamindsavat érintette. Ez a
pontmutans (amelyeRab23°*“nak neveztiink el) szemiletdlis és kozepes eréisgfithes
szorkindvéses fenotipust, illetve@zorientaciés hibakat mutat.

Mivel ezen a pontmutanson Kkivil nem allt rendelképre méasRab23 allél, a
tovabbi vizsgalatokhoz P-elem ugrasztas segitséfigygetlen alléleket hoztunk létre. Az ily
moédon létrehozott egyik deléciés mutansRab23*, homozigéta életképes éssertdbbes
szrkindvéses fenotipust mutat. Rab23%**ésRab23' mutansok mefyzik fenotipusukat a
gént kitakaré delécio folott is, funkcidvesztéseagy funkcionalisan null mutansként

viselkednek. A teljes hosszusagu vad tipRab23gen egy példanyat tartalmazo6 konstrukcio
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segitségével sikerilt telies mértékben menekiteraimkutans fenotipust. Rab23funkcio
csendesitése RNS interferenciaval kulodbakziverek felhasznaldsaval, moderalt tobbes
szrkinbvéses fenotipust okozott a szarnyon, de méseset és az életképességet nem
érintette. ARab23mutansok a szarnyfenotipuson taleem, az abdomen kutikulat és a labat
érintd tobbes trichdmakinbvéseket is mutatnak anélkiigyhaz érzéksaok polaritasat
befolyasolnak. Osszesitve, ezek az eredményekigatljigk, hogy &Rab23egy olyan egyedi
SZP gén, melynek szerepe van a trichdmak sejtenlszdmanak és orientacidjanak a
meghatarozasaban, anélkil, hogy befolyasolna aséjtképzidmenyek-pl. az érzékémk

€s az elemi szemek polaritasat.

Korabbi kisérletekben kimutattdk, hogyRab23egér ortolég a Shh (Sonic hedgehog)
jelatviteli Ut negativ szabalyozéja az embriondlidegrendszer fejldése soran
(Eggenschwiller és mtsai., 2001). Ezért mi is megyaltuk a Shh jelatviteli Ut aktivitasat
homozigéta mutanRab23' embridkban és fetitt szévetekben, de nem talaltunk arra
bizonyitékot, hogy ecetmuslicAbanRab23ezen Utvonalon keresztll hat. A Rab23 fehérje
nincs jelen @rosophilaembrionalis idegrendszerben és nem észleltinkedelgzeri hibakat
a mutans embriokban sem. Tehat valGdeip a Rab23nem jatszik szerepet @rosophila
embriondlis idegrendszerének éejésében, utalva arra, hogyRab23gén szerepe az Shh
jelatvitelben a gerincesekre korlatozodik. Ezzedztimngban, &ab23 mutdnsok abdomen
fenotipusa sem hordozza jelét annak, hogy a Rake8&melne a Hh jelatviteli Gtban,

muslicaban.

Hogy betekintést nyerjink Rab23sejtszinten jatszott szerepébe, megfigyeltiikéa sz
iniciaciét Rab23' homozigéta mutans, illetveRab23°** mutans klénokat hordozé
szarnyakon. Azt lattuk, hogyrRab23 hianyaban az apikélis aktin felhalmozédas nem
korlatozodik a sejtek disztalis csucsara, hanempkalis régioban mindenhol kimutathat6
egy diffuz aktin halézat, és k#lsb nagy szamban jelentek meg tobbeéride a sejtek
periférigjan. Ezetul, a ékkindvés idpontja késett a vad tipushoz képest, de a tdbbes
szrkinbvések mindig a mutans szOvetre korlatozodtaki arra utal, hogy &Rab23

sejtautoném maodon hat.

Korabbi megfigyelések szerint a szarnysejtek reetiez alakuak a larva stadiumban
és a babfefldés elején, de tbbbséguk @&raziciacio ebtt hatszogveé valik (Classem és mtsai,
2005). Medfigyeltik, hogy &ab23mutans sejtek egy része nem veszi fel a hatisatakot
30-32 6raval a BU. Ezt a hatast szamésiettilk és kiderilt, hogy &ab23°* pont

mutansban szignifikansan nagyobb a nem megfatecsomagolédott sejtek szama a vad
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tipushoz képest. Osszehasonlitas képpen megvizkgakzérnysejtek csomagolddasen?
és dsh core mutansokban is. Mivel &ab23 mutacié okozta csomagolédasi hibak
0sszehasonlithatdak a core mutéaciok hatasaval,esedmények azt sugalljak, hogRrab23

nak meghatarozé szerepe van &tk soran a szarnyszévet csomagolédasaban.

Kivancsiak voltunk arra, hogy van-e valamilyen @&f8ggés a sejtek alakja és a
Rab23mutéans orientaciés hibdkat és tobbe&rldndvéseket mutatd fenotipusa kdzott. Azt
talaltuk, hogy aRab23fliggetlenil befolyasolja a sejtek csomagolodadiatye a tbbbes
szrkinbvést és s orientaciot. Hogy kiszélesitsiik megfigyeléseinketegvizsgaltuk a
sejtalakot mas, tbbbesdkindvést mutatdé mutansbaim(frtz, mwh és habar ezek valamivel
gyengébb csomagolodasi fenotipust mutattak, itt s#éitunk 6sszefliiggést a sejtenkénti
szrszam és a sejtek alakja kozott. Ezen eredményekmaratjak, hogy a szarnyszovet
csomagolédasanak nincs kozvetlan hatasa@m@ngzacios helyek szamanak meghatarozaséara
a szarnyszovetben. Ad@zorientacio és sejtalak kozti 6sszefliggéstaéat megfigyeléseink
aldtdmasztjak Classen és mtsai. (2005) core génekmatkozd6 eredményeit, és

ellentmondanak tat mutans klonokban tapassztalt megfigyeléseknekédtamtsai, 2008).

Nemrég kimutattak, hogy a szarnysejtek &rsmiciaciot megedzéleg valnak
hatszogvé és ez a folyamat befolydsolja a core SZP fekh@gzimmetrikus elrendédéseét.
Mivel a mi mutansainkban a hexagonalis csomagoldildés volt, kivancsiak voltunk arra,
hogy aRab23nak van-e valamilyen szerepe a core SZP fehégk&lizacidjara a fefidés
kilonbo# szakaszaiban, de a Fmi fehérje eloszlasa a béddsjkezdetén (6 éraval a BU) a
Rab23 mutans szarnyakban normalis volt. A kovethkdren megvizsgaltuk a fehérjék
lokalizaci6jat késobbi fejidési stadiumokban (24-32 6raval a BRAb23' homozigéta és
Rab23°%9* klénos szarnyakon. Azt talaltuk, hogy ebben asf&§bi szakaszban a core és In
fehérjék lokalizaciés hibat mutatnak Rab23 mutans szdvetben, habar az apiko-lateralis
zbénaban tortéh feldisulasuk nem séril. Ezen kisérletdkbvonhatjuk azt a kovetkeztetést,

hogy aRab23csak a k& SZP fehérje lokalizacidban jatszik szerepet.

Hogy megértsiik azt a mechanizmust mely segitsége\Rhb23 hozzdjarul a core
fehérjék lokalizaci6jahoz, megvizsgéaltuk a YFP::Rallarnszgént hordozo legyek szarnyat.
Azt lattuk, hogy 24-30 éraval a BU utdn a Rab2&piko-lateralis dvezetben dusul fel, de a
membran minden tertletén megtaladlhatd. Ez a mintaegfigyelhed volt a korabbi és
kessbbi fejlodési stadiumokban is tehat a Rab23 nem mutat palarielhalmozédast a
babfejbdés folyaman. Ezen eredményeket alatdmaztottdk REz::Rab23 flip-out klénon

kisérletben vézett megfigyelések, illetve a CA Rabfntazata.
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Mivel a Rab23babszarny mintazata atfedést mutatna a core &hlakalizaciojaval,
nem lett volna informativ a fehérjék lokalizaciGgnatfedését ebben a redszerben vizsgalni.
Ezért ahhoz, hogy megnézzik, mely SZP fehériékeab&yozhatia a Rab23,
O0sszehasonlitottuk a kilonkdbzore fehérjek (Fz, Dsh, Dgo, Stbm, Pk) lokalizgtids2
sejtekben Rab23 jelenlétében és hianyadban. Amkldtbgy a Pk és a Stbm részleges atfedést
mutatott a Rab23-al. Mivel a Pk vagy a Stbm nemanatit membran lokalizaciot, nem volt
lehetséges annak tesztelése, hogy a Rab23 befipdyasm Pk vagy Stbm endocitézisat. Ezek
az eredmények azt mutattak, hogy a Rab23 a Pk gds/@a Stbom fehérjén keresztil
befolyasolhatja a core fehérjék eloszlasat. Ezeleevésinket az is alatdmasztotta, hogy
azokban a sejtekben, amelyek a Rab23T69A fehdnételték, sokkal alacsonyabb volt az
atfedés a mutans Rab23 és a Pk kodzott. Sajnos lhakisgrletek elvégzése nem volt
lehetséges a szarnyon, a gyengedsegi Rab23 ellenanyag miatt, de a Rab23 és a Pk
fehérjék koimmunoprecipitalhatok voltak babszarm@kkészitett fehérje kivonatokban, ami

arra utal, hogy egy fehérje komplexben talalhaték.

Ha aRab23egyetlen szerepe az volna, hogy szabdalyozza akRlkidaciét és ezaltal
mas core fehérjékét, azt varnank, hogyRab23 mutadnsok fenotipusa pk mutansok
fenotipusahoz vagy a core gének mutans fenotipadddmonlitson. De Rab23er6s tdbbes
szrkinbvéses fenotipusa eltér a core mutaciok okoetntacios hibaktol. Tehat feltelden
aRab23nak két kulonbdg, de nem feltétlendl figgetlen szerepe van az SalBKitasaban, a
szarnyban. Az etsa fehérjék polarizalt elosztasa, a masodik andkthalmozdédas és ezaltal
a sdrkindvés helyének meghatarozasa. A masodiknak einirerepével egybecseng az a
megfigyelésuink, hogy Rab23dominansan ésiti a core gének gyenge tobbeérkndvéses
fenotipusat, de nincsds hatasa a 8rdk orientacidjara, mig a homozigéta mutans fenstip
érzékeny az In csoport génjeire, amelyek szereptizgnak a sejtenkénti ésgzam

meghatarozasaban.

A kovetkedkben ketbs mutans analizist végeztiink, hogy meghatarozzidala3
helyét a polaritasi jelatviteli utban. Ennek érdede elvégeztik d&ab23 kettvss mutans
elemzését &2, dsht, p° stbnf, in', frtz* ésmwH allélekkel. Eredményeink azt mutatték,
hogy a sérorientacié szabalyozdsa szempontjabdRad23nak kevés szerepe van ebben a
folyamatban, ami megfelel Rab23egyes mutans fenotipusanak. Arsziciacio helyének
meghatarozasa szempontjabdl az In csoport ésala downstream/ vagy késobb hat a
Rab23-hoz képest. Ezzel ellentétben, a core fdh@&gea Rab23 parhuzamos utvonalban

hatnak a srrkindvés helyének meghatarozésakor.
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Osszegezve, &Rab23 mutans tobbes &ikindvéses fenotipusat a SZP fehérjék
lokalizaciojara kifejtett hatasat, a dominans gdmaeinterakciok és a kéis mutans analizis
eredmeényeit, azt mondhatjuk, hogy a szarnysejteldRab236sszekdti a fehérjék kortikalis
lokalizaciojat az ektopikus &kkindvés megakadalyozasaval. Egy nagyon egys#ett
modellben a Rab23 szerepet jatszhat a Pk proxirfedialmozodasaban és dsszekdtheti az In

aktivaciot a proximalis sejt doménnel.
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