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ABSTRACT

Morphogenesis, the generation of the shape of an organism, requires 

several cellular processes including cell migration, cell division and cell shape 

changes. These processes are mainly mediated by the cell cytoskeleton, which 

is regulated in part by Rho family of small GTPases. One activator of Rho that is 

known to be important in morphogenetic cell shape change is RhoGEF2. 

RhoGEF2 is itself activated by Folded gastrulation and Concertina during 

gastrulation. Genetic interactions between folded gastrulation or concertina and 

RhoGEF2 were apparent in developmental processes other than gastrulation, 

showing conservation of a signalling pathway that activates cell shape change. 

Protein Kinase N and Serum Response Factor, both known targets of Rho 

signalling, interact, presumably indirectly, with RhoGEF2. Alleles of ten putative 

novel Rho signalling pathway components also interact with RhoGEF2, 

indicating the existence of other proteins involved in regulation of cell shape 

change in morphogenesis.

Signalling through Rho results in many diverse outcomes. One major 

question in the field relates to the mechanism used by this single protein to 

select a particular outcome. The hypothesis tested here is that the individual 

guanine nucleotide exchange factor that activates Rho participates in the 

selection. If this is the case, activation of the exchange factor would be expected 

always to result in the same outcome. From a series of experiments it is shown 

that RhoGEF2 promotes shape changes and epithelial folding in all tissues 

studied, but has no observed effect on any other Rho-mediated processes 

studied.

The cellular and molecular function of RhoGEF2 was analysed during 

gastrulation. Time-lapse monitoring of the dynamic process of gastrulation in 

wild type embryos revealed features that have not been observed in fixed 

tissues. RhoGEF2 appears to be important in the accumulation of myosin, 

presumably for apical cellular constriction. RhoGEF2 possibly receives several 

signals during gastrulation, one of which is likely to be from the FGF receptor 

Heartless. If this is the case, it explains many unanswered questions regarding 

the regulation of cell shape change in Drosophila gastrulation.
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EGTA: ethylene glycol-bis[aminoethyl ether]N',N',N',N'-tetra-acetic acid 
ELISA: enzyme linked immunosorbent assay 
EMS: ethylmethane sulfonate 
en: engrailed
ERM: erzin-radixin-moesin
ey: eyeless
FCL: follicle cell clones
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FGD: faciogenital dysplasia 
FGF: fibroblast growth factor 
FGFR: fibroblast growth factor receptor 
FITC: fluorescein 5(6)- isothiocyanate 
tip: flipase
fog: folded gastrulation 
FRT: Flp recombinase target 
flz: fushi tarazu
GAP: guanine nucleotide activating protein
GDI: guanine nucleotide dissociation inhibitor
GDP: guanosine diphosphate
GEF: guanine nucleotide exchange factor
GFP: green fluorescent protein
Gla: Glazed
GLC: germ line clones
GMR: glass mediated response
GMR-Rho: GMR-Rho^ Rho^
gr: gram
GTP: guanosine triphosphate 
HA: haemagglutinin 
h h :hedgehog
MRP: horseradish peroxidase 
hs: heat shock 
ht I: heartless
1RS: insulin receptor substrate 
JNK: Jun kinase 
L: Lobe
iacZ: beta-galactosidase
LARG: leukaemia associated RhoGEF
Leu: leucine
Lfc: Lbc's first cousin
Lilli: Lilliputian
LIMK: LIM kinase
LPA: lysophosphatidic acid
Lsc: Lbc’s second cousin
MAPK: mitogen activated protein kinase
MBS: myosin binding subunit
MDCK: Madin-Darby Canine Kidney
MF: morphogenetic furrow
mg: milligram
MgS0 4 : magnesium sulphate 
ml: millilitre
MLC: myosin light chain 
mm: millimeter 
mM: millimolar 
Ms: male sterile 
ms: mesoderm 
mtl: mig-2 like 
mw: mini-white
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NaCI: sodium chloride
NADPH: nicotinamide adenine dinucleotide phosphate (reduced form)
neo: neomycin
NGS: normal goat serum
nm: nanometer
NMR: nuclear magnetic resonance
nos: nanos
OreR: Oregon R
ovo°: ovo Dominant
p.: page
PAK: p21 activated kinase 
PBS: phosphate buffered saline 
pc: pole cells
PDGF: platelet derived growth factor
PDZ: post-synaptic density protein 95, disc large, zonula adherens 1
PEM: Pipes, EGTA, Magnesuim Sulphate buffer
PH: Plekstrin homology
PI(4,5)P2: phospatidyl inositol 4,5 diphosphate
PI3K: phosphatidyl inositol 3 kinase
PIP2: phosphatidyl inositol diphosphate
PIX: PAK interacting exchange factor
PKC: protein kinase 0
PKD: protein kinase D
PKN: protein kinase N
PLC: phospholipase C
PLD: phospholipase D
PMA: 4-a-phorbol 12-myristate 13-acetate
PMG: posterior midgut
PNS: peripheral nervous system
PRK: protein kinase C related kinase
PS integrin: positional specific integrin
PTP-BL: protein tyrosine phosphatase basophil like
R1-R8: photoreceptor cells 1-8
Rg2: RhoGEF2
RGS: regulation of G-protein subunit
Rho: Ras related protein
RhoL: Rho-like
RNA: ribonucleic acid
Rok: Rho kinase
rpr: reaper
RRE: GMR-Rho enhancer 
RRS: GMR-Rho suppressor 
ry: rosy
Su(Rho): Suppressor of Rho 
Sb: Stubble 
Sco: Scutoid
SEM: scanning electron micrograph
Ser: Serrate
SH2: src homology 2
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SH3: src homology 3
si: small wing
Sp: Sternopleural
SRE: serum response element
SRF: serum response factor
TAE: Tris-acetate-EDTA buffer
TCR: T-cell receptor
TGF: transforming growth factor
TLC: thin layer chromatography
TNF: tumour necrosis factor
Tris-base: Tris (hydroxymethyl)methylamine
TRITC: tetramethylrhodamine
TS: temperature sensitive
ttk: tramtrack
Tyr: tyrosine
UAS: upstream activating sequence
ubi: ubiquitous
UV: ultra violet
VF: ventral furrow
w: white
WASP: Wiskott Aldrich Syndrome Protein
WAVE: WASP Veprolin homologous protein
wg: wingless
wnt: wingless and int
wt: wild type
y: yellow
zip: zipper
pi: microliter
-/-: mutant
2D: two dimensional
3D: three dimensional
4D: four dimensional
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Chapter 1: INTRODUCTION 

PARTI

1.1 Morphogenesis

Morphogenesis is the generation of shape and form of an organism, as 

the meaning of the word implies; genesis = birth and morph = form and feature. 

The processes of morphogenesis arrange cells together to form tissues and 

subsequently form three-dimensional structures that are the organs of an 

organism (Hogan 1999). Several processes need to be co-ordinated for the 

formation of an organism. Each organism starts from a single cell that 

proliferates producing a huge population of cells, which need to receive several 

signals. There are two different categories of signals that are important for 

morphogenesis. The first category is responsible for the generation of the axes, 

the patterning and the cell fate specification. The second category depends on 

signals that mainly regulate the cytoskeletal organisation. Individual cells or cells 

organised in tissues are able to migrate, change their shape, adhere, divide and 

interact with the matrix. These properties enable the tissues to fold into tubes, 

form rings, buds, branches and extensions, internalise, and reshape the whole 

structure (Hogan 1999).

Morphogenesis -hereafter morphogenesis would be used to mean the 

cell and tissue rearrangements required for the formation of three-dimensional 

structures and organs- is controlled by genes and their protein products. It is 

therefore essential to study and understand these genes and their function in 

order to understand development. The development of an organism occupies a 

significant amount of the individual's life. If a malfunction occurs in a 

developmental process then, this individual will not survive or it will suffer. In 

addition, the genes that are involved in controlling the developmental processes 

are often implicated in diseases. Furthermore, the cellular processes that occur 

during deveiopment are aiso required for survival.
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1.2 Morphogenesis of model organisms -  Epithelial folding and 

invaginations, ceil shape changes with apical constrictions
During morphogenesis there are several cell rearrangements for which the 

major role is to bring group5of cells that are far removed from one another into 

close proximity. This allows cells to undergo inductive interactions required for 

the establishment of the three dimensional organs (Carlson 1996).

One of the major morphogenetic processes is gastrulation (=derivation of the 

gut), which is the specification of the germ layers. At a gross morphological level 

gastrulation appears to be extremely variable within the animal kingdom. When 

compared, however at the cellular level, the mechanisms involved are 

somewhat similar. Gastrulation in most species involves invaginations and 

folding of epithelial layers. Invaginations are also needed in other morphogenetic 

processes, for example, in vertebrate neurulation and the formation of vertebrate 

eye and ear (Carlson 1996; Wolpert, Beddington et al. 2002).

The major morphogenetic movements underlying morphogenetic processes 

are: (1) invagination: the inpocketing of a sheet of cells, (Carlson 1996), (2) 

involution: the rolling around of an extending outer layer of cells and spreading 

over an internal surface (Carlson 1996; Dictionary 2000), (3) epiboly: the 

spreading of a cell sheet (Carlson 1996), (4) convergent extension: the 

narrowing and extension of a cell sheet along an axis (Wolpert, Beddington et al. 

2002), (5) ingression: the sinking of individual cells from a surface to a different 

area (Carlson 1996), (6) delamination: the separation of a second sheet from an 

original single sheet (Carlson 1996), (7) évagination: the outpocketing of a sheet 

of cells (Carlson 1996) and (8) amoeboid motion: the migration of single cells 

through their own motility (Carlson 1996). All these morphogenetic movements 

require cell rearrangements.

Cytoskeletal structures are required for cell shape changes, cell migration 

and cell division during morphogenesis. These structures are (1) actin filaments 

that generate force and contraction within the cells and change the shape of the 

cells, (2) microtubule networks that maintain cell asymmetry and polarity, and 

finally (3) intermediate filaments that transmit mechanical forces and provide 

mechanical stability in the cells (Wolpert, Beddington et al. 2002).
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1.3 Comparison and contrast of morphogenetic processes during 

development

During the development of several organisms, there are examples of cell 

shape changes that drive epithelial folding and invaginations. These 

invaginations result from a transition of the shape of the epithelial cells from 

columnar to wedge-shape, where the apical side is constricted and the basal 

expanded. In more primitive organisms like sea urchin and amphioxus 

gastrulation, the endoderm invaginates, whereas in fly gastrulation the 

mesoderm invaginates forming a tube called the ventral furrow, whereas the 

endoderm invaginates from the anterior and the posterior poles of the fly embryo 

(Bate and Martinez-Arias 1993; Carlson 1996; Wolpert, Beddington et al. 2002).

Invagination during sea urchin gastrulation results in movement of the 

endoderm into the blastocoel. This invagination is driven by apical constrictions 

of the cells, probably mediated by actin filaments that cause the endodermal 

cells to change their shape. These cells adopt a wedge-shape conformation, 

where the apical side is decreased and the basal side is enlarged. These cell 

shape changes cause the tissue to bend and fold inwards inside the blastocoel, 

and are sufficient to pull the tissue 1/3 of the way into the blastula. During 

subsequent extension of the invaginated tissue the future gut makes contacts 

with the future mouth region with which it fuses and forms the gut (Fig. 1.1) 

(Wolpert, Beddington et al. 2002).

Blastula Gastrulasecondary mesenchyme
.fiiopodia

0
2 r  mouth

primary mesenchyme invagination of endoderm archenteron

Figure 1.1: Sea urchin gastrulation. Red= mesodermal cells that adopt a 
mesenchymal Identity and blue= endodermal cells that Invaglnate, picture from 
Wolpert, Beddington et al, 2002.

In a similar process Amphioxus gastrulation involves cell shape changes 

that drive invagination. Amphioxus is the Latin name for the cephalochordate 

lancelet. It is a small invertebrate marine fish-like animal of 5-15 cm long 

(Dictionary 2000). Gastrulation in Amphioxus spherical-shaped embryos occurs
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when a single layer of epithelial cells surrounding the blastocoel invaginates. 

The presumptive endodermal cells change their shape acquiring a wedge-shape 

appearance and invaginate like the endodermal cells in the sea urchin embryo. 

The presumptive mesodermal cells are lateral to the invaginated endodermal 

cells. After the inpocketing of the endodermal cells the structure of the embryo is 

composed of two layers of cells forming a half-moon shape, the outer layer is 

the ectodermal cells, and the inner layer is the endodermal wedge-shape cells 

(Fig. 1.2) (Carlson 1996).

n o to c h o rd

V o lk
granules

B las tocoel G a stro co e l

B las top o re  

) M eso-
B lastocoel

^Blastocoel

E n d o d e rm

Figure 1.2: Amphioxus gastrulation. The endodermal cells invaginate, 
picture from Carlson 1996.

During fly gastrulation epithelial folding is the major morphogenetic 

movement, and occurs in a very similar way to the sea urchin gastrulation. The 

cell shape changes involved are also very similar in the two organisms, but the 

layer of cells that will form the mesoderm is the one that internalises, whereas in 

sea urchin gastrulation the presumptive mesodermal cells lose their epithelial 

identity and migrate independently (Wolpert, Beddington et al. 2002). The 

endoderm in the fly embryo is formed by invaginations driven by the same 

mechanism of cell shape changes. The processes that form the endoderm in 

flies are called anterior and posterior midgut invaginations (for a more detailed 

description of fly gastrulation see part VI of the introduction) (Fig. 1.3).

Figure 1.3: Drosophila gastrulation.
The number at the top left corner o f the embryo 
indicates the stage o f embryogenesis. pc=pole cells, 
cf=cephalic furrow, vf=ventral furrow, ms=mesoderm, 
amg=anterior midgut, pmg=posterior midgut.
Diagram from Hartenstein 1993.
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The worm C. elegans has a completely different mechanism during 

gastrulation for the derivation of the future gut. Gastrulation in C. elegans is a 

simple process of ingression of the gut, the germline and the mesodermal 

precursors from the ventral side in the early stages of embryogenesis (Fig.1.4). 

The site of ingression is called the gastrulation cleft or entry zone and it closes 

later with the process of ventral enclosure, (Chin-Sang and Chisholm 2000). 

Although the cellular behavioural during gastrulation is completely different in C. 

elegans in comparison with the epithelial invagination in the other organisms 

described, the main cytoskeletal components that are involved in the required 

cell shape changes are conserved. The ventral cells that ingress to form the 

endoderm as well as the mesodermal cells that follow, show apical flattening 

during ingression and localise myosin II in their apical side (Ip and Gridley 

2002). In addition, the elongation of the worm embryo involves cell shape 

changes in which the cells elongate by the action of actin microfilament bundles, 

located in the periphery of epidermal cells. Proteins like the regulatory light chain 

of myosin II (Mlc-4), Rho kinase (let-502), myosin phosphatase (Mel-11), catenin 

and cadherin molecules are also involved (Fig. 1.5) (Chin-Sang and Chisholm

2000).

(a) Gastrulation

\  (b ) Ventral cleft 
closure

Figure 1.4: Ingression o f ventral cells 
during C. elegans gastrulation, 
picture from Cfiin-Sang and Chisholm 
2000.

High 

MEL-11
CFB

High

LET-502 mnmu

Aclin filaments 
(CFB,

HMR'HMP
complex

Figure 1.5: Elongation o f the C. elegans 
embryo. Direction o f filament contraction, 
the change of cell shape and the genes 
that regulate it picture from Chin-Sang 
and Chisholm 2000.

In higher organisms the morphogenetic movements are more 

complicated. For example, amphibian gastrulation involves three stages, 

involution, convergent extension and epiboly. However, the same cell shape
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changes that generate wedge-shape cells and cause folding of epithelial layers 

are present in amphibian embryos during gastrulation. In this system, wedge- 

shape cells are called bottle cells and are formed in the blastopore during 

involution. At the first stage of gastrulation the endodermal cells on the dorsal 

side that surround the mesodermal cells change their shape by constricting 

apically and elongating. These cell shape changes of the presumptive bottle 

endodermal cells cause involution of the surrounding cells and the formation of a 

groove, which defines the dorsal lip of the blastopore. As gastrulation proceeds 

the presumptive endoderm and mesoderm involute, fold inside and extend 

under the layer of the ectoderm (Fig. 1.6) (Wolpert, Beddington et al. 2002). 

Other morphogenetic movements are also conserved in evolution. For example, 

a major part of amphibian gastrulation is cell intercalation that exists in two 

forms, either radial or medio-lateral during convergent extension. Cell 

intercalation is also observed in the mesodermal and invaginated endodermal 

cells of sea urchin and in worm embryos after ventral cleft closure (Chin-Sang 

and Chisholm 2000; Wolpert, Beddington et al. 2002).

migratory

marginal

borne ceils
n  ectoderm 

I Imesoflerm 

I Iendoderm

wasiopore

Figure 1.6: Involution during Xenopus 
gastrulation, the formation and the role 
of the bottle cells, picture from 
Wolpert, Beddington et al, 2002.

In vertebrate gastrulation there are again the same cell shape changes 

involved that cause the cells to become wedge-shaped. During gastrulation of 

avian and mammalian embryos, of which the best studied are chicken and 

mouse respectively, the formation of the primitive streak is initiated along the 

anterior-posterior axis of the embryo, which will be defined later in development
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(Wolpert, Beddington et al. 2002). The primitive streak is a centre of proliferation 

and migration of cells. In birds and mammals there is proliferation and size 

growth during gastrulation, features absent from insect and amphibian 

gastrulation. The characteristic process during vertebrate gastrulation is the 

ingression of future mesodermal and endodermal cells through the primitive 

streak (Fig. 1.7) (Wolpert, Beddington et al. 2002). The primitive streak is 

observed as a condensation of cells in the epithelial layer, where the epithelial 

layer forms a shallow indentation or groove, the primitive groove (Carlson 1996). 

For the formation of this indentation the cells that form the primitive streak adopt 

a wedge-shaped appearance. The cells that pass through the streak also 

change their shape, starting from columnar epithelial cells, then becoming bottle 

cells with their apical side constricting, and then transforming to mesenchymal 

cells as they pass through (Carlson 1996).

Hensen's node primitive streak

epitMast

tiypoblast

V  endoderm
migrating cells displacing

hypoDlast
mesoderm

Figure 1.7: Primitive streak formation 
and directional migration o f cells 
through the streak picture from 
Wolpert, Beddington et al, 2002.

The cell shape changes that drive epithelial folding and invagination are 

not only observed during gastrulation. This conserved mechanism is repeatedly 

used during other invaginations in vertebrates. Examples of these are during 

formation of the vertebrate neural tube (neurulation), eye and ear. The neural 

tube derives from the ectoderm and forms the brain and the spinal chord. The 

ectodermal tissue that gives rise to the neural tube initiates as a flat epithelial 

layer, the neural plate, after the induction of the mesoderm (Wolpert, Beddington 

et al. 2002). The generation of the neural tube consists of four phases: 

formation, shaping, bending of the neural plate and closure of the neural groove 

(Colas and Schoenwolf 2001). Several cell shape changes are involved in
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neural tube formation, including cell shortening, lengthening, thickening and 

narrowing some of which are also present in less complex systems such as fly 

gastrulation (Leptin 1999; Colas and Schoenwolf 2001).

As in amphibian gastrulation, cell divisions are also involved in vertebrate

gastrulation and neurulation, in contrast to sea urchin and fly gastrulation that

the cells stop dividing in order to change their shape (Grosshans and Wieschaus

2000; Mata, Curado et al. 2000; Seher and Leptin 2000; Wolpert, Beddington et

al. 2002). Morphogenetic processes such as convergent extension occur in this 
o(5

system as well'during shaping of the neural tube. During formation of the neural 

tube the originally flat neural plate forms two folds called neural folds that bend 

in three hinge points, one in the middle of the plate and one on each side (Fig. 

1.8) (Colas and Schoenwolf 2001; Wolpert, Beddington et al. 2002). The first is 

the median hinge point, formed in the midline of the neural plate (Colas and 

Schoenwolf 2001; Wolpert, Beddington et al. 2002). This first hinge point is 

formed by apical constrictions and basal expansions that generate wedge- 

shaped cells. In addition, the nuclei of the cells in the hinge point migrate to the 

basal side as do the nuclei of the ventral cells during fly gastrulation (Leptin 

1999; Colas and Schoenwolf 2001). Actin filaments and microtubules are 

possibly involved in these processes (Colas and Schoenwolf 2001). These cell 

shape changes are the force that generates the groove in the median hinge 

point (Wolpert, Beddington et al. 2002). The dorsolateral hinge points, one in 

each neural fold, are also generated by cell shape changes and the formation of 

wedge-shaped cells (Colas and Schoenwolf 2001 ; Wolpert, Beddington et al. 

2002). These hinge points are required for the elevation and the formation of the 

neural folds. When the two folds meet they adhere and seal forming a tube. The 

appearance of the neural tube is very similar to the tube formed by ventral 

furrow invagination during fly gastrulation and although the mechanism of neural 

tube formation is more complicated and involves more steps and tissue 

movements, some of the basic mechanisms are conserved (Colas and 

Schoenwolf 2001 ; Wolpert, Beddington et al. 2002).
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neural plate

surface ectoderm

notochord

Figure 1.6: Neural tube formation from the neural plate, showing the position and ceil shape 
changes in the three hinge regions, picture from Wolpert, Beddington et ai, 2002.

Invagination generated by cell shape changes where cells constrict their 

apices is also observed in the formation of the vertebrate ear. The first 

invaginations and tissue folding occur when the auditory placode invaginates to 

form the auditory pit that will subsequently internalise to form the auditory 

vesicles. The auditory vesicles are part of the membranous labyrinth of the inner 

ear. The formation of these vesicles is similar to the ectodermal invaginations of 

the tracheal pits or the ventral furrow formation in Drosophila gastrulation, but 

the tube-structures formed do not disperse in this case, instead they remain 

spherical and detach from the epidermis as does the neural tube (Fig. 1.9) 

(Carlson 1996).
A u d ito ry
vesicle

A u d ito ry
pit

A u d ito ry
placode

Dorsal
aorta

M yelen-
cephalon' O . a';'Pharynx

V entra l |  
aorta  ------ 1

Figure 1.9: Deveiopment of the vertebrate ear. The deveiopment o f the auditory vesicle 
require invagination o f epithelial layers caused by ceil shape changes, picture from 
Carlson 1996.

The invaginations required for the formation of the vertebrate eye also 

involve by cell shape changes that cause epithelial folding (Carlson 1996). The 

invagination of the primary optic vesicle (like the primary auditory vesicle in the 

ear) that gives rise to the retina occurs in parallel to the invagination for the 

formation of the lens (Fig. 1.10). In eye and neural tube formation, therefore, a 

mechanism involving cell shape changes where the apical side of the cells

X
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constrict or expand and the basal side expand or constrict respectively is 

conserved (Carlson 1996; Colas and Schoenwolf 2001). These cell shape 

changes of apical expansion and basal constrictions are also observed in the 

ventral cells of the fly embryo during ventro-lateral furrow formation (see part VI 

of introduction).

Figure 1.10: Development of the vertebrate eye. 
The development of the optic cup and lens vesicle 
require invagination, inpocketing and outpocketing 
of epithelial layers caused by ceil shape changes,

picture from Carlson 1996.

Cell shape changes and the mechanism of epithelial folding and 

invagination is a process involved in the development of all organisms 

independent of their complexity. In addition, genes that are involved in regulating 

and promoting morphogenesis are also conserved throughout evolution. For 

example, during the first stage of neural tube formation, where the cells constrict 

their apical sides in the first hinge region, actin is localised at the constricting 

end (Colas and Schoenwolf 2001). Furthermore, myosin is localised to the 

apical side of the cells that ingress during C. elegans development and the 

cytoskeleton is involved in sea urchin gastrulation (Chin-Sang and Chisholm 

2000; Wolpert, Beddington et al. 2002). On the other hand, during neuronal 

morphogenesis, actin cytoskeleton and myosin function are involved in axon 

initiation, growth, guidance, branching, formation of dendrites and dendritic 

spines, in synapse formation and stability and in retraction of both axons and 

dendrites (Luo 2002). Likewise, not only the proteins that control the 

cytoskeleton are conserved, but also orthologues of the proteins that control 

mesoderm formation in flies such as the transcription factors Twist and Snail 

(see part V), have effects in the similar cell shape changes in other organisms. 

Twist mutant mice have neural tube closure defects, in particular in the head 

region (Castanon and Baylies 2002). On the other hand Snail suppresses neuro

ectodermal fates in the presumptive mesoderm in flies, and mice that lack Snail 

have defects in mesoderm specification (mesoderm is expanded and the
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ectoderm reduced) and morphogenetic movements, such as the migration of 

cells through the primitive streak (Ip and Gridley 2002). Finally the 

characterisation of the Zebrafish orthologue of Snail showed conservation in the 

gene function between vertebrates and invertebrates (Hammerschmidt and 

Nusslein-Volhard 1993).

PARTU

2.1 The reasons for using the fruitfly Drosophila meianogaster
To study the development of an organism a model system is required. 

There are several model systems that have been studied for a long time, and 

each one has certain advantages and disadvantages. The study that follows 

concentrates on the morphogenetic process during the development of the 

fruitfly Drosophila meianogaster. The genome of the fruitfly is sequenced and 

annotated (Adams, Celniker et al. 2000). This has shown that there is a 

conservation of the genes and their function between flies and other organisms 

(Rubin, Yandell et al. 2000). There is also conservation of the developmental 

processes (Wolpert, Beddington et al. 2002). Finally, it is an In vivo model, so 

the results reflect a physiological system, where the three dimensions of the 

cells and the tissues can be studied as well as the behaviour of the cells, tissues 

and organs. In comparison to other In vivo models there is also the advantage of 

genetic tractability and manipulations. Fly development and genetics have been 

studied for a very long time (Sturtevant 2001) and therefore there are many 

genetic manipulations known. In addition, the most important developmental 

processes have been observed and reported (Bate and Martinez-Arias 1993). 

The flies have a very short generation time, and their progeny are numerous, 

which also helps the genetic manipulations. The ability to generate relatively 

easily transgenic lines, and loss- or gain-of function mutants, to study genetic 

interactions, and to do genome wide genetic screens, are some of the 

advantages of the system. There are several known techniques to study the 

functions of genes in individual tissues (Brand and Perrimon 1993; Brand, 

Manoukian et al. 1994; Phelps and Brand 1998) or even individual cells (Chou 

and Perrimon 1992; Xu and Rubin 1993; Chou and Perrimon 1996). There is
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also less genetic redundancy in the flies in comparison with other organisms; 

therefore it is more feasible to elucidate the function of particular genes. All 

these reasons have made the flies a very powerful tool to study developmental 

processes and signal transduction pathways (Wieschaus 1995).

In this study the morphogenesis of the fruitflies will be analysed, and in 

particular the morphogenetic signals that are involved in the cytoskeletal 

rearrangements that will give rise to the tissues and organs.

2.2 Epithelial invaginations during DrosophUa embryogenesis

During fly embryogenesis there are several processes involving cell 

shape changes and epithelial folding, one of them is Drosophila gastrulation. In 

the fly embryo, after the end of cellularisation the ventral cells constrict their 

apical side and increase their basal side, the nuclei migrate to the basal side 

and the tissue internalises in the ventral side of the embryo, forming a tube 

called the ventral furrow (Fig. 1.11). When these cells have completely 

internalised they lose their adhesion, divide, and migrate towards the dorsal side 

of the embryo. At the posterior end of the embryo, by the same method of cell 

shape changes, the cells internalise carrying the germ cells. This process is 

called posterior midgut invagination. The anterior tissue also internalises during 

the anterior midgut invagination, and this invagination also occurs in the same 

way as the posterior midgut and the ventral furrow. This process is the one that 

specifies the germ layers and it is called gastrulation, where an embryo that 

starts with one single layer of cells forms the three germ layers. The tissue that 

invaginates at the ventral side forms the mesoderm (meso = middle) that will 

give rise to the muscles and the heart. The invaginated tissue from the anterior 

and the posterior fuse at a later stage forming the endoderm (endo = inside), 

which will produce the gut. Finally, the layer of cells in the periphery of the 

embryo forms the ectoderm (ecto = outside), which will generate structures that 

include the neurons and the trachea. The process of gastrulation is finished by 

stage 7 to 8 with the invagination of the tissues. The posterior midgut is 

completely internalised when the germband extends (Bate and Martinez-Arias 

1993; Hartenstein 1993; Campos-Ortega and Hartenstein 1997; Leptin 1999).

n
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Figure 1.11: Ventral furrow formation during Drosophila gastrulation. Cross sections 
of successive stages o f gastrulation, showing the ceil shape changes on the ventral 
side, picture from Leptin 1999.

Other epithelial invaginations that occur during fly embryogenesis include 

the formation of the tracheal pits. The tracheal system starts developing by 

internalisation of ectodermal cells to form the tracheal pits. These invaginations 

occur by the same mechanism of apical constrictions and basal expansions. In 

addition, other organs are formed by invaginations, including the stomodeum at 

the ventral anterior part of the embryo, which will form the upper respiratory 

system of the fly, the pharynx, the larynx, and the oesophagus. At a later stage, 

invagination forms parts of digestive system including the proventriculus and the 

malphigian tubules. The midgut, the hindgut and the foregut also undergo later 

invaginations as do tissues in the head during head involution. All these tissues 

are primarily formed by invaginations based on cell shape changes (Bate and 

Martinez-Arias 1993; Hartenstein 1993; Campos-Ortega and Hartenstein 1997).

PART III

3.1 Role of cytoskeleton In morphogenesis

The morphogenetic events described during fly embryogenesis, obviously 

involve many cell alterations. In order for epithelial layers to carry out all these 

alterations, the cells need to be organised and their cytoskeleton needs to be 

flexible to accommodate these changes. The ability of eukaryotic cells to 

maintain changes in shape in response to the extracellular signals is largely 

dependent on rearrangements of the actin cytoskeleton (Van Aelst and 

D'Souza-Schorey 1997). Actin cytoskeleton has been shown to be involved in 

cellular function such as chemotaxis, endocytosis, secretion, cell shape
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changes, cell motility and migration (Devreotes and Zigmond 1988; Salmon 

1989; Bretscher 1991).

In the case of fly gastrulation the cytoskeleton of the cell also*a

crucial role for the alteration of the cell shape that drives the invaginations. 

Myosin is localised with actin at the tip of the cleavage furrow during 

cellularisation (Young, Pesacreta et al. 1991; Young, Richman et al. 1993), but 

accumulates on the apical side of the ventral cells at the onset of gastrulation. 

These ventral cells are the ones that constrict their apices for ventral furrow 

formation. In the lateral and dorsal cells, myosin remains on the basal side 

(Leptin, Casal et al. 1992; Abstracts 2002). The role of actin is not clear in 

gastrulation; actin is very dynamic and it is very difficult to access its role but it is 

hypothesised that it is a main regulator of these changes. The role of the 

microtubule network is also not established during gastrulation, but it is thought 

to be important in mediating these changes in cell shape, especially since the 

nucleus migrates from the apical side to the basal side during apical 

constrictions. This movement of nuclei could be mediated by the microtubules 

and motor proteins as in the case of the nuclear movement during photoreceptor 

differentiation in the eye imaginai disc (Fischer-Vize and Mosley 1994; Mosley- 

Bishop, Li et al. 1999) and in pre-blastoderm staged embryos (Baker, Theurkauf 

et al. 1993).

3.2 Regulators of the cytoskeleton

To understand morphogenesis there is a need to understand the 

movements and the behaviour of cells. So, there is a need to understand the 

role of the cytoskeleton that mediates these processes as well as the proteins 

that control it.

The actin cytoskeleton is primarily regulated by its polymerisation and 

de-polymerisation turnover, called actin dynamics. Half of the total actin in the 

cytoplasm of cultured cells is polymerised into filaments. There are three 

patterns of organisation, the isotropic arrays, parallel bundles and anti-parallel 

bundles (Miller 2002). The proportion and the location of the actin filaments 

reflect the particular properties of the cells that contain them, since actin 

cytoskeleton can continuously adapt to new locations and conditions in the cells



Chapter 1: Introduction
page 39

(Sheterllne 1993). Actin polymers are organised in branched networks. The 

model of actin polymerisation has been more extensively studied in the 

migratory edge of motile cells. Actin polymerisation generates a force that 

causes a change in the membrane and generates the membrane protrusions. 

Changes in the actin structure rely on activation of the cell through extracellular 

signals (Miller 2002). Rearrangements of the actin cytoskeleton are mainly 

regulated by the family of Rho GTPases and their signalling networks (Hail 

1998; Ridley 2001).

3.3 Rho GTPases in human diseases

Aside from their vital role in development Rho signalling pathways are 

also involved in tumourigenesis. RhoGEFs (see section IV of introduction) are 

functional oncoproteins and Rho GTPases are involved in the evolution of 

cancer. For example, Tiami has been shown to cause invasion of T- 

lymphocytes, whereas other exchange factors, for example Dbl, are linked with 

transformation. Another exchange factor, LARG is involved in acute myeloid 

leukaemia (Zheng 2001 ; Schmidt and Hall 2002). Rho exchange factors are also 

involved in genetic diseases. For example, diseases with mental retardation 

effects are associated with the Rac/Cdc42 target PAK3, and PIX exchange 

factor modification (Ramakers 2002), while in faciogenitai dysplasia the GEF for 

Cdc42, FGD1, is mutated (Pasteris, Cad le et al. 1994; Zheng, Fischer et al.

1996). Rho proteins and other components of Rho mediated signalling pathways 

are involved in several aspects of cancer, including invasion, metastasis and 

tumour progression, as well as in genetic diseases causing defects in the 

immune system, mental retardation, nephrogenic diabetes, Wiscott-Aid rich 

syndrome and other X-linked syndromes (Settleman and Barrett 2001 ; Zheng 

2001 ; Schmidt and Hall 2002). An understanding of the mechanism of action of 

these signalling pathways may also shed light on the pathogenesis of these 

diseases.

PART IV

4.1 The Rho family of small GTPases
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The Rho family of small GTPases is a subgroup of the Ras superfamily, 

and is conserved through evolution (Van Aelst and D'Souza-Schorey 1997; Hall

1998). The three most widely studied molecules Rho, Rac and Cdc42 are about 

30% identical to Ras and 50 to 60% identical to each other. The human, worm 

and fly orthologues are about 90% identical (Montell 1999). These molecules 

switch between their active and inactive state depending on the nucleotide to 

which they are bound. When Rho binds to GTPus active and when it binds GDP 

it is inactive. This property enables these GTPases to transduce extracellular 

signals to cellular responses (Fig. 1.12). The proteins that activate them by 

causing the release of GDP to allow binding to GTP are called Guanine 

Nucleotide Exchange Factors (GEFs). GTPase Activating Proteins (GAPs) 

stimulate the intrinsic catalytic activity of the GTPase and cause hydrolysis of 

the GTP to GDP and therefore inactivate the Rho protein. Another family of the 

GTPase regulators is called Guanine Nucleotide Dissociation Inhibitors (GDIs), 

which when bound to the GTPases, “lock” them into the GDP-bound state. The 

activity of Rho GTPases depends on the ratio between the active and the 

inactive form (Van Aelst and D'Souza-Schorey 1997; Hall 1998).
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of different responses. Rho cycles between active 
and inactive states and is regulated by GEFs, 
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There are several members of the Rho GTPase family. In flies there are 

six members, Rhol, R a d , Rac2, Cdc42, Rho-like (RhoL)/Rac3 and Mig-2 like 

(Mtl). RhoL has a sequence homology to Rac but behaves more like Rho. Mtl 

behaves more like Rac, but its primary sequence is more like the worm Mig-2. In 

worms there are five members, a Rho protein, a Cdc42 protein and three Rac
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proteins (Settleman and Barrett 2001). In mammals there are more members of 

this family and there are also more subcategories. The Rho subcategory has 

several members: RhoA, RhoB, RhoC. RhoE has the opposite function from 

Rho A (Aspenstrom 1999). RhoG is the orthologue of Mig-2 in C. elegans and 

Mtl in Drosophila and has a different function from the Rho subcategory 

members that places it with the Rac subcategory (Ridley 2001). There are three 

classical Rac genes, R a d , Rac2 and Rac3. The ninth family member is Cdc42, 

a gene encoding two isoforms, and the tenth the TCI 0 gene. There two other 

members called RhoH and RhoD as well, which are less closely related to Rho, 

Rac and Cdc42 (Aspenstrom 1999).

4.2 The diverse range of Rho GTPase functions

All these members of the Rho superfamily have different functions. Some 

of these will be used here to illustrate the different aspects of signalling through 

these proteins. RhoA, RhoB and RhoC have a primary role in the formation of 

stress fibers and focal adhesions, but RhoB is also involved in endocytosis. 

Rad is required for the formation of membrane ruffles and lamellopodia, 

whereas Rac2 is involved in NADPH-oxidase assembly and function. RhoG 

functions in membrane ruffles and protrusions. Both Cdc42 and TC10 are 

implicated in fiiopodia formation and can cause the degeneration of stress fibers, 

a role that Rad also has sometimes. RhoE mainly opposes RhoA function in 

causing the breakdown of stress-fibers in epithelial cells, whereas in 

macrophages it is involved in membrane protrusions. Finally RhoD has a role in 

membrane protrusions and the breakdown of stress fibers (Aspenstrom 1999).

Rho proteins can be activated by numerous extracellular signals and 

membrane receptors (Fig. 1.12). Bombesin and LPA through G-protein coupled 

receptors activate Rho. PDGF, EGF, insulin and bombesin activate Rac and 

TNF alpha as well as bradykinin activates Cdc42. Several Rho, Rac and Cdc42 

targets have also been identified shown in Figure 1.13 (Aspenstrom 1999).
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Figure 1.13: Rho, Rac and Cdc42 targets and functions, picture from Van Aelst and 
D ’Souza-Schorey 1997.

4.2.1 Rho proteins can be redundant

For some functions Rho proteins can be redundant, for example the 

formation of stress fibers and focal adhesions can be mediated by RhoA, RhoB 

and RhoC. Rho causes the formation focal adhesion and contractile stress fibers 

of actin and myosin (Ridley and Hall 1992; Ridley, Paterson et al. 1992; Nobes 

and Hall 1995). Overexpression of constitutively activated Rho in NIH-3T3 cells 

can increase myosin light chain (MLC), phosphorylation and stress fiber 

formation (Kimura, I to et al. 1996). Rho-mediated stress fiber formation 

generates tension and therefore induces integrin aggregation. This consequently 

stimulates the formation of focal adhesions and tyrosine phosphorylation of focal 

adhesion proteins (Van Aelst and D'Souza-Schorey 1997). Rac and Cdc42 can 

also induce the formation of focal complexes at the cell membrane. These 

complexes are associated with membrane protrusions like fiiopodia and
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lamellopodia and are different and formed independently of the focal adhesions 

formed by Rho (Nobes and Hall 1995).

4.2.2 More that one Rho protein can be required for a process
Other functions require more than one Rho GTPase, where each one 

controls different aspects of the same process. Examples of this case are the 

role of GTPases in cell migration. During cell migration the cell extends 

processes at the migratory edge, Rac regulates the lamellopodia and Cdc42 the 

fiiopodia. Rac is also involved in the generation of new adhesions to the matrix 

proteins as the cell moves. On the other hand Rho is required for the cell body 

contractions (Ridley 2001). The role of GTPases in cell migration has been 

observed and studied in different kind of cells, for example in macrophages, 

dominant negative (DN) versions of Rac and Rho can block migration, where 

Cdc42 is required for sensing the chemotactic gradient (Price and Collard 2001). 

During cell migration Rac and Cdc42 need to activate the Arp2/3 complex that 

would cause actin polymerisation. Cdc42 activates WASP family members that 

switch on the Arp complex, whereas Rac interacts with the protein complex of 

IRSp53 and WAVE. In addition, both Rac and Cdc42 cause the activation of 

PAK kinases that activate LIM Kinase and cause the inhibition of cofilin, thereby 

inhibiting actin depolymerisation. Furthermore, Rac activates the PI(4)P5 kinase 

to produce the PI(4,5)P2 lipids needed for uncapping the capping proteins 

during actin polymerisation. Rho also affects the capping proteins during actin 

polymerisation, through the same mechanism as Rac, by activating PI(4)P5 

kinase to produce PI(4,5)P2 lipids. In addition, it activates Rho kinase (Rok), 

which has multiple functions. Rok can also activate the PI(4)P5K kinase, it 

activates LIM Kinase for the inhibition of cofilin and actin depolymerisation, as 

well as myosin light chain for cell contraction and for stress fibers formation 

directly and indirectly (Ridley 2001).

The same case is observed in vivo, for example during oogenesis, wing 

and wing hair development in Drosophila, where Rho, Rac and Cdc42 are 

required but for complementary functions (Eaton, Auvinen et al. 1995; Eaton, 

Wepf et al. 1996; Murphy and Montell 1996; Settleman and Barrett 2001).
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4.2.3 Rho proteins have overlapping functions
In addition to the fact that Rho, Rac and Cdc42 can control different 

aspects of the same process, there are cases where members of the same sub

category, like R ad, Rac2 and Mtl in Drosophila have overlapping functions 

(Hakeda-Suzuki, Ng et al. 2002; Luo 2002; Ng, Nardine et al. 2002). The Rac 

isoforms are involved in neuronal guidance at the midline, where misrouting of 

the longitudinal axons occur when these genes are mutated. Mtl has a stronger 

effect that can be enhanced to a greater degree by Rad than by Rac2 (Hakeda- 

Suzuki, Ng et al. 2002). In the neuronal projections in the eye, each single 

mutant has no effect; although Rad and Rac2 or Rac2 and Mtl double mutants 

have mild defects, but Rad and Mtl double mutants have more severe defects 

(Hakeda-Suzuki, Ng et al. 2002). The Rac isoforms also affect the neurons in 

the mushroom body, particularly in axon branching, guidance and growth. These 

processes can be controlled by differential activation of Rac signalling pathways 

(Ng, Nardine et al. 2002). In CNS midline axon guidance, Mtl and Rad are 

predominantly involved, where in mushroom bodies Rad is more important than 

Mtl (Hakeda-Suzuki, Ng et al. 2002; Ng, Nardine et al. 2002). All three Rac 

proteins are also involved in myoblast fusion and dorsal closure (Hakeda- 

Suzuki, Ng et al. 2002).

4.2.4 Rho proteins have Individual functions
Most of the functions described so far depend on the effects that these 

proteins have on the cytoskeleton and apart from overlapping or synergistic 

functions, Rho proteins can also have individual functions. For example, Rho 

has an effect on transcriptional activation in mammalian cells and RhoB in 

endocytosis; whereas Cdc42 has a polarity effect in yeast (Hall 1998; Arellano, 

Coll et al. 1999; Pruyne and Bretscher 2000). Rho causes the transcriptional 

activation of Serum Response Factor (SRF) (Hill, Wynne et al. 1995). Activation 

of SRF is caused by changes in actin dynamics, and the cycle of G-actin to 

filamentous and the reverse change of F-actin to monomeric; LIMK, as well as 

profillin, that promotes actin polymerisation, and cofilin, that promotes actin 

depolymerisation are also involved (Sotiropoulos, Gineitis et al. 1999). In 

addition, RhoB, but not RhoA can transcriptionally repress TGF beta type II.
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Expression of RhoB decreases TGF beta II promoter activity and also decreases 

protein levels of TGFpll and resistance of tumour cells to TGFp-promoted cell 

growth (Adnane, Seijo et al. 2002).

The small GTPases have also effects in the dorsal closure since it is a 

morphogenetic process, where the acto-myosin cytoskeleton is involved. 

Studies with activated and DN forms of Rac, Rho and Cdc42 showed that all 

three of them are required in dorsal closure, but they do not act in a hierarchical 

order (Harden, Loh et al. 1995; Harden, Ricos et al. 1999). A DN form of Rac 

causes disruption of the shape changes of the lateral cells by disrupting the 

localised accumulation of actin and myosin (Harden, Loh et al. 1995). Rho is 

required by the leading edge cells in order to control their cytoskeleton (Harden, 

Ricos et al. 1999), where Cdc42 is also involved for the maintenance as well as 

the down-regulation of the activity of the leading edge cells (Harden, Ricos et al.

1999). For the progression of dorsal closure a cable of actin is formed in the 

leading edge. Fiiopodia and lamellae are extended from both ends and facilitate 

the sealing of the epithelium (Jacinto, Wood et al. 2000). In Rho mutants the 

cable is missing and the fiiopodia and lamellae extend much further giving a 

migratory advantage to the tissue that lacks Rho function (Jacinto, Wood et al. 

2002). Expression of DN Rho affects cell adhesion at the leading edge and loss 

of E-cadherin and beta h-spectrin, whereas in the ventral epidermis cells lose 

their adhesiveness and become excluded from the cell layer. DNRho also 

causes actin and myosin II to become more cytoplasmic and less cortical, and 

alters cell polarity and transcriptional regulation (Bloor and Kiehart 2002). The 

triple Rac mutant (rad, rac2, mtl) has an effect in dorsal closure producing 

dorsal open cuticle phenotypes (Hakeda-Suzuki, Ng et al. 2002). In the leading 

edge of this mutant, the cable and the fiiopodia are greatly reduced (Hakeda- 

Suzuki, Ng et al. 2002). In the similar process of wound healing in flies, 

mutations in Rho affect the cable formed around the wound, wherd^^Cdc42 

affects the formation of fiiopodia and their role in promoting attachment of the 

opposing sides (Wood and Martin, Nat Cell Biol in press). Also, Rho is 

upregulated around a wound in blastoderm staged embryo (Magie, Pinto-Santini 

et al. 2002).
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Another function of Rho proteins, endocytosis, is primarily dependent on 

RhoB (Ellis and Mellor 2000), in particular the trafficking of EGF receptor that is 

internalised in the cell. RhoB binds PRK1, one of the kinase targets of Rho to 

mediate the kinetics of EGFR (Gampel, Parker et al. 1999). In addition, RhoB 

targets PRK1 to the endosomal compartments (Mellor, Flynn et al. 1998).

4.2.5 Rho proteins in morphogenesis
Since these proteins are involved in regulating the cytoskeleton, and the 

cytoskeleton of the cells mediates several cellular processes during tissue 

rearrangements and morphogenesis, it is expected that these molecules will be 

involved in morphogenesis. This is the case in flies and other organisms. In flies, 

zygotic mutations in the Rho gene cause defects in internalisation of the head 

structures, and the brain remains on the anterior dorsal surface (Magie, Meyer 

et al. 1999). Reduced maternal Rho activity also causes segmentation defects, 

in which Engrailed expression is initiated properly but is absent in some stripes 

in later embryos suggesting that En expression is not maintained (Magie, Meyer 

etal. 1999).

In other organisms Rho proteins are involved in several morphogenetic 

and other processes. During the morphogenesis of amphibians RhoA is required 

for specification of head structures and increases cell adhesion during 

gastrulation (Wunnenberg-Stapleton, Blitz et al. 1999). During the 

morphogenetic processes of gastrulation of Xenopus, two protein complexes 

formed involve the p190RhoGAP and p120RasGAP, suggesting that the two 

signalling pathways can co-ordinate for this complicated morphogenetic process 

(Dupont and Blancq 1999). On the other hand, Cdc42 in Xenopus controls 

convergent extension during gastrulation. Expression of DN and wild type Cdc42 

interferes with convergent extension, without affecting celi specification (Choi 

and Han 2002). In mouse morphogenesis there are Rho pathway components 

that are involved in morphogenetic processes, for example the RhoGAP pi 90 

has a role in the morphogenesis of neural tube development (Brouns, Matheson 

et al. 2000).

Other functions of Rho in multicellular organisms may or may not be due 

to the effects of Rho on the cytoskeleton. One example of this is the effects of
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Rho in eye development and planar polarity in flies, where Rho1 signals to the 

nucleus for the establishment of ommatidial polarity, but affects different 

transcriptional targets than Rac (Fanto, Weber et al. 2000). In addition, in clones 

of Rho1 hypomorph, the ommatidia point in random directions, strengthening the 

case for a role for Rho in polarity (Strutt, Weber et al. 1997). Similar effects of 

Rho in polarity have been observed during the development of other organisms 

for example in Zebrafish (Heisenberg, Tada et al. 2000; Habas, Kato et al. 

2001). The Drosophila Rho protein and components of its signalling pathway are 

also implicated in eye development. One copy of Rho as a transgene expressed 

in the eye causes a mild disruption of the eye morphology, while increasing the 

copies of the Rho transgene results in a rough eye phenotype in which 

photoreceptor morphology is abnormal (Hariharan, Hu et al. 1995).

4.2.6 Summary of Rho functions
To summarise so far, there are many Rho proteins and several processes 

in which these proteins are involved. Some processes require more than one 

family member, whereas others require only one family member. Several family 

members also have more than one function. It is therefore essential to 

understand how these proteins are regulated and how they select their outcome, 

since the range of their functions is very important in so many aspects of 

development.

4.3 Selection of the Rho specific response

From the above description, it is obvious that there are numerous Rho 

proteins and a range of different proteins that can activate them as well as a 

variety of targets and outcomes. The way that Rho proteins select their 

response is not clear yet, although there are different possible mechanisms.

4.3.1 Expression pattern of Rho GTPases
One possible mechanism would be for Rho proteins to be expressed in a 

mutually exclusive manner so that only one can be activated in each cell. This is 

less likely to be the case firstly because many cells can express more than one 

family member simultaneously. Secondly, most family members are expressed



Chapter 1: Introduction
page 48

ubiquitously (Aspenstrom 1999). For example, the Drosophila orthologue of Rho 

is expressed ubiquitously as shown by in situs (Hariharan, Hu et al. 1995) and 

by antibody staining (Magie, Pinto-Santini et al. 2002). In addition all six Rho 

members in flies are expressed throughout the developmental stages from 

embryos to adults as revealed by Northern Blot analysis (Sasamura, Kobayashi 

et al. 1997). Although most of the Rho family members are expressed 

ubiquitously there are a few exceptions. For example, mammalian Rac2 is 

primarily expressed in haematopoietic cells and Rac3 in heart, placenta, kidney, 

brain and pancreas, while one of the two isoforms of Cdc42 is expressed mainly 

in the brain (Aspenstrom 1999). Thus some kind of selection mechanism must 

exist within the individual cells.

4.3.2 Subcellular localisation of Rho GTPases
A second possibility is that Rho selects the particular function based on 

the subcellular localisation of the activated protein. For example, activated RhoB 

is localised in endosomal compartments (Mellor, Flynn et al. 1998) and RhoA in 

membrane to be activated by G-alphas (Seasholtz, Majumdar et al. 1999). On 

activation, Rho also translocates to the site of membrane ruffling, cell-cell 

adhesion and cleavage furrows (Takaishi, Sasaki et al. 1995). Rhol localisation 

in flies varies in syncytial blastoderm depending on the cell cycle stage,! is 

primarily concentrated around the nuclei of interphase cells in the early 

embryos, whereas it is found at the cell periphery of metaphase cells. During 

cellularisation its expression is cytoplasmic, but concentrates on the apical side 

of cellularised cells and the basal side of the cells underneath the pole cells. It is 

also highly concentrated at the ventral midline of the CMS. Rho also becomes 

up-regulated around a wound formed in a blastoderm embryo (Magie, Pinto- 

Santini et al. 2002). Therefore, subcellular localisation is a likely mechanism for 

selection of the Rho specific outcome, but usually other molecules are required 

to localise them.

4.3.3 Selection of Rho targets
A third mechanism for selection of the outcome of Rho activation is the 

selection of targets that have specific functions. For example, the Rho effector
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molecules that regulate cytoskeletal structures are different from those that 

signal to the nucleus and affect growth control (Zohar, Teramoto et al. 1998). 

How could a particular Rho target be selected? Different targets of Rho bind to 

different parts of the protein. The most terminal part of the protein, switch I, 

amino acids 23-40, is the binding region for class II effector targets that include 

the kinase citron. The region of amino acids 75-92, switch II, is the binding 

region for class I molecules, such as PKN, rhophilin and others, and finally both 

the above regions as well as a third region between amino acids 92 to 119 are 

required for a third type of target, which is the different isoforms of the kinase 

Rok (Fujisawa, Madaule et al. 1998). It is possible that when one target is bound 

to Rho, it can mask the binding site of other targets, as in the case of when PKN 

is bound to Rho that the Dia site is possibly blocked (Flynn, Mellor et al. 1998; 

Maesaki, lhara et al. 1999).

Scaffold protein complexes are another way to bring together several 

pathway components and facilitate the interactions of Rho with its targets. An 

example of a protein that can simultaneously bind to more than one Rho 

pathway component is the Protein Tyrosine Phosphatase-Basophil-Like, PTP- 

BL. The C-terminal of PRK2 binds to third PDZ domain of the phosphatase and 

the two proteins colocalise in lamellopodial structures. This non-transmembrane 

protein phosphatase has 5 PDZ domains, and a domain that binds to the ERM 

proteins. Proteins such as IkB alpha, a zyxin family member, APC, Ephrin B, a 

RhoGAP and others bind to the other PDZ domains (Gross, Neumann et al.

2001). Although, the way that this complex functions and promotes Rho 

dependent responses is not clear, it is an indication that it is involved in Rho 

signalling, since a Rho target, a RhoGAP and actin related proteins are in close 

proximity.

Of the several targets that Rho GTPases have, only a few have been 

studied extensively. The example described here, Rho kinase (Rok) does not 

have a specific role since it affects different kinds of Rho-mediated processes 

that involve regulatiorfactin and myosin dynamics (Leung, Manser et al. 1995; 

Ishizaki, Maekawa et al. 1996). Rok is a serine-threonine kinase related to the 

human myotonic dystrophy kinase (Leung, Manser et al. 1995). It controls 

phosphorylation of myosin light chain directly (Amano, Ito et al. 1996) and
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Indirectly by inhibiting its inhibitor, the myosin phosphatase (Kimura, Ito et al. 

1996; Kawano, Fukata et al. 1999). Phosphorylation of the myosin light chain 

induces smooth muscle contraction and stress fiber formation in non-muscle 

cells (Fukata, Amano et al. 2001). Other substrates of Rho kinase are the ERM 

proteins, LIM kinase and intermediate filaments (Amano, Fukata et al. 2000).

In most cell types Rok is primarily localised in the cytosol. After induction 

of the cells with growth factors (Amano, Fukata et al. 2000) or activation of Rho, 

it partly translocates to the membrane and localises with actin microfilaments at 

the cell periphery (Leung, Manser et al. 1995). It is also observed that Rho 

kinase localises at the cleavage furrow during cytokinesis, and at actin stress 

fibers (Amano, Fukata et al. 2000). In general Rho kinase has an effect on 

stress fiber formation, focal adhesion assembly, cell migration and membrane 

ruffling, cell shape changes, cell-cell contacts, integrin-mediated adhesion, tight 

and adherens junctions, cytokinesis, microvilli structure, cellular transformation, 

apoptosis, transcriptional activation of c-fos, neurite retraction, axon outgrowth 

and growth cone dynamics (Amano, Chihara et al. 1998; Redowicz 1999; 

Amano, Fukata et al. 2000; Bito, Furuyashiki et al. 2000; Tran Quang, Gautreau 

et al. 2000; Alblas, U If man et al. 2001; Leverrier and Ridley 2001; Walsh, 

Hopkins et al. 2001).

In Drosophila the effects of Rok also show that this molecule can 

regulate different functions, although they are all actin and Rho related. It is 

expressed ubiquitously during all stages of embryogenesis and in the eye, wing, 

and leg imaginai discs (Mizuno, Amano et al. 1999). Mutational analysis of this 

gene showed that it is a target of the Frizzled-Dishevelled pathway for regulation 

of the actin site for bundle formation in the developing wing hair and in planar 

polarity of the ommatidia in the eye. Mutant clones of Rok in the wings result in 

multiple hair phenotype due to the formation of multiple actin bundles, which 

indicates a failure to restrict the prehair actin formation to one site (Winter, Wang 

et al. 2001). Rho kinase also has defects in dorsal closure, where cuticle 

preparation shows dorsal holes. Accumulation of actin and shape of the cell in 

the leading edge is defective, since the cells fail to elongate (Mizuno, Tsutsui et 

al. 2002). This example of a Rho target shows that% less likely that the specific 

response is selected by the target that Rho activates.
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4.3.4 Activators of Rho GTPases
The fourth way that Rho can select the outcome possibly lies with the 

molecules that activate Rho. These molecules can be different receptors with 

their ligands. For example, it is shown in both mammalian cells and Drosophila 

that the Plexin receptors and their ligands semaphorins can regulate Rho 

proteins to perform neuronal specific outcomes (Hu, Marton et al. 2001; Liu and 

Strittmatter 2001; Swiercz, Kuner et al. 2002). Another example is the tissue 

specific activation of T-cells through the T-cell receptor (TCR) that activates the 

Rho signalling pathway required for maturation from early to late pre-T-cell and 

differentiation signals (Cantrell 1994; Cleverley, Henning et al. 1999). In addition 

Rho can become activated by different receptors, such as integrin, chemokine 

and growth factors in different situation as shown in Figure 1.12 (Zheng 2001).

The molecules that directly activate Rho proteins by exchanging GDP to 

GTP, the RhoGEFs, can also be the key components that select the specific 

responses. Sequence projects show that C. elegans has 18 proteins with Dbl 

homology domains (DH), Drosophila has 23 and humans 46 (Zheng 2001). In 

mammalian cells, there are several stimuli that can activate Dbl family members, 

for example growth factor receptors activate beta-PIX, cytokine receptors 

activate Tiami, adhesion proteins and the TCR activate Vav, and heptahelical 

transmembrane receptors activate pllSRhoGEF (Zheng 2001).

All of the members of this family have a Dbl Homology domain (DH) 

followed by a Plekstrin Homology domain (PH), in addition to several other 

domains (Table: 1.1, Fig. 1.14) (Zheng 2001 ; Schmidt and Hall 2002).
Table 1.1

Rho GEF Specificity for 
GTPase

Biological
properties

Tissue expression

Dbl Rho, Cdc42 Oncogenic Brain, adrenal glands, 
gonads

Lbc Rho Oncogenic Heart, lung, skeletal 
muscle

Lfc Rho Oncogenic Haematopoietic cells, 
kidney, lung

p115RhoGEF/Lsc Rho Oncogenic, binds 
Galpha12-13

Haematopoietic cells, 
kidney, lung

Dbs Cdc42, Rho Oncogenic Kidney, lung, brain

Tiami Rac Metastatic and Brain, testis
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oncogenic
Tiam2 Rac Brain, testis

Vav1 Rac, Cdc42, Rho Oncogenic, implicated 
in lymphocytic 

proliferation and 
lymphopenia

Haematopoietic cells

Vav2 Rho, Rac, Cdc42 Oncogenic Ubiquitous

Vav3 Rho, Rac Oncogenic

FGD1 Cdc42 Implicated in 
faciogenital dysplasia

Brain, heart, lung, 
kidney

FGD2 Cdc42 Embryonic
development

Trio Rac, Rho Cell migration Ubiquitous

Ost Rho, Cdc42, Rac Oncogenic Brain, heart, lung, 
liver

Bcr Rac, Cdc42, Rho 
(GAP for Rac)

Implicated in 
leukaemia

Brain

Abr Rac, Cdc42, Rho 
(GAP for Rac, Cdc42)

? Brain

Ect-2 Rho and Rac Oncogenic Testis, kidney, liver, 
spleen

Tim ? Oncogenic Kidney, liver, 
pancreas, plant 

placenta
Netl Rho Oncogenic Ubiquitous

p190RhoGEF Rho Inhibits neurite 
outgrowth, binds to 

microtubules
Kaiirin Rac, Rho Implicated in neuronal 

development
Asef Rac Binds to APC Brain

Fix / Cooi Rac Binds to Pak

Frabin Cdc42 Binds to actin

hPEM-2 Cdc42 Brain

PDZRhoGEF Rho Associates with 
neuronal glutamate 

receptor, binds 
Galpha13

Brain

LARG Rho Binds to Galphat 2- 
13, implicated in 
acute myeloid 

leukaemia
GEF-H1 Rho, Rac Associates with 

microtubules
Stef Rac Cartilages, nervous 

system
114RhoGEF Rho
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Ephexin Rho, Rac, Cdc42 Oncogenic, mediates 
Eph regulation of 

growth cone

Brain

Intersectin Cdc42 Brain

GEF-720 Rho Oncogenic Brain

p164RhoGEF Rho Without PH domain Heart

SWAP-70 Rac Transduces signal 
from Ras

p-Rex-1 Rac Neutrophils

p63RhoGEF Rho Heart, brain

GEF337 Rho

Table 1.1: A summary of most o f the known Rho GEFs showing their properties and specificity, 
(updated version from Van Aelst and D'Souza-Schorey 1997; Zheng 2001; Schmidt and Hall 
2002).

Figure 1.14
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There are different ways that the GEFs can be regulated, for example (a) 

by the Interactions between the DH-PH domain e.g. Vav, (b) by Interactions 

between a regulatory subunit and the DH-PH domain, e.g. Vav and Dbl, (c) by 

Interaction with other molecules that activate the DH-PH domain e.g. G-alpha 12 

and pllSRhoGEF and (d) by phosphorylation, for example Vav after adhesion 

and cytokine receptor activation (Zheng 2001 ; Schmidt and Hall 2002).

GEFs are good candidate molecules for the selection of the Rho outcome 

for various reasons. Firstly, they can Interact with proteins that are localised and 

can localise Rho. For example, pllSRhoGEF can bind to the heterotrlmeric G- 

proteln Galpha 12-13 after activation of the LPA heptahelical receptor and 

recruit Rho to the membrane (Seasholtz, Majumdar et al. 1999; Zheng 2001). 

Another example Is the exchange factor PDZRhoGEF. The localisation of 

PDZRhoGEF either to the cytoplasm or the tip of neurites determines the Rho 

response upon LPA stimulation, which Is either stress fiber formation or neurite 

retraction respectively (TogashI, Nagata et al. 2000), demonstrating that the 

subcellular localisation of the GEF and the activated GTPase can select the 

cellular response. The localisation of the Rho proteins with their exchange factor 

Is crucial In balancing cell to cell adhesion and cell migration. Iitegrin 

mediated signalling Is Implicated In localising the signalling complex 

Rad/Tiam i, since the composition of the extracellular matrix can promote either 

cell-cell contacts If Rad/Tiami Is localised at the E-cadherIn adhesion sites and 

the cells are attached to fibronectin, or cell migration. If the Rad/Tiami complex 

Is localised In the migratory edge and the cells are attached to collagen (Price 

and Collard 2001). Likewise, other exchange factors, e.g. Lbc and Dbl, can be 

localised In cytoskeletal structures (Schmidt and Hall 2002). Exchange factors, 

such as p190RhoGEF, GEF-H1 and Lfc are localised with microtubules (Glaven, 

Whitehead et al. 1999; van Horck, Ahmadlan et al. 2001; Krendel, Zenke et al.

2002). Other exchange factors are recruited to the membrane, such as Lfc, Dbs 

and Tiami through Interactions with the PH domain, or bind directly or Indirectly 

to a membrane receptor such as pllSRhoGEF, LARG, Ephexin, Vav and 

others. Some of them e.g. Ect-2 and Net-1 have a nuclear localisation signal 

and therefore are localised In the nucleus (Schmidt and Hall 2002). Furthermore 

the Dbl family members can have a tissue specific distribution (Zheng 2001), for
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example Vav1 Is expressed in haematopoietic cells (Abe, Rossman et al. 2000), 

while ephexin and kaiirin are expressed function in the nervous system 

(Table 1.1) (Luo 2002).

Another argument in favour of the model that GEFs are molecules that 

select the outcome and provide specificity to the Rho signalling pathway is that 

they have multiple domains (Figure 1.14) (Zheng 2001 ; Schmidt and Hall 2002). 

The GEFs through their multiple domains can become activated through one 

domain and activate Rho through another, as in the case of pllSRhoGEF, 

LARG, and PDZRhoGEF that interact with the alpha subunit of heterotrlmeric G- 

protein and the small GTPase. Alternatively, they can interact with the small 

GTPase and the GTPase's target molecule, as in the case of Pix and the Rac/ 

Cdc42 target PAK. This interaction links the activator with the target of the small 

GTPase, indicating a way that the GTPases can select their effector molecules 

when a specific exchange factor is activated (Manser, Huang et al. 1997; 

Manser, Loo et al. 1998). Exchange factors, as well as bringing together the 

target and the GTPase often select specific Rho targets. For example, Tiami 

and Dbl are able to activate PAK by activating Rac and Cdc42, whereas another 

Rac/Cdc42 target, JNK is activated when these GTPases are activated by 

GFKG1 and FGD1. These results show specificity of the exchange factors and 

their ability to select the effectors of the GTPases. The activation of PAK and 

JNK by the specific exchange factor is even higher than the activation of the 

kinases by constitutively active forms of Rac and Cdc42 (Zhou, Wang et al. 

1998).

Furthermore, the GEFs in multicellular organisms seem to have specific 

functions and perform the same outcome. For example during Drosophila 

development the exchange factors that have been cloned and characterised are 

always involved in specific activities. Four of them GEF64C/RoboGEF, Still life. 

Trio and Pix are involved in neuronal development. GEF64C promotes Rho- 

dependent axon attraction to the CMS midline and overcomes the repulsion 

caused by Roundabout. Loss of function of GEF64C results in a phenotype 

where very few axons cross the midline (Bashaw, Hu et al. 2001). Still life is 

expressed in neurons and in particular adjacent to the cell membrane in synaptic 

regions. Expression of the activated form of Still life in neuronal cells causes
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defects in elongation of the motor neurons and their synapses with the target 

muscles (Sone, Hoshino et al. 1997).

Trio's role is in axon development and pathfinding, as well as in the 

patterning and the directional extension of the axons. Trio has two GEF 

domains. By sequencing similarity to other GEFs one of these act on Rac and 

the other on Rho, although only in vivo activation of Rac has been shown. 

Mutants of Trio exhibit defects in central and peripheral axon pathways in the 

embryo and malformation of the mushroom body. Trio is required for the correct 

extension of the neu rites and possibly for post-developmental function of the 

neurite terminals (Awasaki, Saito et al. 2000; Bateman, Shu et al. 2000; LiebI, 

Forsthoefel et al. 2000). The fourth neuronal exchange factor, dPIX, is a Rac 

and Cdc42 specific and controls postsynaptic structures and the localisation of 

proteins at the neuromuscular junctions. The regulation of post-synaptic 

structures by dPix is partly carried out by PAK (Parnas, Haghighi et al. 2001).

An additional exchange factor for Rho in flies is Pebble. Pebble is Rho- 

specific and it is required for the formation of contractile ring and the initiation of 

cytokinesis. It reorganises the actin cytoskeleton in the cleavage furrow 

(Prokopenko, Brumby et al. 1999). The sequence orthologue of Pebble is the 

mouse Ect-2 oncoprotein, which also plays a role in cytokinesis (Schmidt and 

Hall 2002). Pebble is expressed dynamically during the cell cycle and the 

redistribution of pebble during mitosis parallels the onset of cytokinesis 

(Prokopenko, Brumby et al. 1999). Finally the Rho specific exchange factor 

RhoGEF2 is involved in cell shape changes that occur during the morphogenetic 

event of gastrulation (Barrett, Leptin et al. 1997; Hacker and Perrimon 1998).

An example that reinforces the hypothesis that the exchange factor can 

be the key molecule for the selection of a specific response derives from the 

pattern of activation of the three fly Rac molecules by Trio. Rac is known to have 

a role in epithelial morphogenesis, myoblast fusion and axon growth and 

guidance, but Trio, although it has a widespread expression, activates Rac only 

for the regulation of neuronal axons, suggesting that different Rac exchange 

factors are required to activate Rac for the different outcomes. Therefore, the 

specific cellular response activated by Rac can be determined by the specific
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Rac activator, not the specific Rac isoform involved, since all Rac isoforms have 

differential but overlapping functions (Hakeda-Suzuki, Ng et al. 2002).

Even in the case where the targets can select an outcome, this specificity 

can be linked with the exchange factors, since as shown above the exchange 

factors can select or facilitate interactions of Rho with its targets. The hypothesis 

therefore tested here is that the selection of the outcome of Rho activation is 

carried out by the exchange factor. This study will analyse the role and function 

of a specific RhoGEF, RhoGEF2 that is involved in fly morphogenesis and test 

for possible functions of this molecule in different tissues and developmental 

stages of Drosophila. If RhoGEF2 always performs the same function then this 

strengthens the case for specificity/selectivity of the Rho signalling being carried 

out by the exchange factor. In addition, the Rho targets that are linked with this 

GEF will be analysed in order to try and solve the involvement of Rho signalling 

network in morphogenesis.

PARTY

5.1 The Rho genetic screen

A genetic screen was designed in order to identify important regulators of 

the Rho signalling pathway. The over-expression of two copies of Rho in the fly 

eye using the GMR promoter causes a rough eye phenotype (Hariharan, Hu et 

al. 1995; Barrett, Leptin et al. 1997) and was used as a basis to screen for 

suppressors and enhancers of the Rho-induced effect. Flies were fed with a 

chemical mutagen (EMS) and crossed with GMR-Rho^-Rho®. Several lines of 

suppressors and enhancers were identified. One of the suppressors was found 

to be a Rho specific exchange factor named RhoGEF2 (Barrett, Leptin et al.

1997).

5.2 The Rho-specific exchange factor RhoGEF2

5.2.1 Identification and protein characterisation of RhoGEF2

RhoGEF2 is a large molecule of 284KDa that has several domains 

(Barrett, Leptin et al. 1997; Hacker and Perrimon 1998). It has a Dbl Homology 

(DH) and Plekstrin Homology (PH) domain required for Rho activation. It has a
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Figure 1.14b: Schematic representation o f RhoGEF2 protein with 
putative domains and its mammalian orthologues. (Diagrams not 
in scale).
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PDZ domain near its amino terminus and PDZ domains are mainly involved in 

protein-protein interactions (Harris and Lim 2001). This domain in RhoGEF2 

could therefore potentially bind Rho targets and bring them in close proximity 

with Rho to be activated. RhoGEF2 has two other domains, the G-protein 

Regulation Subunit (RGS) and a Cl domain. Considering the sequence 

similarity between RhoGEF2 and the mammalian Rho exchange factors, there 

are three close human orthologues. One of these is the human protein 

pi 1 SRhoGEF that retains the RGS and Cl domain but not the PDZ domain. The 

others are PDZRhoGEF, also known as KIAA0380 or ArhGEF11 and Leukaemia 

associated RhoGEF (LARG) also known as KIAA0382 or ArhGEF12. Both of 

these retain the PDZ and the RGS domains but not the Cl domain (Fig. 1.141>) 

(Fukuhara, Chikumi et al. 2000; Wells, Gutowski et al. 2001 ; Schmidt and Hall 

2002; Wells, Liu et al. 2002).

The RGS domains of pllSRhoGEF and PDZRhoGEF bind to the alpha 

subunits of the heterotrlmeric G-protein Gai2-13- This interaction activates the 

GEF. In addition, when pllSRhoGEF binds to the Galpha, it inhibits the function 

of the Galpha. Therefore this interaction provides a control mechanism of 

activation and inhibition of the signal (Fukuhara, Chikumi et al. 2000; Wells, 

Gutowski et al. 2001 ; Schmidt and Hall 2002; Wells, Liu et al. 2002). The related 

Cl domain in PKC isoforms binds the phorbol ester diacylglycerol (DAG). DAG 

is formed by the action of phospholipases on PIP2 (Divecha and Irvine 199S; 

Benjamin 2000). Other exchange factors e.g. Vav and pllSRhoGEF also have a 

Cl domain (Schmidt and Hall 2002).

5.2.2 The function of RhoGEF2
RhoGEF2 is a specific exchange factor for Rho, since it modifies only 

GMR-Rho and not GMR-Raci, GMR-Rac2, or GMRCdc42. In situs of RhoGEF2 

and Northen Blots showed that the mRNA is maternally loaded and expressed 

ubiquitously and at low levels. The maternal product of RhoGEF2 is required 

during gastrulation. Embryos derived from germ line clones of RhoGEF2 mutant 

cells do not form a ventral furrow and the anterior and posterior midgut primordia 

do not invaginate. As a result the embryos become wrinkled due to a failure in 

germ band extension and die. Transverse sections of RhoGEF2 embryos
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demonstrate that the cell shape changes required for gastrulation do not occur 

(Fig. 1.15). Only a small number of cells are able to constrict their apical side 

and a few nuclei migrate to the basal side but the overall constrictions and cell 

shape changes fail (Barrett, Leptin et al. 1997; Hacker and Perrimon 1998). 

Expression of Rho dominant negative, RhoN19, by a maternal driver also has a 

gastrulation phenotype that resembles that of RhoGEF2 (Barrett, Leptin et al. 

1997; Hacker and Perrimon 1998).

F

Figure 1.15: RhoGEF2 
mutant embryos do not 
form ventral furrow during 
Drosophila gastrulation.
A-C: Sections o f wild type 
embryos, stained with 
anti-twist in three successive 
stages form a ventral furrow. 
D-F: RhoGEF2 mutant 
embryos do not change their 
shape and fail to produce 
a ventral furrow. Sections 
stained with anti-twist.
Dorsal is up. Figure from 
Barrett, Leptin et al. 1997.

5.3 Conservation of the Rho signalling pathway

Two other molecules that have a gastrulation phenotype and are involved 

in the cell shape changes of ventral furrow formation are Folded gastrulation 

(Fog) and Concertina (Ota). Fog thought to be a secreted molecule and Ota is a 

Galpha subunit, the fly orthologue of G a i2-i3 - Cta is activated probably indirectly 

by Fog during gastrulation. Mutations in fog and cta have less severe effects 

than those in RfioGEF2 \n gastrulation.

Overexpression of Fog causes apical constrictions of cells, but this effect 

is blocked in a RhoGEF2 mutant background suggesting that a signal through 

Fog and Cta can activate RhoGEF2. By analogy to mammalian pathway, a 

signal from Fog through a possible heptahelical transmembrane receptor that 

has not been identified yet activates the Goc, Cta. Cta then activates RhoGEF2



Chapter 1: Introduction
page 60

through the RGS domain and RhoGEF2 inhibits the Galpha and activates Rho 

for the cell shape changes to occur (Fig. 1.16) (Barrett, Leptin et al. 1997).

Flies

Fog

I
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etc
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hoG
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cepi
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Got 2/13

p i 1 SRhoGEF 
PDZRhoGEF

Figure 1.16: Conservation in the Rho pathway from 
flies to mammals. A ligand activates a receptor, the 
receptor activates the G a subunit o f heterotrimeric G- 
protein, the Ga subunit activates the GEF, and the 
GEF activates the GTPase to promote cytoskeletal 
rearrangements and cell shape changes, from Barrett, 
Leptin et al. 1997.

RhoA

PART VI

6.1 DrosopA7/Va Gastrulation

The major effect of mutations in RhoGEF2 is in gastrulation. Therefore 

this process will be studied in order to identify its cellular role during 

morphogenesis. Gastrulation is the specification of the germ layers (Wolpert, 

Beddington et al. 2002). The role of gastrulation is the generation of form as well 

as to relocate the cells so they can receive the right signals at the right time 

(Leptin and Grünewald 1990). It involves major reorganisation of cells in the 

embryo and therefore proper co-ordination and timing of morphogenetic 

movements are critical (Morize, Christiansen et al. 1998). In flies this takes 

approximately one hour at 25°C (Leptin and Grünewald 1990) and consists of 

the morphogenetic events of ventral furrow formation and posterior and anterior 

midgut invagination. The ventral cells internalised by the ventral furrow give rise 

to the mesoderm, while the invaginated cells in the anterior and the posterior of 

the embryo form the endoderm. The ectoderm is composed the cells that 

remain on the outside of the embryo (Sweeton, Parks et al. 1991).
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As a model for epithelial folding, ventral furrow formation has several 

advantages, for example: there is no cell division or growth, it occurs in a single 

homogeneous cell layer, it is relatively quick, there is a very short interval 

between the cell fate specification and morphogenesis, and this process is 

genetically tractable (Leptin, Casal et al. 1992). It is a simple invagination, there 

are no cell rearrangements and the basic understanding of the molecular 

mechanism of mesoderm specification is known (Morize, Christiansen et al. 

1998).

6.2 Cell shape changes during ventral furrow formation

Ventral furrow formation in the fly embryo directly affects an area of 60 

cells along the A-P axis and 18-20 cells along the D-V axis (Sweeton, Parks et 

al. 1991). The cell shape changes that drive the invagination in the ventral 

furrow occur in a sequence of events that are divided into two phases: a first 

slow phase and a second rapid phase. In the first phase, the 12 most ventral 

cells, in the D-V axis along the length of the embryo, flatten their apical sides. 

Then the flattening expands to an 18-cell width. During flattening the cell 

membrane probably internalises since there are no blobbing and membrane 

ruffles visible (Sweeton, Parks et al. 1991). The cytoplasm above the nucleus 

decreases as the cells flatten. The nucleus then moves from the apical to the 

basal side of the cell, pushing the cytoplasm basally. This expands the basal 

side to give a ratio of basal to apical side of 1.6 +/- 0.2 (Kam, Minden et al. 

1991). The ventro-lateral cells remain unconstricted till this point.

Ventral cells adopt a wedge-shape conformation by constricting their 

apical side. The apical cytoskeleton of actin and myosin are thought to play an 

important role in apical constriction (Parks and Wieschaus 1991). In the mid- 

ventral cells, the apical constrictions do not occur simultaneously in all cells, but 

individual cells constrict in a stochastic manner. It is more likely for the more 

ventral cells to initiate the constrictions. When up to 40% of the cells have 

constricted then the ventral furrow enters the second phase of events (Sweeton, 

Parks et al. 1991).

Apical flattening and nuclear movement are active processes that permit 

the subsequent cell shape changes and do not cause them. In Flightless I
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mutant embryos that do not {he cells still flatten and their

nuclei migrate basally (Leptin, Casal et al. 1992; Straub, Stella et al. 1996). In 

addition, the end of cellularisation is not the start signal for gastrulation, since 

the semi-formed ventral cells in mutant embryos that do not cellularise are able 

to flatten apically and move their nuclei basally (Leptin, Casal et al. 1992).

The second phase ventral furrow formation is a rapid phase, where the 

remaining 60% of the cells constrict very quickly and forms membrane blebs. An 

intermediate stage between 40 and 100% of constriction was not observed even 

when high numbers of embryos were fixed and analysed. During this stage all 

the cells are wedge-shaped and form a groove along the A-P axis. The furrow 

therefore contracts without substantially decreasing its length. As the apical 

diameter of the cell decreases the blebs continue to increase and the varying 

widths of cell apices observed indicate that constriction is a gradual process 

(Sweeton, Parks et al. 1991).

During apical constrictions, the cytoplasm is displaced and contributes to 

elongate the cells. These cells are reported to elongate from 17% of 

length/diameter of the embryo at the end of cellularisation to 29% of the egg 

diameter after the initiation of constrictions. After elongation has finished, the 

basal sides of the cells increase in surface area. In addition, the nuclei reach 

their final position 2/3 of the way from the apical surface. All the nuclei in the 

most ventral part of the embryo (12-cell diameter along the ventral-dorsal axis) 

have fully descended, by the time that the apical diameter has decreased by 

50% (Sweeton, Parks et al. 1991). Nuclei migrate at 2.5 ^m/min, but not always 

continuously and they do not change orientation during migration (Kam, Minden 

et al. 1991). This nuclear migration to the basal side occurs approximately 6 

minutes after the onset of gastrulation. When the nucleus moves to the basal 

side, the basal end is wider with a ratio of apical to basal surface area of 0.7 +/-

0.2 (Kam, Minden et al. 1991). The cells that are not in the constricted 

midventral region retain their nuclei 1/3 of the way from apical surface. Although 

the cells change their shape dramatically during this process, cell size 

differences are not observed (Leptin and Grünewald 1990). These cell shape 

changes lead to the transition from 1®̂ to 2"̂  phase of ventral furrow formation. 

The shallow furrow formed invaginates very rapidly, approximately 10 minutes
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after the onset of gastrulation. This rapid internalisation is associated with the 

shortening of the constricting cells of the midventral region. The elongated 

ventral cells that occupied 29% of the embryo diameter alter to occupy only 15% 

after shortening. Generally, the cells change their shape from columnar to 

trapezoid to triangular (Sweeton, Parks et al. 1991).

The ventro-lateral cells behave in a different way to the ventral cells 

described above. They bend towards the ventral midline during the second 

phase, their basal surface remains in the original position and orientation, but a 

force possibly pulls the cells inwards (Sweeton, Parks et al. 1991). These cells 

have adopted the opposite shape from the midventral cells, where the apical 

side is expanded, the basal is constricted and their nuclei stay apically (Leptin 

and Grünewald 1990). After the second rapid phase the ventro-lateral cells 

move towards the furrow with a rate of 10pm/min and fold over the invaginated 

central population to form a tube (Fig. 1.17) (Kam, Minden et al. 1991). A 

possible explanation for this event is that the lateral cells are pulled because of 

mechanical constrains of the embryo's shape (Sweeton, Parks et al. 1991). The 

central midventral cells form the tube and the ventro-lateral peripheral cells form 

the stem of the tube (Leptin and Grünewald 1990).

The initiation of cell shape changes is an autonomous process, since wild 

type cells in mutant embryos lacking ventral genes are able to invaginate, which 

shows that the cell shape changes leading to an invagination are independent of 

the local neighbouring cells (Leptin and Roth 1994). In addition, the size and 

shape of the furrow depend on the size and shape of the area of cells 

expressing ventral genes and not on the shape of the embryo (Leptin and Roth 

1994). This was demonstrated by injection of wild type cytoplasm in the dorsal 

side of a dorsalised embryo, which resulted in the formation of a furrow on the 

dorsal side along the D-V axis and not along the A-P as in wild type embryos 

(Leptin and Roth 1994). Individual cells therefore initiate the cell shape changes, 

but the final shape of the invagination depends on the environment in which 

furrow formation takes place (Leptin and Roth 1994).

In very brief summary the cell shape changes that drive the ventral furrow 

formation are apical flattening followed by constrictions, nuclear migration and 

membrane blebbing and when a significant amount of cells have constricted all
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the remaining cells constrict very rapidly. The cells initially lengthen after the 

constrictions and then subsequently shorten with expansion of the basal side. 

The ventro-lateral cells also change their shape and bend towards the ventral 

furrow (Fig. 1.17) (Sweeton, Parks et al. 1991).

Figure 1.17: Ventral furrow formation in Drosophila. Cross sections of successive stages of 
gastruiating embryos and ceil shape changes occurring at each stage, picture from Leptin 1999.

6.3 Genes, signalling and forces in Drosophila gastrulation

The whole process of gastrulation is regulated spatially and temporally by 

two zygotically expressed transcription factors, Twist and Snail (Boulay, 

Dennefeld et al. 1987; Thisse, Stoetzel et al. 1988; Leptin 1995). Twist is an 

activator of the mesodermal genes, where Snail acts as inhibitor of those genes 

(Leptin 1991).

6.3.1 Twist

Twist is a helix-loop-helix transcription factor (Leptin 1991). Its early 

transcription is restricted to the ventral side of the embryo in a 20 cell width 

along the D-V axis and in approximately 80% of the cells in the A-P axis. The 

most ventral cells express higher levels of twist than more lateral cells (Leptin 

and Grünewald 1990). Twist regulates the transcription of mesodermal genes 

(Leptin 1991) such as N-cadherin, PS2alpha-integrin, beta-3 tubulin needed for 

muscles, nautilus -  a myogenic gene homologue- and others, including itself 

(Leptin 1999). The expression of those genes is abolished in twist mutants 

(Leptin 1999). Of all the genes regulated by Twist, only two are known to act 

during gastrulation. These are fog and snail (Leptin and Grünewald 1990; Leptin

1991).

fw/sf mutant embryos have severe gastrulation phenotypes forming only a 

transient furrow. The cells become cylindrical and narrow, but do not flatten or



Chapter 1: Introduction
page 65

constrict their apical sides, the apical membrane does not form blebs and the 

nuclei move only half the appropriate distance. There are also no changes in the 

lateral cells and the ventral cells are not able to shorten. The furrow formed is 

much shorter and it is not stable. By the end of germ-band extension it flattens 

out (Leptin and Grünewald 1990). The cells that are able to change shape in the 

twist mutant are in the snail expression domain (Morize, Christiansen et al.

1998). The fact that the nuclei are released by the apical side even in the 

absence of cell flattening or constriction indicates that nuclear migration is an 

active independent process. The twist mutants are able to form quite deep 

furrows in the absence of apical constrictions therefore apical constrictions are 

not the only force for invagination (Leptin and Grünewald 1990).

6.3.2 Snail
<xS

Snail is a transcription factor of the zinc-finger family. It acts an inhibitor of 

the ectodermal genes in the presumptive mesodermal cells (Leptin 1991). These 

genes include E-cadherin, crumbs, short gastrulation, enhancer of split, and 

delta, and in snail mutants these genes are expressed in the mesoderm 

(Kosman, Ip et al. 1991; Leptin 1991; Ip and Gridley 2002). In addition other 

targets of Snail are single minded, rhomboid and lethal of scute (Ip and Gridley 

2002).

The expression domain of snail is more restricted than that of twist. Snail 

is expressed in a subpopulation of the Twist expressing cells along the D-V axis 

and the A-P axis, and requires Twist to be fully expressed (Leptin 1991). The 

posterior expression of Snail is restricted by the transcription factor Huckebein 

(Reuter and Leptin 1994), where the expression domain of Snail and Huckebein 

form a border that marks the end of the ventral furrow at the posterior of the 

embryo (Leptin, Casal et al. 1992; Reuter and Leptin 1994). In addition, Snail 

expression is lost after invagination, where Twist expression remains (Leptin, 

Casal et al. 1992).

In snail mutant embryos gastrulation is also defective. The cells flatten 

and become short, the nuclei do not migrate at all, and the epithelium buckles 

forming random folds in the ventral side. During germband extension the folds 

disappear and flatten out. There is again no change in the shape of the lateral
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cells (Leptin and Grünewald 1990). Since the cell layer becomes thin in snail 

mutants it suggests that shortening can occur, which is the reverse of the 

process in twist mutants, where lengthening occurs (Leptin 1999). The fact that 

the nuclei are not able to migrate at all in snail mutant embryos, could indicate 

that there is a mechanism controlled by Twist to “lock” the nuclei in the apical 

side (Leptin and Grünewald 1990).

6.3.3 Twist and snail
In twist-snail double mutant embryos, cell shape changes do not occur. 

There are occasionally some small indentations, ventro-lateral cells do not 

change shape, the nuclei do not migrate, and the epithelium does not flatten 

(Leptin and Grünewald 1990).

In twist, snail as well as the double mutant any cell shape changes occur 

much later, when germband extension starts. At this stage a wild type embryo 

has completely internalised the presumptive mesoderm (Leptin and Grünewald 

1990). The dorsal side that expands during the course of a wild type gastruiating 

embryo to accommodate the decreased surface of the ventral side also flattens 

and expands in these three mutant genetic backgrounds (Leptin and Grünewald 

1990). Since the furrow is not formed, the force from the dorsal side causes two 

folds in the lateral sides of the embryo (Leptin and Grünewald 1990). These 

extra folds in the mutant embryos indicate that there is a force from the dorsal 

cells that is able to fold the epithelium, but since this force is not able to make 

the cells in the ventral side constrict and internalise it is not sufficient for ventral 

furrow formation (Leptin and Grünewald 1990).

6.3.4 Dorsalised and ventraiised embryos
In mutants that are ventraiised by mutations in the patterning gene toll, all 

the cells flatten and the nuclei are released from the apical side and migrate half 

way through the cell. Although all the cells express Twist and Snail in this 

genetic background, only the cells on the ventral side internalise. The number of 

cells that form the tube and the stem of the furrow are larger than the 

corresponding number of cells in the wild type furrow (Leptin and Grünewald

1990). In toll ventraiised embryos, the lateral cells cannot push because all the
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cells have ventral fates and cannot expand, but the furrow is able to internalise. 

Thus, Twist expression is not the absolute reason for invagination and 

internalisation of epitheiial tissue (Leptin and Grünewald 1990). In addition, in 

toll mutant embryos more ceiis are able to internalise, therefore there are no 

positionai or mechanical cues to hold the ventro-lateral cells out of the 

invaginating tissue in wild type embryos (Leptin and Grunewaid 1990).

In incompletely dorsalised embryos, only a few cells express Twist, but 

these were abie to internalise, suggesting that there is not a specific number of 

celis required for invagination. In torso mutant embryos in which the poies have 

more central fates, the furrow extends along the A-P axis. The snail expression 

domain that determines the borders of the furrow aiso expands along the A-P 

axis (Leptin and Grünewald 1990). This exampie indicates that there are no 

mechanical constrains or properties of the embryos that wouid cause the furrow 

to occupy oniy 80% of the A-P axis (Leptin and Grünewald 1990).

6.3.5 Co-ordination of ceii shape changes
The speed and efficiency of ventrai furrow formation depend on the co

ordination of the cells. All ventral cells are able to constrict (Leptin, Casal et al.

1992), but the initiation of the cell shape changes is controlied by the criticai 

levels of the zygotic genes. Embryos heterozygous for twist start changing 

shape later than wild type embryos. This suggests that genes downstream of 

Twist need to be accumulated at the right levels. This phenomenon may explain 

why cells do not change shape simultaneously (Leptin, Casal et al. 1992). The 

most ventral cells have earlier expression of Twist and Snaii due to the higher 

ievels of expression of the patterning gene dorsal, so these cells are more likely 

to start constricting eariier than the more iaterai ceiis (Leptin, Casal et al. 1992). 

Possibly, the peripheral cells are able to constrict (Leptin and Grunewaid 1990), 

but they do not reach appropriate leveis tiil they are pulied inside the furrow by 

the most ventrai ceils (Leptin, Casai et ai. 1992). The initiation of ceil shape 

changes is autonomous and independent of the environment, but the final result 

of the cell shape changes are partly determined by ceil’s environment (Leptin 

and Roth 1994).
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6.3.6 Folded gastrulation
Evidence that the cells in the ventral furrow need to be co-ordinated 

comes from the phenotype resulting from mutations in fog. Fog functions non

cell autonomously after cells have already started constricting to accelerate 

constrictions in the remaining cells (Costa, Wilson et al. 1994). Fog is required 

for the invagination not for the initial apical constrictions; it exerts its function in 

the second phase of ventral furrow formation (Sweeton, Parks et al. 1991; 

Costa, Wilson et al. 1994).

In fog mutant embryos Twist expression and dorso-ventral patterning are 

both normal. The cells on the ventral side flatten, cells in random places 

constrict, but the constricted cells are restricted to the most ventral 12-cell wide 

region. Therefore the initiation of cell shape changes and the first phase of 

ventral furrow formation are normal. However, this phase is not followed by the 

rapid phase where the remaining cells constrict. Instead random cells in the 

midventral region constrict in a slow pattern. As a result an intermediate number 

of cells, i.e. more than 40% and less than 100%, constrict. Some cells in the 

midventral region never constrict. The 12-most ventral cells finally invaginate 

and form an abnormal furrow that closes non-uniformly along its length and 

much later than the wild type (Sweeton, Parks et al. 1991).

Sections through the PMG in embryos carrying fog clones show that cells 

that were 2-3 cells away from the wild type fog positive cells were able to 

constrict. This experiment provided evidence that Fog is a secreted protein that 

acts in a non-autonomous way (Sweeton, Parks et al. 1991). In fog in situs at 

gastrulation stages, the pattern of expression of fog coincides with the pattern of 

initiation of apical constrictions. The transcript is more ventral at first and then 

spreads along 12-14 cells along the D-V axis (Sweeton, Parks et al. 1991). In 

snaii-twist double mutant, the fog transcript is completely abolished. In twist 

mutants a few clusters of cells near the ventral midline express fog transcript, 

whereas in the snaii mutants there are very low levels of fog transcript in the 

ventral furrow. Experiments with transgenic flies carrying 6 copies of fog show 

that not only the expression pattern, but the levels of Fog are crucial for 

invagination. There is therefore a threshold to trigger constrictions (Sweeton, 

Parks et al. 1991).
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fog mutant embryos initiate cell shape changes at the correct place at the 

correct time, so another spatial and temporal control is required (Leptin 1999). 

The most favourable model for Fog activation is that cells need an initiator gene, 

e.g. A. When fully formed cells reach the appropriate levels of A, they initiate cell 

autonomous constrictions -1®̂  phase-. The constricting cell express Fog, Fog 

then organises constrictions in the unconstricted cells, starting from midventral 

cells initially, possible reflecting a dorsal gradient, and then spreads along the D- 

V axis -2"̂  phase-. Reception of Fog by a cell can stimulate the cell to alter its 

cytoskeleton to constrict and possibly secrete Fog. Several screens have been 

performed in order to identify this initiator gene, but no candidate genes have 

been found (Costa, Wilson et al. 1994).

Ubiquitous expression of Fog in snail mutant causes cell flattening, but 

does not form a furrow, whereas ubiquitous expression of Fog in twist mutant 

embryos forms a narrow furrow, rescuing the phenotype. A second component 

in addition to Fog is therefore needed for invagination, which is most likely 

regulated by Snail (Morize, Christiansen et al. 1998). Fog and the additional 

component are redundant for the first phase and can cause flattening, but they 

are both required for full constrictions during the second phase of ventral furrow 

formation (Morize, Christiansen et al. 1998). Since ubiquitous Fog expression 

results in cell shape changes, all the cells must be competent to change their 

shape, but they need the appropriate signal. Therefore, any other component 

needed downstream of Fog for flattening or constriction should be expressed 

ubiquitously (Morize, Christiansen et al. 1998).

6.3.7 Concertina
Cta is a female sterile gene with a phenotype in gastrulation (Parks and 

Wieschaus 1991). Cta has the five conserved regions of a Ga subunit of 

heterotrimeric G-proteins required for GTP binding and hydrolysis. It has 70- 

72% identity with Gai2-13 and 35-44% identity with Gao.sj placing it in the Gai2-13 

subfamily (Parks and Wieschaus 1991).

In cta mutants the patterning is normal but the cell shape changes 

required for gastrulation are slow and un-coordinated (Leptin 1999). Cta is
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therefore needed for optimising, accelerating and co-ordinating the cell shape 

changes (Leptin 1999). The cta mutant embryos produce a furrow that lacks the 

depth and the length of the wild type. It does not extend anteriorly as far as the 

cephalic furrow and it is open in the anterior and the posterior. The cta gene is 

needed for the organisation of the cell shape changes, but not for the initiation of 

the cell shape changes, it is therefore required in the second phase of ventral 

furrow formation (Parks and Wieschaus 1991). Defects in embryos lacking the 

cta gene can result from the loss of the signal that is required for cell to cell 

communication to constrict at the same time. The cta gene product is likely to 

transduce to the cytoskeleton the signal that the unconstricted cells receive, in 

order to alter their cytoskeletal machinery and enable them to constrict and 

change shape (Parks and Wieschaus 1991).

Ubiquitous expression of activated Cta has the same effect as ubiquitous 

expression of Fog, where all the cells flatten and stretch. When Fog is 

ubiquitously expressed in cta mutant, there is no apical flattening and stretching, 

which shows that Cta is required for transducing the Fog signal (Morize, 

Christiansen et al. 1998). The cell shape changes induced by activated Cta are 

independent of Fog, which again reinforces the theory that Cta is downstream of 

Fog. Cta like Fog, is not required for cell fate determination or cell identity and is 

only required for the cell shape changes (Morize, Christiansen et al. 1998).

The model therefore is that when cells accumulate sufficient levels of an 

initiator gene they are able to constrict and produce Fog. The neighbouring 

unconstricted cells then receive Fog, which activates Cta to change the 

cytoskeleton and initiate constriction. Fog is redundant with the initiator gene in 

the first phase where the constrictions are in random cells, but it is required for 

the organisation of the rest of the cells to constrict (Parks and Wieschaus 1991 ; 

Costa, Wilson et al. 1994).

The cta phenotype is stronger than the fog phenotype in ventral furrow 

formation, since more cells remain unconstricted and there is a slower rate of 

constrictions. Wild type embryos form a furrow in 4-5 minutes; fog mutant 

embryos form a furrow in approximately 8 minutes, whereas the cta mutant 

embryos form a furrow in 12 to 13 minutes approximately (Sweeton, Parks et al.

1991).
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The cuticle preparations of cta embryos show anterior and posterior 

holes, which is the same phenotype as Gp13F, the p-subunit of heterotrimeric 

G-protein. When this gene is absent it downregulates the expression of Gai but 

not the expression of Gao. Due to the similar cuticle phenotypes of the two 

genes in gastrulation it is possible that Cta signals in combination Gpi3F 

(Schaefer, Petronczki et al. 2001).

6.3.8 Real time analysis of cell shape changes In ventral furrow 

formation
During the course of this study a paper describing real time imaging of 

gastruiating embryos was published (Oda and Tsukita 2001). Visualisation of 

ventral furrow formation using a GFP-cadherin fusion demonstrated further 

divisions in the previously described two phases of cellular apical constriction. 

As had already been shown, in the first random constriction phase, the cells 

constrict first in the centre and the constrictions are laterally propagated, with an 

enlargement of the apical surface of the lateral cells (Oda and Tsukita 2001). 

This 1®̂ phase could be divided into two stages:

(i) In the first stage that lasts for approximately 2 minutes there is a slow 

reduction in surface area and only slight differences between the apical surface 

areas of individual cells, (ii) In the second stage the apical surface of the 

midventral cells decreased at a 2.5 fold faster rate in comparison with the 

preceding stage. Differences between the apical surface areas of the midventral 

cells became visible. Some cells that are more lateral to the mid-ventral cells but 

still in the region that would be included in the invagination also follow the 

accelerated pattern of constrictions. The remaining cells fail to accelerate their 

constrictions and some were slightly widened to compensate for the tension 

generated by their neighbouring cells. In the middle of the second stage some 

cells have small and some cells have large apical surface area, giving a random 

pattern (Oda and Tsukita 2001).

In fog mutant embryos visualised in real time, some cells in the most 

ventral region begin to constrict slowly, where other cells in the ventral region do 

not constrict. The random pattern of cell constrictions on the ventral side takes
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longer, in comparison to the wild type embryo. The number of cells with a small 

apical area slowly increases, but some of the constricted cells subsequently 

enlarge their surface area. The apices of the ventro-lateral cells enlarge only by 

a small amount, implying a weak contraction force. Folding of the epithelial layer 

occurs in fog mutant embryos with a delay, but even when folding occurs there 

are some of the midventral cells that are not completely constricted. These 

mutants fold in an abnormal way and also do not distinguish between the two 

stages of the 1®* random phase due to weak asynchronous cell shape changes. 

To conclude from these findings the function of Fog signalling is to provide a 

synchronous initiation in the central population and the rapid propagation of this 

initiation to the more lateral cells. All the constrictions in the fog mutant embryos 

occur by weak contraction forces (Oda and Tsukita 2001).

In general the apical area of each cell depends on the balance between 

(a) the force generated in the cell and (b) the force from the surrounding cells 

that pulls. The random pattern at the end of the second stage of the 1 phase 

can result from the imbalance of the elevated contraction forces of the cells 

rather than from random initiation of apical constrictions, i.e. a competition 

between the cells (Oda and Tsukita 2001).

The changes in the apical surface areas partially mimicked a wave of 

contractions propagated from cell to cell (Oda and Tsukita 2001) as supported 

by computer modelling experiments, where a wave of apical contractions by 

actin filaments can cause an invagination in an epithelium (Odell, Oster et al. 

1981).

6.4 RhoGEF2 receives more than one signal during ventral furrow 

formation

In RhoGEF2 mutants only a small proportion of the ventral cells are able 

to constrict and some nuclei migrate, but the cells do not internalise and the 

furrow is not formed (Barrett, Leptin et al. 1997; Hacker and Perrimon 1998). 

This is a more severe phenotype than the fog and eta phenotype, but it was 

shown genetically that RhoGEF2 receives a signal from Fog and therefore 

presumably from Cta (Barrett, Leptin et al. 1997). In support o^this, the 

mammalian pathway orthologues of RhoGEF2 receive a signal from the Cta
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orthologue Gai2-13- Since the phenotype is stronger in RhoGEF2 mutants, there 

is the possibility that another signal is needed to activate the exchange factor in 

parallel to the Fog/Cta pathway.

6.5 Other genes required for fly gastrulation

For the morphogenetic process of gastrulation, cells need to change their 

shape. In order to achieve that, they utilise their cytoskeletal machinery. The 

cytoskeletal proteins that are known so far to be involved in ventral furrow 

formation are potentially regulated by RhoGEF2 and the Rho signal.

Myosin II is localised at the basal side of the cellularised cells, but 

accumulates‘at the apical side of the ventral cells when they constrict 

during ventral furrow formation and is likely to be part of the constriction 

machinery (Leptin, Casal et al. 1992). This accumulation of myosin is dependent 

on the genes that regulate ventral furrow formation. In snail mutants myosin 

does not translocate to the apical side of ventral cells. In twist mutants of stage 

6, myosin is lost from the basal side of ventral cells only in the 8-10 cells of the 

Snail-expressing domain, but myosin does not accumulate on the apical side of 

these cells. In fog mutants myosin is localised apically in only a few cells in the 

posterior midgut. In embryos expressing a dominant negative version of myosin, 

myosin is able to localise at the cellularisation front but does not localise apically 

in the ventral furrow (Abstracts 2002). It is possible that this accumulation of 

myosin is due to relocalisation of the protein, rather than degradation and new 

synthesis (Kiehart, unpublished data), because the RNA of these molecules is 

not detectable at that stage (Kiehart, Lutz et al. 1989; Thomas and Kiehart 

1994).

PART V II

7.1 Questions still remaining to be answered

There are several questions remaining to be answered about RhoGEF2 

and its function in gastrulation and in other systems. At the start of this study, it 

was not known if RhoGEF2 functions in other tissues or in other developmental 

processes apart from gastrulation. A second interesting question is how
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RhoGEF2 functions and how it is activated. As described above RhoGEF2 

probably receives a signal from Fog together with a second signal to promote 

cell shape changes in gastrulation. It would be interesting to identify the 

additional signal or signals that are required to activate RhoGEF2. Thirdly, the 

way that the cells change their shape, which genes are involved and how the 

cytoskeletal machinery of each cell is utilised in order to achieve this change of 

shape are also awaiting answers. This is particularly pertinent since the role of 

actin and myosin as well as other cytoskeletal components was not very clearly 

elucidated in cell shape changes and epithelial folding in the development of any 

model organism. The involvement of Rho and RhoGEF2 in these processes 

needs also to be examined.

One of the unanswered questions in the field of Rho signalling is how 

Rho selects the specific outcome. It has been proposed that RhoGEFs are 

involved in regulating the specificity in the pathway (Aspenstrom 1999; Schmidt 

and Hall 2002). Rho has several GEFs and there are also several Rho targets, 

as well as a number of different responses that Rho regulates. The hypothesis 

tested here is that it is the exchange factor that selects the Rho response in a 

given situation. Furthermore, it is not clear which molecules interact with Rho 

and RhoGEF2 to affect the cell shape changes, so molecules that are known to 

be components of the Rho-signalling pathway will be tested to see if they get 

activated by RhoGEF2 as well. In addition, novel molecules that were 

identified by the same genetic screen as RhoGEF2 will also be studied. This 

analysis will contribute to the identification of the targets of RhoGEF2-Rho 

signalling and assess the question of selectivity and specificity.
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Chapter 2: MATERIALS AND METHODS

1. GENETICS

1.1 Fly husbandry

Males and females are crossed for each genetic experiment following the 

standard mating procedure (Ashburner 1989; Greenspan 1997). The fly lines are 

kept and used under the standard methods (Ashburner 1989; Greenspan 1997). 

The fly food used is prepared by organic 210 gr of molasses (Potter's), 32 gr of 

Agar (Sigma), 210 gr of cornmeal (William Lilco and Sons), 100 gr of baker’s 

yeast (Westwood International), 90ml of Nipagin (p-hydroxybenzoic methyl acid 

ester from Sigma) and 32 ml of propionic acid (Sigma), for every 3L batch of 

food.

1.2 Balancers

Balancers allow maintenance of the mutation, viability of the line and 

provide a marker to identify in which of the two chromosomes of the homologous 

pair the mutation is carried (Ashburner 1989; Greenspan 1997). Balancers are 

chromosomes that have undergone significant rearrangements caused by big 

inversions in most regions of the chromosome that prevent recombination 

between homologous chromosomes (Ashburner 1989; Greenspan 1997). 

Balancer chromosomes also possess scorable, usually dominant, markers 

(Table 2.1).
Table 2.1 : Balancer lines

Names Genotype Source Reference
SM6a w” '7Dp(1 ;Y)y :̂noc““  / 

SM6a
Bloomington

B5907
(Lindsley and Zimm 

1992)
CyO ftz lacZ Sp / CyO PfftzlacC} Kathy Barrett (Hiromi, Kuroiwa et 

al. 1985)
CyO wg lacZ CyO wg P{[en]lacZ} Nobed Perrimon (Kassis, Noll et al. 

1992)
CyO Act GFP w;ln(2LR)noc' ‘̂' Sco'^" 

b/ln(2LR)0 Cy dp '̂^pr 
cnT{w+"'^ 

act::GFP=pActGFP}

JM Reichart and 
D Ferrandon

(Chalfie, Tu et al. 
1994; Heim, Cubitt et 

ai. 1995)

CyO Kr GFP w*;L^PinVCyO
P{w+"'^=GAL4-

Kr.C}DC3,P{w^"’̂ =UAS-
GFP.S56T}DC7

Bloomington
B5194

(Casso, Ramirez- 
Weber et al. 2000)

CyO / Be Gla y’w"7ln(2LR)Gla, 
wq '̂  ̂'Bc' / CyO

Sally Leavers (Gubb, McGill et al. 
1988)
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1.3 Distinction of embryos, iarvae and aduit fiies with balancer 

chromosomes

Embryos, larvae and adult flies carrying balancer chromosomes can be 

distinguished by visible, usually dominant, markers or transgene insertions. The 

different balancer lines used in this study are listed in tabl2 2.1. For example, 

RhoGEF2 is on the second chromosome over the CyOAzlacZ balancer. The 

CyO has a phenotype of upward curly wings. The /itzlacZ is the E. coli lacZ 

reporter enzyme downstream of the ftz promoter that has a striped pattern of 

expression in the embryo, which enables easy identification. Embryos having 

this balancer will express lacZ in the striped pattern of ftz. By following the basic 

genetic cross 25% of the progeny would be hetero-allelic for RhoGEF2.

Cross
RhoGEF2®2' \  /  RhoGEF2^^

CyO ftz lacZ CyO ftz lacZ

Progeny

RhoGEF2^ ' RhoGEF2® 2i RhoGEF2^^ CyO ftz lacZ

CyO ftz lacZ CyO ftz lacZ RhoGEF2®^  ̂ CyO ftz lacZ

The embryos of this cross were collected, fixed and stained with anti-beta- 

galactosidase and a secondary antibody (see 2.5.1 and 2.6). Those embryos 

that have a striped pattern were excluded from the study.

Larvae were distinguished by balancer chromosome carrying GFP 

downstream of an actin promoter transgene insertion. Using a fluorescent 

microscope, the larvae that expressed GFP were excluded and hetero-allelic 

RhoGEF2 larvae were collected. Another marker used to sort larvae was Black 

Cells (Be), in which case the iarvae that have black spots were excluded.

1.4 Mitotic clones

Mitotic clones (Xu and Rubin 1993; Wolpert, Beddington et al. 2002) are 

used to study mutant tissue at later stages of development. They are formed 

following targeted recombination in a heterozygous animal, which after a series 

of cell divisions results in the formation of a population of homozygous mutant
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cells called a clone and an adjacent population of wild type cells called a twin- 

spot.

Several factors are required to target the recombination event, control its 

timing and/or tissue specificity and to distinguish the clone from the twinspot. 

The first requirement is that both sister chromatids contain short yeast 

nucleotide sequences called FRTs at the same location between the gene of 

interest and the centromere. Secondly, the flies must contain a yeast 

recombinase called Flipase (flp) that promotes recombination between FRTs. To 

enable the clones to be induced when and where they are desired, the flp 

should be downstream of an inducible promoter, such as the heat-shock 

promoter (hs-flp), or a tissue specific promoter such as an epithelial promoter. 

Finally the chromosome containing the wild type copy of the gene of interest 

should also contain a scorable marker, such as GFP, so that the clone, which 

will contain no copies of the marker, can be easily distinguished from the 

twinspot, which will contain two copies.

Mitotic clones are induced following crosses between the parent lines, 

one of which is heterozygous FRT-mutant, and the other is heterozygous FRT- 

marker and at least one of which contains the flp gene. Timed egg-lays are 

carried out, and in cases where hs-flp is used the progeny are heat-shocked at 

specific time points depending on the type of clone to be induced. The progeny 

are then allowed to develop to a suitable stage for harvesting the tissue in which 

the clones were induced.

In experiments in which mitotic clones were induced in imaginai disc 

cells, timed egg lays of 8 or 16 hours were carried out. Progeny were then heat- 

shocked either 60 or 72 hours after egg lay and 3̂  ̂ instar wandering larvae 

containing both FRT-RhoGEF2-/- and FRT-GFP chromosomes were collected 

based on the absence of the BcGla marker on the balancer chromosomes used 

(Table 2.1 and 2.2). The larvae were subsequently dissected to remove the 

imaginai discs for analysis. Follicle cell clones were obtained by crossing 

parents as described above. However, the flp used was downstream of an 

epithelial promoter so there was no need to heat-shock the progeny. Instead, 

virgin female adult flies containing both FRT chromosomes were collected, and 

their ovaries dissected.
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Mitotic clones can be obtained in the germ line by using a marker called 

ovo° (Chou and Perrimon 1992; Chou and Perrimon 1996). This transgene 

makes females sterile hence any progeny they give must arise from a germ line 

clone that is homozygous for the mutation of interest. To generate germ line 

clones, male flies containing both hs-flp and FRT-ovo° were crossed with 

heterozygous FRT-mutant females. The embryos resulting from this cross were 

heat-shocked for 1 hour at 37°C 2,3,  and 4 days after egg lay to induce the 

clones. Adult females lacking balancers that were obtained in this way were then 

crossed with wild-type males, the embryos collected from this cross arising from 

mutant germ-line clones and therefore lacking any maternal contribution of the 

gene of interest.

Table 2.2: FL P and FRT lines
Name Genotype Source Reference

hs-Flp P{ry+'"''=hsFLP}12,/w*;
noo®“ /CyO

Bloomington 
B 1929

(Chou and Perrimon 
1996)

42D FRT 
GFP

w" ' P{ry+''^=neoFRT}42DP{w+ 
"’̂ =Ubl-GFP(S65)nls}2R/CyO

Bloomington
B5626

(Datar, Jacobs et al. 
2000)

y;42D FRT 
P[neo]

y V " ' “;P{ry^'^^=neoFRT}42D 
P{y+".7 +t7.2^Car20y}44B

Bloomington
B2118

(Xu and Rubin 1993)

42B FRT 
Lobe

W*:P{w^"’'^^=FRT(w^)}G13L*/
CyO

Bloomington 
B 1958

(Dang and Perrimon 
1992)

42B FRT 
GLC

FRTG13 Nobert Perrimon D. Bilder 
unpublished data

42B FRT 
Ovo°

P{w+""^^==FRT(w^)}G 13P{w^"’̂  
=ovoD1- 

18}2R/Dp(?:2)bw°,S 
^Ms(2)M^bw°/CyO

Bloomington
B2125

(Chou and Perrimon 
1996)

1.5 Epistasis

The definition of epistasis is a double mutant where one mutation masks 

the phenotype of the other mutation (Greenspan 1997). Epistasis was used in 

order to test if two genes can be in the same pathway or if they are involved in 

the same process. If two genes were involved in the same process and the 

same signal is required for the activation of both of them, then a loss of function 

mutation should be overcome by overactivation of the second gene. There are 

several points that this analysis can provide misleading information, especially 

since mutations and overactivation of genes can affect the way that other genes
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functions. In addition, two genes can control the same developmental process 

but may be In a parallel instead of the same pathway.

1.6 Complementation analysis

Complementation analysis is a genetic tool that would identify if two 

alleles belong to the same gene, provided mutation in both copies of the same 

gene gives a phenotype (Greenspan 1997). If the trans-allelic combination of 

e.g. A and B is lethal then A, B can be alleles of the same gene. On the other 

hand, a trans-allelic combination resulting in viable progeny indicates that these 

are mutations are in different genes.

There are several exceptions though: (a) not all fly genes mutated give a 

phenotype, so two alleles may complement each other and still be in the same 

gene, (b) One or both of the alleles may be hypomorphs, which mean that they 

have reduced but not completely eliminated the function of the gene, where the 

amount of the protein expressed may be enough for the fly to survive, (c) The 

two mutations can be in the same gene, but in different domains, so the one 

normal copy of each domain will be enough for viability, (d) Two alleles may fail 

to complement each other but actually not belong to the same gene but in genes 

required for similar functions and therefore have a synthetic lethality, (e) A 

mutation can be a gain of function that would mask another loss of function 

mutation, (f) Each chromosome subjected to mutation by EMS can carry multiple 

mutations, one of which is the required mutation e.g. in a genetic screen, while 

another is irrelevant to the screen but fails to complement alleles arising from a 

screen. Alternatively, it is possible that an allele would have more than one 

lethal mutation. Therefore, the classification of alleles in complementation 

groups can sometimes be misleading.

1.7 Ectopic gene expression

Ectopic expression of genes is achieved by the use of transgenes. This 

transgene would carry the gene of interest under a specific promoter, which
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could be a tissue specific promoter, such as GMR that drives expression in the 

fly eye (Table 2.3).

Another promoter is the yeast Upstream Activation Sequence (UAS). 

Introduction of only this transgene into a fly is inert, unless the gene that 

activates this promoter, the yeast gene GAL4 is introduced, which is usually 

downstream of a fly tissue specific promoter. When the fly tissue specific 

promoter is activated, it activates the expression of the GAL4. GAL4 then binds 

to the UAS sequence of the second transgene and activates the expression of 

the gene of interest in the expression domain of the promoter of the GAL4 

transgene (Table 2.4 and 2.5) (Brand and Perrimon 1993; Brand, Manoukian et 

al. 1994; Phelps and Brand 1998).

Table 2.3: GMR-llnes

Name Genotype Source Reference

GMR-Rho GMR-Rhol'Rho1^/
TM6B

Kathy Barrett (Hariharan, Hu et al. 1995; Barrett, 
Leptin et al. 1997)

GMR-Rac1 G M R-Rad^VlM S
Sery+

Kathy Barrett (Nolan, Barrett et al. 1998)

GMR-Cdc42 GMR-Cdc42 Jeff Settleman (Barrett, Leptin et al. 1997; Settleman 
and Barrett 2001)

GMR-Cta CyO GMR-Cta^^^^^V 
Adv

Gerry Rubin unpublished

GMR-dp60 yw; GMR-{HA-dp60} 
HA=haemagglutinin 

tag

Sally Leavers unpublished

GMR-reaper pGMR-rpr Pascal Meier (White, Tahaoglu et al. 1996)

GMR-CAT w;GMR-CAT/TM3 
Sb (line 3-1)

Gerry Rubin (Tang, Neufeld et al. 2001)
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Name Genotype Source Reference

UAS-RhoWT w; UAS-Rho / CyO Act GFP Kathy Barrett unpublished

UAS-RhoDN w; UAS RhoN19 Kathy Barrett (Barrett, Leptin et 
al. 1997)

UAS-htIDN y V ’:P{w "̂’̂ =UAS-htl.DN.M}33-
B40;P{w^"’̂ =UAS-htl.DN.M}33-B61

Bloomington
B5366

(Michelson, 
Gisselbrecht et al. 

1998)
UAS-actIn-GFP

(X)
w;UAS-act-GFP Hiroki Oda (Verkhusha, 

Tsukita et al. 1999)
UAS-actin-GFP

(II)
w;UAS-act-GFP Hiroki Oda (Verkhusha, 

Tsukita et al. 1999)
Ubi-Cadh-GFP

(II)
w;ubi-DE-Cadherin-GFP Hiroki Oda (Oda and Tsukita 

2001)

Table 2.5: GALA lines

Name Genotype Comments Source Reference

NGT40 yw; P{GAL4- 
nosNGTKO

Maternal Gal4 
driver (II)

Peter Gergen (Tracey, Ning et al. 
2000)

NGT31 yw; P{GAL4- 
nosNGT}31

Maternal Gal4 
driver (II)

Peter Gergen (Tracey, Ning etal. 
2000)

NGT11 yw; P{GAL4- 
nosNGT}11

Maternal Gal4 
driver (II)

Peter Gergen (Tracey, Ning et al. 
2000)

NGT9 yw; P{GAL4- 
nosNGT}9

Maternal Gal4 
driver (III)

Peter Gergen (Tracey, Ning et al. 
2000)

NGTA yw; P{GAL4- 
nosNGT}A

Maternal Gal4 
driver (III)

Peter Gergen P. Gergen 
unpublished

Ubi-Gal4 y V ;  P{w‘̂ ”’̂ =tubP- 
Gal4} LL7/TM3, Sb̂

Ubiquitous 
Gal4 driver

Bloomington
B5138

(Lee and Luo 1999)

Arm-Gal4 W*;p{w+"’̂ ns^GAL4- 
arm.S}11

Armadillo-Gal4 Bloomington 
B 1560

(Sanson, White et 
al. 1996)

VP16-V32 Mata4-Gal4 VP 16 
V32aP{w+}/CyO

Maternal Gal4 
driver

Daniel St 
Johnston

(Van Doren, 
Williamson et al. 
1998; Baum and 
Perrimon 2001)

69B w;
P{w+"''^^==GawB}69B

Wing driver Bloomington 
B 1774

(Staehling- 
Hampton, Jackson 

etal. 1994)
5818 w*;p{w+"’wns^GawB}

459.2
Wing driver 
(broad stripe 
across wing 

disc 
perpendicular 

to wing margin)

Bloomington
B5818

(Diaz-Benjumea 
and Cohen 1995)

5819 w*;P{w^'"'^^=GawB}
096

Wing driver 
(wing margin in 
imaginai discs)

Bloomington
B5819

(Yedvobnick, Helms 
etal. 2001)
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1.8 Genetic recombinations

In this study genetic recombination (Greenspan 1997) was used, to 

generate chromosomes carrying mutant alleles of two different genes. To score 

for recombinants any visibie markers characteristic for the presence of the gene 

were used, or in the absence of those markers, the presence of both genes was 

scored by complementation analysis. The number of the potential recombinants 

collected is indirectly proportional to the chromosomal distance of the two genes 

used for the recombination.

Recombination was also used to introduce FRT sequences in the same 

chromosomai arm with the gene of interest for the generation of mitotic clones. 

The original lines that carry the FRT have markers to score for the 

recombination event, either the mini-white or white gene, or the Lobe gene. 

Another scorabie marker for FRT recombination is the neomycin resistance 

gene, where recombinants were collected using food containing 25 mg/mi 

G418/Geneticin (Fiuka) antibiotic. The presence of the gene of interest would 

then be assessed by complementation analysis, unless there were visible 

scorable markers that mark the presence of the gene.
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1.9 Drosophila lines used 

Table 2.6: Wild type and mutant lines

Name Genotype Source Reference

Ore^ + /+ Sally Leavers (Lindsley and 
Zimm 1992)

RhoA'^^ yw;RhoA' '̂ /̂ CyO David Strutt (Strutt, Weber et 
al. 1997)

Rho'"**' yw;P[w""'=LacW] I(2)k07236 
/CyO

Susan Parkhurst (Magie, Meyer 
etal. 1999)

Rho'^” yw; RhoA'^ / CyO David Strutt (Strutt, Weber et 
al. 1997)

Rho"' yw; P[FRT42B] RhoA'^'/CyO David Strutt (Strutt, Weber et 
al. 1997)

Pruned/SRF Pruned P ^ ^ Z ,r^  / CyO; Mark Krasnow (Montagne, 
Groppe et al. 

1996)
PKN P{ry+""'=PZ}Pkn"^''"'cn'/ 

CyO; ry ^
Jeff Settleman (Lu and 

Settleman 1999)
zip' cn' bw' sp' zip' / CyO Bloomington

B4199
(Young, 

Richman et al. 
1993)

zip""""'" cn' P{ry^''^=P^zip^'^°' 
/CyO ; ry ^

Bloomington 
B 11215

(Perrimon, 
Lanjuin et al. 

1996)
dia' P{ry«/^=PZ}dia' cn̂  

/CyO; ry®°®
Bloomington 

B 11762
(Castrillon and 
Wasserman 

1994)
capu^ capu  ̂cn bw/ CyO David Ish- 

Horowicz
(Parkhurst and 
Ish-Horowicz 

1991)
fog y fog"^7FM7 ftz lacZ/ y+ 

Y mal 126
Eric Wieschaus (Costa, Wilson 

etal. 1994)
cta pr cta"^'" cn bw / CyO Eric Wieschaus (Parks and 

Wieschaus 
1991)

cta Df Df PR31/SM1 Eric Wieschaus (Parks and 
Wieschaus 

1991)
Rok ywl 9FRTRok7FM7ActPGFP Liquin Luo (Winter, Wang 

etal. 2001)
RhoGEF2'"Rho'^' yw; Rho'^  ̂ RhoGEF2 ' 

/CyO ftz lacZ (line 17)
Kathy Barrett unpublished

RhoGEF2'"PKN w; PKN RhoGEF2'  ̂' 
/CyOftzlacZ (line 24)

Kathy Barrett unpublished

RhoGEF2'"Cta W/+; cta^""" RhoGEF2 ' 
/CyOftzlacZ (line26)

Kathy Barrett unpublished

RhoGEF2^'SRF RhoGEF2'  ̂' pruned 
/ CyO Act GFP

prepared for this 
study

unpublished

Rho'^ '̂SRE Rho'^' pruned 
/ CyO Act GFP

prepared for this 
study

unpublished

Rho'^^SRF Rho^ "̂ pruned 
/CyO Act GFP

prepared for this 
study

unpublished
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Name Genotype Comments Source Reference

RhoGEF2 RhoGEF2'^  ̂/ CyOftzlacZ EMS allele 
Null

Kathy Barrett (Barrett, 
Leptin et al. 

1997)
RhoGEF2 ' " RhoGEF2' ' / CyOftzlacZ EMS allele 

Null
Kathy Barrett (Barrett, 

Leptin et al. 
1997)

RhoGEF2 RhoGEF2'^V CyOftzlacZ EMS allele 
Null

Kathy Barrett unpublished

RhoGEF2 RhoGEF2“'’ /CyOftzlacZ EMS allele Kathy Barrett unpublished

RhoGEF2 " RhoGEF2'’ "/CyOftzlacZ EMS allele Kathy Barrett unpublished

RhoGEF2 RhoGEF2'’-̂ V CyOftzlacZ EMS allele Kathy Barrett unpublished

RhoGEF2
P-element

cn'P{ry"'"'=PZ}
RhoGEF2°^^^

/CyO;ry®°®

P-element Bloomington 
B 11369

(Barrett, 
Leptin et al. 

1997; Hacker 
and 

Perrimon 
1998)

RhoGEF2 RhoGEF2“ ' / CyOftzlacZ P-element
excision

Kathy Barrett unpublished

RhoGEF2 “  ’ RhoGEF2^ ' / CyOftzlacZ P-element
excision

Kathy Barrett unpublished

RhoGEF2 ' RhoGEF2'‘" V  CyOftzlacZ P-element
excision

Kathy Barrett unpublished

Table 2.8: Enhancers of GMR-Rho (second chromosome)

Name Genotype Comments Source Reference

2.32 w;En(Rho)2.32/CyO EMS allele Kathy Barrett unpublished
3.23 w; En (Rho)3.23/CyO EMS allele Kathy Barrett unpublished
3.28 w;En(Rho)3.28/CyO EMS allele Kathy Barrett unpublished
3.30 w;En(Rho)3.30/CyO EMS allele Kathy Barrett unpublished
4.3 w;En(Rho)4.3/CyO EMS allele Kathy Barrett unpublished
4.4 w;En(Rho)4.4/CyO EMS allele Kathy Barrett unpublished

4.11 w;En(Rho)4.11/CyO EMS allele Kathy Barrett unpublished
4.17 w;En(Rho)4.17/CyO EMS allele Kathy Barrett unpublished
4.30 w;En(Rho)4.30/CyO EMS allele Kathy Barrett unpublished
5.22 w;En(Rho)5.22/CyO EMS allele Kathy Barrett unpublished
7.17 w;En(Rho)7.17/CyO EMS allele Kathy Barrett unpublished
7.24 w;En(Rho)7.24/CyO EMS allele Kathy Barrett unpublished
8.12 w;En(Rho)8.12/CyO EMS allele Kathy Barrett unpublished
8.15 w;En(Rho)8.15/CyO EMS allele Kathy Barrett unpublished
9.16 w;En(Rho)9.16/CyO EMS allele Kathy Barrett unpublished
9.22 w;En(Rho)9.22/CyO EMS allele Kathy Barrett unpublished
10.1 w; En (Rho) 10.1/CyO EMS allele Kathy Barrett unpublished

11.28 w;En(Rho)11.28/CyO EMS allele Kathy Barrett unpublished
11.38 w;En(Rho)11.38/CyO EMS allele Kathy Barrett unpublished
11.43 w;En(Rho)11.43/CyO EMS allele Kathy Barrett unpublished
12.29 w;En(Rho)12.29/CyO EMS allele Kathy Barrett unpublished
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12.33 w; En (Rho) 12.33/CyO EMS allele Kathy Barrett unpublished
12.51 w; En (Rho) 12.51/CyO EMS allele Kathy Barrett unpublished
12.53 w; En (Rho) 12.53/CyO EMS allele Kathy Barrett unpublished

Table 2.9: Enhancers of GMR-Rho (third chromosome)

Name Genotype Comments Source Reference

2.12 w; En (Rho)2.12/TM6B EMS allele Kathy Barrett unpublished
2.15 w; En (Rho)2.15/TM6B EMS allele Kathy Barrett unpublished

2.16 (ttk) w; En (Rho)2.16/TM6B EMS allele Kathy Barrett unpublished
5.14 w; En (Rho)5.14/TM6B EMS allele Kathy Barrett unpublished
5.31 w;En(Rho)5.31/TM6B EMS allele Kathy Barrett unpublished
5.32 w;En(Rho)5.32/TM6B EMS allele Kathy Barrett unpublished
6.56 w;En(Rho)6.56/TM6B EMS allele Kathy Barrett unpublished
7.2 w;En(Rho)7.2/TM6B EMS allele Kathy Barrett unpublished

7.10 w; En (Rho)7.10/TM6B EMS allele Kathy Barrett unpublished
7.12 w;En(Rho)7.12/TM6B EMS allele Kathy Barrett unpublished
7.23 w;En(Rho)7.23/TM3 EMS allele Kathy Barrett unpublished
7.28 w;En(Rho)7.28/TM6B EMS allele Kathy Barrett unpublished
7.34 w;En(Rho)7.34/TM6B EMS allele Kathy Barrett unpublished
8.8 w;En(Rho)8.8/TM3 EMS allele Kathy Barrett unpublished

8.39 w; En (Rho) 8.39/TM3 EMS allele Kathy Barrett unpublished
9.26 w;En(Rho)9.26/TM3 EMS allele Kathy Barrett unpublished
11.7 w;En(Rho)11.7/TM6B EMS allele Kathy Barrett unpublished

11.15 w; En (Rho) 11.15/TM6B EMS allele Kathy Barrett unpublished
11.29 w; En (Rho) 11.29/TM6B EMS allele Kathy Barrett unpublished
11.30 w; En (Rho) 11.30/TM6B EMS allele Kathy Barrett unpublished
11.32 w; En (Rho) 11.32/TM6B EMS allele Kathy Barrett unpublished
12.1 w; En (Rho) 12.1/TM6B EMS allele Kathy Barrett unpublished

12.10 w; En (Rho) 12.10/TM6B EMS allele Kathy Barrett unpublished
12.14 w; En (Rho) 12.14/TM6B EMS allele Kathy Barrett unpublished
12.54 w;En(Rho)12.54/TM6B EMS allele Kathy Barrett unpublished

Table 2.10: Suppressors of GMR-Rho

Name Genotype Comments Source Reference

1.5 w;Su(Rho)1.5/CyO EMS allele 
suppressor (II)

Kathy Barrett unpublished

3.51 w;Su(Rho)3.51/CyO EMS allele 
suppressor (II)

Kathy Barrett unpublished

4.10 w;Su(Rho)4.10/CyO EMS allele 
suppressor (II)

Kathy Barrett unpublished

5.17 w;Su(Rho)5.17/TM6B EMS allele 
suppressor (III)

Kathy Barrett unpublished

6.6 w;Su(Rho)6.6/TM6B EMS allele 
suppressor (III)

Kathy Barrett unpublished

6.19 w;Su(Rho)6.19/TM6B EMS allele 
suppressor (III)

Kathy Barrett unpublished
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2. CELL AND DEVELOPMENTAL BIOLOGY

2.1 Preparation of egg-laying piates

375 ml of ddHgO and 11.25 gr of agar (Sigma) were put into a 500 ml 

pyrex conical flask, and boiled in a microwave or an autoclave to dissolve the 

agar. In another 500 ml conical flask 12.5 gr of sucrose (Merck) and 125 ml of 

apple juice (Tesco) are also brought to boil. Then the two solutions were mixed 

together and boiled in the microwave for 5 minutes on high power. The mixture 

was then left to cool down to 50°C and poured into 60mm bacterial plates 

(Sarstedt). The plates were left to cool so their contents solidify and then 

wrapped in plastic bags and stored at 4°C.

For preparation of egg-laying plates used in the larval behavioural studies 

(Chapter 4) the above procedure was followed, without the addition of the apple 

juice. Juice was not included in these plates to avoid larvae digging into the 

agar.

2.2 Preparation of yeast paste

Yeast paste is prepared by mixing granules of yeast (Westwood 

International) with tap water, almost in 1:1 weight to volume ratio, till the yeast 

granules are dissolved and the mixture becomes a paste. For the preparation of 

the coloured yeast paste, non-toxic food dye (Sainsbury’s) is added in the paste 

of yeast till it has a uniform colour. Yeast paste is kept at 4°C.

2.3 Allelic series

100 hetero-allelic RhoGEF2 embryos were collected and placed on only- 

agar egg-laying plates. The plates with the embryos were incubated at 25°G and 

scored every 24 hours. The larvae that hatched from each plate were counted, 

scored and placed on a fresh plate with a small amount of yeast. The live and 

dead larvae were counted for every developmental stage and any abnormal 

characteristics in their behaviour or their morphology were also recorded.

2.4 Collection and dechorlnatlon of embryos
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Wine vinegar (Tesco) was spread on normal egg-laying plates and a 

small amount of yeast paste applied to the plate. The plate was then placed on 

the opening of the cage, a 250 ml aerated beaker containing flies. The flies lay 

their eggs on the plate. After the appropriate collection time, the plate was 

replaced with a fresh plate.

To remove the outer chorion layer of the embryo the embryos were 

placed in a small basket with a porous mesh at the bottom and the basket was 

placed in a 50 ml beaker containing 20ml of 50% sodium hypochlorite (BDH), 

which was then incubated at room temperature for 2-3 minutes. Subsequently, 

the embryos were washed thoroughly with water.

2.5 Fixation of embryos

2.5.1 Formaldehyde-heptane protocol
Dechorionated embryos were placed in glass scintillation vials with screw 

necks (Agar) containing 1:1 PEM-formaldehyde:heptane solution. The PEM 

formaldehyde solution is the fixative and the heptane (BDH) is used to 

permeabilise the vitelline membrane and allow the fixative to get to the embryo. 

The scintillation vial with the embryos was placed on a rotating platform for 20 

minutes. The embryos are fixed in the interphase between the formaldehyde 

and the heptane. The aqueous lower containing the fixative was then removed 

and replaced with an equal amount of dehydrated methanol (BDH). The vial was 

then shaken vigorously for one minute to devitilinise the embryos. The 

devitilinised embryos that sink to the bottom of the tube were removed and 

placed in a microcentrifuge tube (Starsted) using a plastic Pasteur pipette 

(Starsted). They were then rinsed and washed in methanol to remove the 

heptane. The embryos were stored in methanol at -20°C.

Solutions used in this protocol: PEM-formaldehyde is 3 parts PEM and 1 part 

16% ultra-pure methanol free formaldehyde (Polysciences Inc) PEM: 0.11 M 

PIPES (Piperazine-N,N’-bis[2-ethanesulfonic acid] from Sigma), 0.2 mM EGTA 

(ethylene glycol-bis[aminoethyl ether]N',N',N',N'-tetra-acetic acid from BDH) and 

1 mM MgS0 4  (magnesium sulphate from BDH ) adjusted to pH = 6.95 with HCI 

(hydrochloric acid from BDH).
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2.5.2 Boil fixation for Crumbs staining
The dechorionated embryos were placed in the basket in a 50 ml beaker 

containing 20 ml of boiling solution of PBS (phosphate buffered saline pH=7.4 

from Gibco) with 0.03% Triton X-100 (iso-octylphenoxypolyethoxyethanol from 

BDH) and 0.4% sodium chloride (BDH) for 1 minute. The basket was then 

placed in another beaker containing the same solution at room temperature. The 

embryos were left in this solution to cool down for 20 to 30 minutes and were 

then placed in a scintillation vial with PEM-formaldehyde: heptane solution. 

Fixation and devitillinisation were performed as described above.

2.5.3 Soil fixation for non-muscie myosin ii heavy chain staining
The boiled fixation for this antibody is performed as for the crumbs fixation 

described above, but after 1 minute the beaker with the PBS, 0.03% Triton X- 

100 and 0.4% NaCI boiling solution containing the basket with the embryos was 

placed on ice and ice was also added inside the beaker. The beaker was left on 

ice for 1 hour. The embryos were then placed in a scinitillation vial and fixation 

and devitillinasation was carried out as described above.

2.5.4 Fixation for actin staining
Actin structures are destabilised by methanol. All the steps were therefore 

carried out in the same way as for the normal formaldehyde-heptane fixation but 

80% ethanol was substituted for methanol. Ethanol, unlike methanol, makes the 

embryos stick to the tubes and so the pipettes, and all the plastic-ware used was 

rinsed with PBS-0.1% Triton X-100 containing 0.1% BSA (bovine serum albumin 

from Sigma) to prevent sticking.

2.5.5 Fixation to preserve fiiopodia and actin staining
The dechorionated embryos were fixed in 8% ultra-pure methanol-free 

formaldehyde in PBS together with an equal volume of heptane. The 

formaldehyde also contains 1:200 dilution of 0.1 mg/ml unlabelled phalloidin 

(Sigma) to stabilise the fiiopodia and other fine actin structures. The embryos 

were fixed for 30 minutes and then devitellinised with heptane and 80% ethanol 

(see 2.5.4). The staining with labelled phalloidin follows in 2.6.4.
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2.6 Antibody staining for embryos

For antibody staining the methanol was removed and replaced with PBT 

(PBT= PBS, 0.1% Triton X-100 and 0.1 % BSA). The embryos were re-hydrated 

by 4 X 15 minute washes in PBT and non-specific binding sites blocked with 

lOOpI PBT-NGS (950pl of PBT with 50pl of Normal Goat Serum from Sigma) for 

30 min. The diluted primary antibody (Table 2.11) in PBT-NGS was added to the 

blocking solution to a final volume of 200pl. The embryos were incubated 

overnight at 4°C on a shaking platform. The next day the primary antibody was 

removed and the embryos washed with PBT for 4 x 15 minutes. Non-specific 

binding sites were blocked using lOOpI of PBT-NGS for 30 minutes. Another 

99 1̂ of PBT-NGS were added together with 1pl of the secondary antibody to a 

final dilution of 1:200 (Table 2.12). The embryos were incubated with the 

secondary antibody for 2 hours at room temperature, followed by 3 x 15 minutes 

washes with PBT. If the antibody was fluorescently labelled the tube with 

embryos was covered with aluminium foil during the secondary antibody 

incubation and all the subsequent steps. After the last removal of the wash 

solution one drop of FluoroGuard Antifade Reagent (BioRad), a glycerol-based 

mounting medium containing anti-fading agent, was added and the tube placed 

at -20°C overnight to clear, i.e. equilibrate with glycerol. If the secondary 

antibody was HRP-conjugated the staining was developed using DAB, a colour 

reagent for visualisation (see 2.6.2).

2.6.1 Pre-absorption of primary antibodies
In the case that the primary antibody is rabbit polyclonal, it can be pre

absorbed overnight to remove non-specific binding proteins. Fixed wild type 

embryos from an overnight collection were used in order for embryos from all 

developmental stages to be present. The primary antibody was added in the 

appropriate dilution, usually lOx more concentrated than the antibody 

concentration needed for the staining, in a PBT-NGS solution of final volume of 

lOÔ il, and incubated overnight.
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2.6.2 DAB staining
The secondary antibodies that are HRP-conjugated need to be developed 

with a colour reaction. After the final wash, the embryos were placed in a glass 

petri-dish (Agar) containing 1 ml of ddHaO and 1 tablet of DAB (tablets, 3,3'- 

diaminobenzidine) and one tablet of hydrogen peroxide (kit from Sigma). The 

embryos were left in this solution till the colour develops. The reaction was then 

stopped by several washes with PBS. The embryos were then placed in a 

microcentrifuge tube with 80% glycerol in PBS and left at room temperature to 

clear.

2.6.3 Mounting
The embryos were mounted on slides, either in 80% glycerol in PBS or 

FluoroGuard for colour or fluorescent labelling respectively. In both cases 

embryos were removed from the microcentrifuge tubes with the mounting 

medium using a glass micro-pipette and placed in the middle of a glass slide. If 

there was not enough mounting medium then more was added, in an 

approximate proportion of 30̂ x1 for 20 embryos. A cover-slip was then put on 

side of the embryos and another cover-slip placed on top of the other two 

covering the embryos by making a bridge to avoid squashing them. The 

fluorescently labelled embryos were stored at -20°C and DAB stained ones at 

room temperature.

2.6.4 Actin staining
Embryos were collected, dechorionated, fixed and devitellinised (see 2.4, 

2.5.4). Ethanol was removed from the embryos by washing 3 x 1 5  minutes in 

PBT (PBS, 0.1% Triton X-100, 0.1% BSA). Non-specific binding sites were 

blocked in lOÔ il of PBT-NGS (950pl of PBT and 50pl of normal goat serum) for 

30 minutes. After that time another 80pl of PBS-NGS was added together with 

20pil of TRITC-Phalloidin (phalloidin-tetramethylrhodamine conjugate from 

Sigma) prepared as described (see 2.9.3). The tube containing the embryos was 

covered with aluminium foil to avoid photo-bleaching of the fluorescently labelled 

substrate. The embryos were incubated at room temperature for 20 minutes and
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then washed with PBT 3 x 1 0  minutes. After the final removal of PBT a drop of 

FluroGuard Antifade Reagent (BioRad), was added. The embryos were then left 

to clear in the medium overnight at -20°C.

2.6.5 Simultaneous actin and antibody staining
Staining of embryos with antibody and phalloidin simultaneously was 

carried out by the actin fixation and devitillinisation protocol (see 2.5.4), followed 

by antibody staining (see 2.6) and subsequent addition of phalloidin (see 2.6.4) 

prior to the addition of the mounting medium (see 2.6.3).

2.6.6 Actin and non-muscie myosin ii antibody staining
Dechorionated embryos were suspended in 4 ml PBS in a glass 

scinitillation vial, another 4 ml of the fix solution (2 parts PBS and 2 parts 16% 

ultra pure and methanol free formaldehyde) was gradually added while the vial 

was gently vortexed for 45 seconds. 4 ml of heptane was then added and the 

embryos agitated vigorously for 23 minutes. The reaction was then stopped and 

the embryos washed several times with PBS. The embryos were placed on 

double sided sticky tape on a slide with a drop of PBS to avoid drying and the 

vitelline membrane removed using a tungsten needle (Agar).

2.6.7 Amplification methods for antibody staining
2.6.7.1 Enhancement of colour substrate

Weak antibody colour staining is enhanced using an amplification step 

provided in the ABC Elite kit (Vector laboratories) according to the 

manufacturers' instructions. The standard antibody staining method was 

followed until the end of primary antibody incubation. Subsequently non-specific 

binding sites were blocked for 30 minutes in 10Ofil of horse serum provided in 

the kit. The blocking solution was prepared by adding 1 pil of blocking serum to 

99pil of PBT. The blocking solution is then removed and the universal secondary 

biotinylated antibody added. The secondary antibody solution was made up of 

192^1 of PBT, 4pil of blocking serum, and 4\i\ of the secondary antibody. The 

embryos were incubated in the secondary antibody solution for 2 hours at room
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temperature. They were then rinsed in PBT and washed 4 x 1 0  minutes in PTW 

(PBS with 0.1% Tween-20 (polyoxyethylene (20) sorbital monolaurate from 

Sigma). After the washes the embryos were incubated for 30 minutes at the 

ABC mix solution for the amplification reaction to proceed. The ABC reaction 

mix is composed of 192pl of PTW, 4pil of solution A and 4̂ 1 of solution B 

provided by the kit. The reaction mixture should be prepared, mixed immediately 

and allowed to stand for 30 minutes before being added to the embryos. After 

this incubation the embryos were washed 4 x 1 0  minutes in PTW followed by a 

colour development reaction (see 2.6.2)

[The ABC Elite kit contains normal blocking serum, biotinylated, affinity purified 

anti-immunoglobin, reagent A, which is Avid in DH, and reagent B, which is the 

enzyme].

2.6.7.2 The TSA Fluorescence System -  Tyramide signal 
amplification kit (MEN- Perkin & Elmer Life Sciences Inc)

To enhance fluorescent staining, a HRP-conjugated secondary antibody was 

used instead of a fluorescently conjugated one. The secondary antibody and 

incubation was carried out by following the standard protocol described (see 

2.6). Tyramide-fluorescein at a 1/50 dilution in the buffer provided by the kit was 

then added and the reaction incubated for maximum of 10 minutes, e.g. for anti

twist incubation lasts only 4-5 minutes, othenA/ise the signal is very strong. The 

embryos were then washed and processed as in the standard protocol 

described (see 2.6 and 2.6.3). Since the tyramide is fluorescently conjugated the 

tube containing the embryos should be wrapped in aluminium foil to avoid photo- 

bleaching.

[The TSA kit contains streptavidin-horseradish peroxidase, blocking reagent, 

amplification diluent and fluorescein-labelled tyramide. Tyramide is diluted in 

DMSO (dimethyl sulphoxide from Sigma)].

In both the amplification protocols, extended washes after the primary antibody 

binding are required to avoid non-specific amplification and high background 

signals.
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2.6.8 Primary antibodies used for staining embryos

Table 2.11

Name Species Source
Additional

requirements Concentration

Anti-Engrailed
mouse

monoclonal DSHB
1/5

22C10
mouse

monoclonal DSHB
1/20

Anti-Crumbs
mouse

monoclonal Arno Muller
with ABC 

Kit
1/50

Anti-non-muscle 
myosin II

rabbit
polyclonal Christine Field

1/700

Anti-p-
galactosidase

rabbit
polyclonal

Cappel, ICN 
biochemicals

1/100

Anti-p-subunit 
of integrin

mouse
monoclonal Nick Brown

1/10

Anti-Twist
rabbit

polyclonal Siegfried Roth
Preabsorbed, 
with TSA kit

1/1000

2.6.9 Secondary antibodies used for staining embryos and imaginai

discs
Table 2.12

Name Species Conjugated Source Concentration

FITC-anti- 
mouse IgG

donkey fluorescein-
conjugated

Jackson
Laboratories

1/200

TRITC-anti- 
mouse IgG

donkey rhodamine-
conjugated

Jackson
Laboratories

1/200

FITC-anti-
rabbit-IgG

donkey fluorescein-
conjugated

Jackson
Laboratories

1/200

TRITC-anti-
rabbit-IgG

donkey rhodamine-
conjugated

Jackson
Laboratories

1/200

HRP-anti-
mouse-IgG

goat peroxidase-
conjugated

DAKO 1/200

HRP-anti-
rabbit-IgG

goat peroxidase-
conjugated

DAKO 1/200

2.7 Cuticle preparations

The embryos were allowed to develop to late stages in order for the 

cuticle to be formed, dechorionated and incubated in 9 parts of 85% lactic acid 

(Fluka) and 1 part 96% ethanol (BDH) for 24-36 hours at 50°C. The tubes that 

contained the embryos were gently shaken every few hours. Then the embryos
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were transferred to slides (BDH) with glass micro-pipettes, and 50 x 22 mm 

coverslips (BDH) were placed on top. The slides were ieft on a hot plate at 60°C 

for 24 hours for the lactic acid to dry and for the coverslip to stick to the slides. 

The cuticles were photographed in a dark field.

2.8 Dissection of iarvai discs

Third instar wandering larvae were collected, washed with cold PBS, and 

kept in PBS on ice, to immobilise the larvae and facilitate the dissection. The 

dissections were carried out with titanium tweezers of number 5 (Agar) in glass 

embryo dishes (Agar). The larvae were held by the mouth hooks, cut in the 

middle, and the anterior part inverted. The gut and salivary gland were removed 

to clear the anterior complex (composed of the brain lobes, the eye discs 

attached to the brain, the wing discs and the leg discs). Dissected larvae were 

kept in cold PBS for a maximum of 30 minutes, to prevent apoptosis.

2.9 Fixation and antibody or phalloidin staining of larval discs

The larval anterior complexes were fixed in 4% ultra-pure methanol-free 

formaldehyde in PBS for 20 minutes at room temperature. The dissected larvae 

were then washed 3 x 1 0  minutes with 1% PBS containing 0.1% Triton X-100, to 

permeabilise the cells of the tissue. The dissected tissue was then washed with 

1% PBS, 0.1% Triton X-100 and 1% BSA to block non-specific antibody binding, 

and incubated in the primary antibody (Table 2.13) in blocking solution at 4°C 

overnight. The tissue was then rinsed in 1% PBS, 0.3% Triton X-100 and 3% 

BSA twice and washed 3 x 20 minutes, followed by incubation for 2 hours at 

room temperature in 1% PBS, 0.3% Triton X-100 and 3% BSA containing the 

secondary antibody. It was then further rinsed in 1% PBS, 0.1% Triton twice and 

washed 3 x 20 minutes. If the secondary antibody was fluorescently conjugated 

then the secondary incubation and the further washes were carried out in the 

dark. Further dissection was done on the glass slides in a drop of PBS, the PBS 

was then absorbed with a tissue paper and a drop of FluoroGuard Antifade 

Reagent (BioRad) or 80% glycerol mounting medium was added. A coverslip
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was placed on the each side of the slide and a coverslip on top of these to form 

a “bridge”. The fluorescently labelled specimens were kept at -20°C in the dark.

2.9.1 Primary antibodies used for staining imaginai discs 
Table 2.13

Name Code Species Source Concentration
Anti-

Engrailed 4D9
mouse

monoclonal DSHB 1/10
Anti-

Wingless 4D4
mouse

monoclonal DSHB 1/10
Anti-

Armadillo
N2

7A1
mouse

monoclonal DSHB 1/200

Anti-Elav 9f8a9
mouse

monoclonal DSHB 1/50

2.9.2 Wingless staining of imaginai discs
After the fixation and washing with PBS-Triton X-100, the discs were 

rinsed twice and then washed 3 x 1 0  minutes with PBS, 0.3% Triton X-100,

0.1% BSA -added fresh- and 250mM NaCI. NaCI is used to maintain osmotic 

pressure and a more physiological environment. Non-specific binding sites were 

then blocked in the above solution and 5% Normal Goat Serum (NGS) for 20 

minutes twice. The primary antibody for Wingless was added to the above 

solution and incubated overnight at 4°C. All the washes on the second day as 

well as the incubation with the secondary antibody were done with the solution 

containing NaCI. All the other steps are the same as described above (see 2.9). 

To prepare the solution used in this protocol: 47.5 ml of PBS, 2.5 ml of NaCI 5M 

and 100 1̂ of Triton X-100 were added together for a final volume of 50 ml.

2.9.3 Actin staining of imaginai discs
For staining filamentous actin phalloidin conjugated with Rhodamine was 

used. 0.1 gr of labelled phalloidin was dissolved in 4 ml of ethanol and aliquoted 

in 100 \i\ aliquots. Fluorescent phalloidin was stored in the dark at -20°C.

To stain wing and other imaginai discs with phalloidin the dissection 

procedure described above (see 2.8) was followed. The discs were fixed in 4% 

ultra-pure formaldehyde in PBS (see 2.9). After the washes the discs were 

incubated with 900 pil of PBS containing 0.3% Triton-XlOO, 50 pi goat serum
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(5%), and 50 p.1 phalloidin (5%). The discs were then washed and mounted (see 

2.9).

2.9.4 frgalactosidase staining of imaginai discs

This staining was used in RhoGEF2'  ̂VCyOwglacZ discs. These discs 

were heterozygous for RhoGEF2 therefore serve as a good control and also 

they express wglacZ. The wing discs are distinguished from the other discs by 

their location and attachment to the trachea. The dissected discs were fixed in 

25% gluteraldehyde (pentane 1,5-dial from Sigma) in PBS for 2 min on ice. The 

discs were then washed with PBS for 2 x 5 minutes followed by washes with 

PBS and 0.3%Triton X-100. They were then placed in a glass dish with 

developing solution. The developing solution contains 1 ml of stain solution and 

25 1̂ of 8% X-gal (5-bromo-4-chloro-3-indolyl beta-D-galactopyranoside from 

Sigma) in DMF (N,N-dimethylformamide from Sigma). The blue colour usually 

appears in 5-10 minutes, sometimes faster than that. When the colour became 

intense the reaction was stopped with several washes of PBS-Triton. Discs were 

immersed in 80% glycerol in PBS and left to clear 2-3 hours at room

temperature or overnight at 4°C and mounted in 80% glycerol in PBS. To stain 

for actin after the p-galactosidase staining the discs were subsequently fixed 

with formaldehyde (see 2.9). To control for non-specific staining of p-

galactosidase, wild type discs that did not express beta-galactosidase 

transgenes were subjected to the same protocol.

Stain solution used in this protocol: 890p,l PBS, 100̂ x1 of 31 mM K4pe(CN)6 

(potassium hexacyoferrate (II) from Sigma), lOOjxl of 31 mM K3Fe(GN)6 

(potassium hexacyanoferrate (III) from Sigma) and lOpil of 1M MgCIa 

(magnesium chloride from BDH). Preparation of the cyanide solutions:

For 31 mM: 11.4 mg of K4Fe(CN)e is added in 10 ml of ddH20.

For 31 mM: 10.2 mg of K3Fe(CN)e is added in 10 ml of ddHaO.

The tubes containing both solutions were wrapped with aluminium foil and kept 

at 4°C to avoid light oxidation.

2.10 Pupal wing dissection and staining for actin
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Pupae were staged from time zero, which is the time that 3̂  ̂ instar larvae 

stop wandering, harden, and look smaller, have the shape of a pupa but are still 

pale in colour. These white prepupae were removed from the container using a 

wet paintbrush, placed in a small Petri dish, and left to age at 25°C. When they 

reached the appropriate age, they were placed on a slide on a piece of a 

double-sided sticky tape. The slide was also taped onto a black background to 

prevent movement and facilitate visualisation of the pupae. The anterior part on 

the dorsal side of the pupal case was removed and the pupal case was peeled 

off till it opens. The pupa was then removed from the pupal case and placed in 

fixative solution (4% paraformaldehyde from BDH in PBS) for 30 minutes. When 

the pupa was fixed, it was washed in PBS containing 0.3% Triton X-100 for 20 

minutes three times. Then the wings were cut at the joint with the pupal body, 

and isolated from the rest of the pupa and the thin membrane that surrounds the 

pupa to allow the stain to enter the cells in the tissue. The wings were then 

incubated in a solution of 5% TRITC conjugated-phalloidin, 0.3% Triton and 5% 

goat serum in PBS for 30 minutes at room temperature. The wings were then 

washed with PBS and 0.3% Triton for 15 minutes three times. They were 

mounted as described for larval imaginai discs with a bridge of coverslips, using 

FluoroGuard.

2.11 Tissue processing for embedding and sectioning of eye discs

The dissected larval anterior complexes were fixed in 2% gluteraldehyde 

and 4% formaldehyde in sodium phosphate buffer in microcentrifuge tubes 

(Sarstedt) overnight at 4°C. The sodium phosphate buffer is a lOOmM 

concentration and pH of 6.8 and it is prepared from 24.5 ml 200mM 

Na2HP0 4  2H20 (3.561 gr in 100ml of ddH20) and 25.5 ml of 200mM of 

NaH2P0 4  2H20 (3.12 gr in 100ml of ddH20) with the addition of an equal volume 

ddH20. The next day the fixative was removed from the tubes and the discs 

washed 2 x 1 0  minutes in lOOmM Sodium Phosphate buffer of pH=6.8. The 

washing solution was then removed and 1% osmium tetroxide (Sigma), made up 

fresh to avoid oxidation, in lOOmM sodium phosphate was added. The tubes 

were incubated on ice for 1 hour in a fume hood. A series of washes: 5 min in



Chapter 2: Materials and Methods
page 99

lOOmM Na phosphate, 2 x 1 0  min InlGOmM Na phosphate and 5 min in ddHaO 

followed by dehydration in a series of increasing concentration of ethanol: 25%, 

50%, 70%, and 90% ethanol in ddHaO for 5 minutes each, 100% ethanol for 2 x 

10 minutes and 100% absolute ethanol for 2 x 10 minutes. Following 

dehydration, ethanol was removed and the tissue equilibrated with propylene 

oxide (Fluka) by washing 4 x 1 0  minutes at room temperature. The discs were 

then incubated with 1:1 mixture of Araldite resin (Fluka) and propylene oxide for 

45 minutes at room temperature. The mixture was subsequently removed and 

araldite resin only added. The tubes were left overnight at room temperature on 

a shaking platform with gentle shaking.

Araldite resin is prepared by using the Durcupan solutions from Fluka and 

mixing 5 ml of component A, embedding substance with 11.7 ml of component 

B, hardener 964, with 1 ml of component C, hardener 960 with 0.2 ml of 

component D, plasticizer. The critical amount is the component C, since its 

concentration determines how soft or hard the resin would be. All the 

components are added in a 50 ml centrifuge tube (Falcon tubes from Helena 

Biosciences) and mixed very thoroughly, then aliquoted in 5 ml aliquots (Falcon 

tubes from Helena Biosciences) and stored at -70°C. After overnight incubation, 

the resin was removed, replaced with fresh resin and incubated for at least 4 

hours at room temperature. Embedding moulds (Agar) were filled with resin, an 

eye disc was placed in each mould and the excess tissue removed. The disc 

was oriented at the bottom of the mould with the morphogenetic furrow 

perpendicular to the front of the cutting edge. The moulds were then placed in 

an oven to polymerise at 60°C for 36 to 48 hours.

On the fifth day, the resin blocks were removed from the moulds, trimmed 

to a trapezoid shape with Teflon coated razor blade (Agar) and inserted in a 

microtome. 1.5 micron sections were then cut with a glass knife (BioRad). The 

disc sections were collected in a plastic boat (Agar) attached to the knife and 

filled with water to the appropriate level so that the meniscus of water is exactly 

at the edge of the knife. Every 10 sections, the sections were collected with a 

fine paintbrush and placed in a water drop on a slide. The slides were placed on 

a hot plate at 80°C for the water to dry and the thin plastic sections to stick to the



Chapter 2: Materials and Methods
page 100

slide. Toluidine blue solution of 1% in ddHaO was then added on the top of the 

section and the slide was again placed on the hot plate for 1 minute. Excess 

stain was then rinsed off with distilled water from the slide and again the slide 

was left to dry on the hot plate, after which a drop of DPX (contains Xylene from 

Fluka) mounting medium was placed over the section and a 22x50 mm coverslip 

placed on top to cover the sections. The slide was then left on the hot plate 

overnight with a small weight on top to dry the mounting medium and stick the 

coverslip on the slide. Images were collected using a high resolution microscope 

and camera.

Eyes discs that were first stained with the anti-elav antibody to highlight 

the differentiated photoreceptor cells behind the furrow, were dissected, fixed 

and stained the same way as the wing discs described (see 2.9). The discs were 

then post-fixed and processed for embedding in resin.

2.12 Dissection of ovaries and staining for actin and the nucieus

Females of the desired genotype, preferentially virgins, were collected 

and placed in empty vials containing only yeast paste at the bottom with wild 

type males and the vials placed upside. The flies were transferred to fresh vials 

with fresh yeast every day for three or four days. The female flies were then 

placed in a dissecting dish containing PBS and were dissected by holding the 

thorax from one side and pulling the end of the abdomen on the other side. If 

this did not remove the ovaries from the abdomen, the ventral side of the 

abdomen was torn gently, and the gut, the anal system and the cuticle removed. 

The ovaries were picked up with a PBS/Triton coated plastic Pasteur pipette and 

placed in microcentrifuge tube containing PBS on ice. The dissection should 

take no longer than 30 minutes to prevent apoptosis. The PBS was then 

removed and a fixative solution of 4% ultra pure methanol-free formaldehyde 

was added and incubated at room temperature for 20 minutes. The ovaries were 

then washed with PBS-0.3% Triton X-100 twice for 10 minutes and the egg 

chambers separated from each other by gentle pipetting through a yellow pipette 

tip (200 îl) over a blue tip (lOOOp-l). 50pl phalloidin (25mg/ml) and 1:1000 final 

dilution of DAP I (4',6-diamidino-2-phenylindole from Sigma) in PBS in a final



Chapter 2: Materials and Methods
page 101

volume of 200^1 were then added to the egg chambers and Incubated in a light 

protected tube at room temperature for 20 minutes. The egg chambers were 

then washed twice for 10 minutes in PBS and 80% glycerol containing DABCO 

(1,4-diazabicyclo(2.2.2)octane from Sigma) added to equilibrate the egg 

chambers with the mounting medium. The egg chambers were mounted in the 

above medium, following removal of the surrounding muscle sheath. They were 

then mounted and stored at -20°C in the dark.

2.13 Wing mounting

Adult flies were collected and placed in SH buffer (3 parts ethanol and 1 

part glycerol). Wings were removed by holding the fly from the thorax and 

pulling the wing gently from the hinge with No 5 tweezers in SH buffer. The 

wings were then placed in water and rinsed twice, then placed in ethanol. 30jaI 

of Euparal mountant (Agar) was placed on a microscopic slide (BDH) for 8-12 

wings. The tweezers were then placed underneath the wings, any drops of 

ethanol carried on the tweezers were removed by a tissue and the wings were 

placed in the Euparal drop on the slide. Wings that became folded were spread 

by the tweezers without damaging them and any bubbles in the mountant were 

removed. A glass coverslip (22 x 50 mm or 18 x 24 mm from BDH depending on 

the number of the wings on the slide) was carefully placed on top of the wings to 

avoid making any bubbles. The slide was then placed on a hot plate at 60°C for 

24 hours with a weight on top of the coverslip to keep the wings flat. The wings 

were then visualised and images were collected on a high resolution 

microscope.

2.14 Scanning Electron Microscopy (SEM) for adult eyes

• Preparation of the fly eyes

Females of the appropriate genotype were transferred to vials with food 

without yeast to clear their eyes. One day later the fly eyes were checked with a 

dissecting microscope and they were placed in small glass vials in 25% ethanol. 

The flies were then dehydrated for 12 hours in each of 25%, 50%, 75%, and 

100% ethanol. The wash in 100% absolute ethanol was repeated twice. The
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files can be kept in 100% ethanol for at least one month. The ethanol was then 

substituted by 100% amyl acetate (Sigma) and the flies left in this solution 

overnight. The amyl acetate was then removed and replaced by fresh amyl 

acetate.

• Drying

The critical point drying was carried out with the help of Mark Tumaine in 

the electron microscopy suite of the Anatomy and Developmental Biology 

Department of University College London.

Polypropylene containers (Agar) that are thoroughly cleaned are labelled 

with a diamond knife and placed in a Petri dish containing amyl acetate. The 

flies were transferred to the containers, which were wiped gently and placed in 

the "boat". The metal grills were placed on the top of the containers in the boat 

and the boat placed in the critical point drier. Critical point drying was carried out 

according to the manufacturers' instructions.

• Mounting

The flies were mounted with the left eye uppermost as soon as possible, 

using a dissecting microscope, on 12mm double sided sticky carbon tabs (Agar) 

on 0.5” stubs (Agar). The eyes were arranged at the edge of the circular stub 

and looking upwards. Any dust on the eyes was carefully removed with a fine 

paint-brush. Mounted stubs were stored with silica gel in a vacuum.

• Gold-coating

For SEMs the flies need to be coated with gold. Six stubs were placed 

into the electrospray coater and manufacturers’ instructions were followed.

• Collection of data

To collect the data usually two stubs of flies, maximum of four, were 

placed in the specific plates of the scanning electron microscope and a vacuum 

was generated inside the cylinder of the microscope. The brightness and the 

contrast were eguilibrated in order to avoid charging and saturation. Using the 

microscope knobs, the fly eye can be moved or placed at any angle to achieve 

the best field of view. All the eyes on the stub were observed (25-40 per 

genotype) and photographs of the most representative eyes per genotype were 

taken.
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2.15 Capture of confocal images

Several settings need to be optimised for capturing the images. The 

Argon laser, 448 nm, was used for visualisation of specimens emitting on the 

green wavelength. The Helium-Neon 1 laser, 523 nm, was used for visualisation 

of specimens emitting on the red wavelength. For both lasers, the pinhole was 

set on 0.77-0.98 airy units and the offset of the laser at -0.04. For the Argon 

laser the optimum settings are output of the laser: 25%, 6-10% of transmission 

and detector gain 600-1000. Should the staining be strong the laser output was 

set at the minimum of 25% and transmission at 5%. The detector gain was then 

decreased till saturation disappeared. Should the staining be faint, the detector 

gain was increased till it reached a maximum of 1000, the transmission was then 

increased, and if the specimen was still faint the laser output was then 

increased. In the case of the Helium-Neon 1 laser, the transmission is set to a 

maximum of 100% and in the case of bright or faint specimens only the detector 

can be changed accordingly in a range of 600-1000 for antibody visualisation 

and 350-990 for rhodamine-phalloidin visualisation.

The pinhole should be aligned for all the lasers or any combinations of 

them used and for all the objectives used, before capturing the images. For 

single images from single lasers the average number of slices per scan was 16 

and the mode used 1024 x 1024. The scan time was varied from 1 min and 2 

sec to 2 min and 5 sec and 4 min and 16 sec with zoom facility or high 

magnification.

For 3D images of fixed tissue 140-210 sections were collected, the 

distance between each section being 0.3 to 0.5 microns. The mode used was 

512 X 512 and the average number of slices per scan was 4 to 8. The scan time 

was 25.5 to 31.4 seconds per section. The scanning depth was 45 to 65 microns 

for the embryos and 40 to 80 microns for the imaginai discs. The three 

dimensional projections were reconstructed using the Zeiss 510 software, by 

using 90 projections with 2.11 degree angle difference and rotation on the X-axis 

and Y-axis of 180-210 degrees.

For the generation of 4D movies of living embryos the laser output was 

set at 100%, the transmission in the range of 40-90%, and the detector gain at a
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maximum of 1000. The sections collected were usually 1 micron apart and the 

scanning depth 20 to 30 microns, apart from the movie 002, which is 5 microns. 

Embryos were scanned for approximately 72 minutes. Each dataset for each 

time point was captured over 2 minutes. During this time, depending on the 

conditions and the settings, the embryo was not being scanned for 30 to 36 

seconds to prevent continuous exposure to the laser. The mode used was 512 x 

512, the number of slices per scan was 4, and the scanning time per slice was 

usually 7.8 seconds. These were the general conditions followed, unless 

otherwise stated in a particular movie. All the sections for every time point were 

constructed as a three-dimensional projection and then all the 3D frames were 

assembled with time, in order to collect a four dimensional dataset.

2.16 Microscopes, image anaiysis software and other equipment used

• Dissecting microscope: Wild MSA Heerbrugg

• Images collected under the dissecting microscope MZ 75 from Leica 

with the digital Nikon camera CoolPix 950, imported with the Nikon View 

version 3.0 Software and processed with Photoshop and Powerpoint 

packages.

• Transmission light microscope and DIG: Zeiss Axiophot.

Camera: Leaf MicroLumina, software for importing and capturing images: 

Photoshop through TWAIN-20, processing with Photoshop and Powerpoint 

packages

• Fluorescence Microscope: Zeiss Axiophot

Camera: Cooled CCD Photonic Science CoolView 12-1000, software for 

capturing images: Image-Pro Plus version 3.0, processing packages: Photoshop 

and Powerpoint

• Fluorescent GFP Dissecting Microscope: MZ FL III from Leica.

• Confocal Microscope: Zeiss Axioplan 2 LSM 510.

Software: Zeiss 510, processing of single images in Photoshop and Powerpoint. 

3D stacks were assembled using Zeiss 510 software first and then with 

Photoshop and Powerpoint packages, followed by conversion to avi movies with 

Image J, NIH Image. 4D movies were processed initially in Zeiss 510 software.
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exported and converted to avi format movie in Image J NIH Image, then 

processed in Image J and Powerpoint.

• Scanning Electron Microscope: Jeol 5410. Images were captured in 

photographic film and then scanned using the UMAX Powerlook II Scanner and 

processed with Photoshop and Powerpoint packages.

• Microtome: 1140/Autocat from Reichert-Jung

• Knife Maker: type 7801A from LKB

3. Biochemistry

3.1 Phosphate buffers

Solution A (200mM): Na2HP0 4 .2 H2 0 : 3.561 gr in 100ml of distilled water 

(dibasic sodium phosphate from Sigma)

Solution B (200mM): NaHP0 4 .2 H2 0 : 3.12 gr in 100ml of distilled water 

(monobasic sodium phosphate from Sigma)

For 0.1 M phosphate buffer the volumes of following table were added in an 

equal volume to ddh20 to generate the desired pH.
Table 2.14

pH Solution A Solution B
6.6 18.75 ml 31.25 ml

6.8 24.5 ml 25.5 ml

7.0 30.5 ml 19.5 ml

7.2 36 ml 14 ml

3.2 Protein assays

3.2.1 Lowry HS method (BioRad Kit):

25pil of each sample and standard was prepared in microcentrifuge tubes. 

To each tube, 125 (il of the reagent A* and 1ml of the reagent B from the kit 

were added, followed by 1 second of vortexing. The tubes were left at room 

temperature for 15 minutes for the colourimetric reaction to occur. The reactions 

were stable up to one hour. The content of each tube was transferred into 

disposable plastic cuvettes (10x4x45 mm from Sarsted) and the colour intensity 

measured using a spectrophotometer (Varian CARY 50 Bio UV-visible) at 

750nm and the Concentration CARY Varian Software. The program creates a
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linear curve from the standards and calculates the total protein concentration of 

each sample.

The solution A* is prepared by 1 ml of the solution A and 20 pil of the 

solution S, which would make the reaction detergent compatible. The solutions 

A, B and S are provided by the BioRad protein concentration measurement kit, 

“Die Protein Assay”. Solution A is an alkaline copper tartrate solution, solution B 

is a dilute Folin solution, and solution S is a surfactant solution.

3.2.2 Bradford method
BioRad Protein Assay solution was diluted 1:5 with water and 1 ml added 

to 2 0  jaI of each sample and standard. The reactions were then transferred to 

plastic disposable cuvettes and the colour intensity measured as described 

above. The results were then compared with the standard curve. The BioRad 

Protein Assay solution is a dye reagent concentrate, containing coomassie 

brilliant blue G-250 dye that changes colour on binding to protein.

3.2.3 Standards for protein assay methods
The protein used as a concentration standard was Bovine Serum Albumin 

(BSA), diluted in the same buffer that is used for the lysis of the cells or the 

tissue in each particular experiment.

Table 2.15

Concentration (mg/ml) BSA 2 mg/ml stock (̂ 1) Buffer (pi)

0 0 neat

0.2 50 450
0.5 125 375

0.8 200 300
1.1 275 225
1.4 350 150
1.7 425 75
2.0 neat 0

3.3 CAT ELISA assay

(Roche Catalogue number: 1 363 727) 

• Sample preparation:
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Young female virgin flies of the appropriate genotype were collected 

(numbers vary according to the experiment from 1 to 20) and placed in 

microcentrifuge tubes on ice. Then each individual fly was placed on a slide on 

top of a petri-dish containing dry ice to keep the temperature as low as possible 

during the dissection and prevent apoptosis. The head of the fly was cut off with 

a pair of tweezers and placed in appropriately labelled microcentrifuge tubes on 

dry ice. 10OpI of lysis buffer provided by the kit was added to each tube and the 

fly tissue homogenised. Another 900pl of the lysis buffer were then added and 

the tubes incubated at room temperature for 30 minutes, followed by 

centrifugation at 15000g and 4°C for 10 minutes. The supernatant was 

transferred to new tubes and either stored at -70°C or used immediately.

• Preparation of CAT enzyme standards:

To 3.96ml of sample buffer (solution 7 from the kit), 40pl of CAT enzyme 

stock solution (solution 1) were added to obtain a CAT enzyme working dilution 

(1 ng/ml). The standard dilution series were prepared according the table below:

Table 2.16

step Cat enzyme 
working dilution 

(1 ng/ml)

Addition of sample 
buffer (solution 

7 of the kit)

Approximate Cat 
enzyme 

concentration 
(ng/ml)

0 0 1000W 0
1 lOOOnl Oui 1.000
2 SOÔ il from step 1 500W 0.500
3 500W from step 2 SOOM'I 0.250
4 SOOpil from step 3 500|uil 0.125

• ELISA procedure:

200pl of each sample and standards were added to wells of the ELISA 

plate pre-coated with anti-CAT antibody according to the diagram of each 

experiment. The plate was covered with the cover foil provided and incubated 

for 1 hour at 37°C for the CAT enzyme in the sample to bind to the antibody. An 

hour later the solution was removed from the plate and the wells rinsed with 

250pl of washing buffer (solution 6 from the kit) for 30 seconds. The washing 

steps were repeated five times and then 200(il of anti-CAT-DIG working dilution
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(solution 2a) added per well. The plate was again covered with foil and 

incubated for 1 hour at 37°C. The solution was then removed and the wells 

rinsed five times with 250|xl of washing buffer (solution 6) for 30 seconds. Then 

200p,l of anti-DIG-POD (solution 3a) working dilution was added per well, the 

plate covered with foil and incubated at 37°C for 1 hour. Finally the solution was 

removed and the plate rinsed five times with the 250^1 of washing buffer 

(solution 6).

• Substrate reaction:

200^1 of POD substrate was aliquoted into each well and the plate 

incubated at room temperature with mild shaking for approximately 10 minutes, 

till the green colour was sufficiently developed for a colourimetric reaction, as 

judged by comparison to the colour of the standards. Overexposure should be 

avoided, because the readings are then saturated and the measurements are 

not in a linear scale. The absorbance of the samples at 405 nm was recorded 

using a reference of 490nm in the ELISA reader Packard SectraCount from 

Packard Biosciences.

The working solutions for the experiment were prepared according to the 

manufacturers' instructions.

Solut

Solut

Solut

Solut

Solut

Solut

Solut

Solut

on 1 : Chroraphenicol acetyl-transferase (CAT) enzyme stock solution 

on 2: Anti-CAT-digoxynenin (anti-CAT-DIG) 

on 3: Anti-DIG-peroxidase (anti-DIG-PCD) 

on 4: PCD substrate

on 6: Washing buffer, PBS containing Tween-20 

on 7: Sample buffer, PBS containing blocking reagents 

on 8: Lysis buffer

on 5 is a signal enhancer and was not used in this study.

This method of the ELISA plates was preferred instead of the usual CAT assays 

with Thin Layer Chromatography (TLC) columns and the use of radioactivity 

mainly for technical and health reasons.
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Chapter 3: GENETIC INTERACTIONS BETWEEN Rho PATHWAY
COMPONENTS

1. Introduction

The link between RhoGEF2 and other pathway components will be 

investigated in order to identify the targets of this GEF and to provide insights 

into the selection of the specific response, termed as specificity in the pathway. 

The way that RhoGEF2 is linked with known pathway components in the Rho 

network will be tested genetically. In addition novel molecules, which have been 

identified in the same genetic screen as RhoGEF2, will also be tested for 

interaction with RhoGEF2 or any other known component of the Rho pathway.

1.1 Molecules that activate Rho

Folded gastrulation possibly binds to a trans-membrane receptor and 

activates Cta that then activates RhoGEF2 (Barrett, Leptin et al. 1997). 

Subsequently RhoGEF2 activates Rho and transduces the signal from Fog to 

cause cell shape changes during gastrulation. In addition, because of the 

homology between the fly and mammalian Rho pathway, it is assumed that Cta 

activates RhoGEF2 through the RGB domain and then RhoGEF2 inactivates the 

Ga (Barrett, Leptin et al. 1997). Therefore, it is important to study if Fog and Cta 

activate RhoGEF2 in other tissues, since this interaction will prove that the 

pathway is conserved and used repeatedly in morphogenesis.

1.2 Molecules that are direct Rho targets

Proteins known to bind to Rho-GTP will be tested for interactions with 

RhoGEF2. One of these is Protein Kinase N (PKN), which is a serine/ threonine 

kinase that encodes a leucine-zipper-bearing protein kinase C (Watanabe, Saito 

et al. 1996). PKN is a direct target of Rho (Flynn, Mellor et al. 1998; Maesaki, 

lhara et al. 1999) and in flies, elimination of zygotic or maternal and paternal 

PKN results in a dorsal closure phenotype (Lu and Settleman 1999). Dorsal 

closure is the morphogenetic process in which apical constrictions at the leading 

edge are involved (Jacinto, Woolner et al. 2002). Since, RhoGEF2 is also 

implicated in cell shape changes involving apical constrictions during
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morphogenesis (Barrett, Leptin et al. 1997), a possible link between the two 

proteins will be tested, to check if PKN is not only interacting with Rho, but also 

RhoGEF2. In addition, in situs of PKN showed expression in the posterior 

spiracles, mouth tip and pharynx (Lu and Settleman 1999) and RhoGEF2 has a 

zygotic effect in these tissues (Chapter 4).

Cappuccino {capu) is a maternal effect gene that is required for 

patterning along both the A-P and D-V axis during oogenesis (Manseau and 

Schupbach 1989; Emmons, Phan et al. 1995). It is a formin protein and the 

maternal mutant lacks pole cells due to microtubule misregulation in the oocytes 

(Manseau and Schupbach 1989; Emmons, Phan et al. 1995). Capu has been  ̂

shown to bind to Rho in vitro, so it can act as a direct target (Magie, Meyer et al. \  ̂

1999). Flies harbouring germ line clones of RhoGEF2 do not produce as many | 

embryos as wild type control germ line clones and RhoGEF2 has a role in 

oogenesis (Chapter 4). It is therefore likely that this Rho binding protein receives 

a signal through RhoGEF2. On the other hand, Capu controls the microtubule 

network in the egg chamber (Manseau and Schupbach 1989; Emmons, Phan et 

al. 1995). Although it is not known if RhoGEF2 controls microtubules during cell 

shape changes it is a possibility (Chapter 6). A link between these two genes 

may imply that there is a role for RhoGEF2 in microtubule dynamics that would 

be interesting to identify.

Diaphanous is another formin protein that binds to Rho and Profillin 

(Watanabe, Madaule et al. 1997). It is a cytoplasmic protein that is involved in 

cytokinesis, during which process actin and myosin generate the force for the 

contraction of the cleavage furrow (Castrillon and Wasserman 1994). Dia 

recruits myosin II and other molecules implicated in actin dynamics between the 

actin caps and serve as a link between signalling and actin organisation (Afshar, 

Stuart et al. 2000). diaphanous mutants have cytokinesis defects (Castrillon and 

Wasserman 1994). Dia interacts with Pebble (Prokopenko, Brumby et al. 1999), 

another Rho exchange factor, so it is less likely to interact with RhoGEF2. But, it 

is interesting to test if there are specific interactions, and if one exchange factor 

controls the specific outcome by activating specific Rho targets. Since formin 

proteins are involved in cytoskeletal reorganisation (Westendorf, Mernaugh et al. 

1999; Sagot, Klee et al. 2002) they might be linked not only with Rho but also
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with RhoGEF2. Also Dia is shown in the mammalian pathways to be an activator 

of Serum Response Factor (Sotiropoulos, Gineitis et al. 1999), which will also be 

tested (see below).

1.3 Molecules that are Indirectly activated by the Rho signal

In mammalian celis the transcription factor Serum Response Factor 

(SRF) is linked with Rho signalling (Hill, Wynne et al. 1995). In SRF mutants the 

tracheal terminal branches are absent in the embryo, the number and pattern of 

wing veins are altered and the wings also have blisters (Fristrom, Gotwals et al. 

1994; Guillemin, Groppe et al. 1996; Montagne, Groppe et al. 1996; Roch, 

Baonza et al. 1998). AH these processes involve changes in cell shape linked to 

the cytoskeleton and the SRF phenotype is caused by cytoskeletal defects 

(Fristrom, Gotwals et al. 1994; Guillemin, Groppe et al. 1996; Montagne, Groppe 

et al. 1996; Roch, Baonza et al. 1998). In addition, both SRF and RhoGEF2 

mutants have blistered wings (see below), therefore a link in vivo with Rho and 

RhoGEF2 might be possible.

Zipper is the fly orthologue of non-muscle-myosin, or myosin II, heavy 

chain (Kiehart, Lutz et al. 1989). Myosin II is controlled by Rho GTPases and is 

required for contractile fibers and ceil rearrangement (Van Aelst and D'Souza- 

Schorey 1997). In flies, zipper mutants fail during dorsal closure, germ band 

retraction and cytokinesis (Young, Richman et al. 1993). One allele zipper, 

zip̂ '̂', interacts genetically with RhoGEF2 (Halsell, Chu et al. 2000). Since 

myosin is a vital molecule for cell shape changes and cytoskeletal 

rearrangements, the way that it is linked with Rho and possibly RhoGEF2 will be 

studied.

1.4 Novel alleles of the Rho signalling pathway

There are possible novel components in the Rho signalling pathway that 

are isolated from the Rho genetic screen (Barrett, Leptin et al. 1997) (Chapter 

1). These could be alleles of genes for which the protein products are already 

known to interact with Rho, or genes that are cloned but their link with the Rho 

pathway is not known, or genes that have not been characterised yet. All these
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molecules interact genetically with Rho and any possible link with RhoGEF2 will 

provide insights into the way the signalling pathway functions.

2. Analysis of genetic interactions with known Rho pathway components

2.1 Approaches to study genetic interactions

2.1.1 Interactions between heterozygous mutants
Three approaches were used to study these genetic interactions. 

Interactions between components were first studied in trans-heterozygous 

combinations. In this case a wild type copy and a mutant copy of two genes of 

the pathway would be present in the same fly. This kind of interaction does not 

always give obvious phenotypes, since the system may not be sensitised 

enough to produce an effect. If a phenotype is observed, this would imply that 

either one gene is dominant, i.e. the system is already sensitised, or that the 

interaction is very strong.

2.1.2 Interactions between hetero-allelic RhoGEF2 and another 
pathway component as heterozygote

For the trans-heterozygous combinations that did not have an obvious 

phenotype, a heterozygous Rho pathway component was combined with a 

hetero-allelic combination for RhoGEF2. The genetic background of RhoGEF2 

null/hypomorph has an adult wing phenotype that was used as a sensitised 

system to assess genetic interactions of RhoGEF2 with other molecules. The 

addition of a heterozygous mutation of the Rho pathway was expected to cause 

a more severe and penetrant phenotype. Since there is still some signal through 

RhoGEF2, a reduced signal from another component would decrease the signal 

further and enhance the phenotype. This enhancement suggests that two 

components are either interacting with each other or, at least, they synergise in 

that developmental process.

The null allele RhoGEF2^^ was crossed with P-element imprecise excision 

alleles 6.1, 33.1 and 100.1, and the viability and wing phenotypes characterised. 

The alleles 6.1 and 100.1 had a DNA fragment derived from the P-element 

remaining in the intron upstream of the coding sequence (Fig. 3.1). Therefore
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the hypomorphic nature of these lines probably derived from reduced expression 

levels of the protein. 6.1 had a bigger insertion of approximately 2.5 Kb than

100.1 that had an insertion of 1.5 Kb, and showed a stronger phenotype. 33.1 

had a deletion of the coding region.

The RhoGEF2^ VRhoGEF2^-  ̂ and RhoGEF2^°° VRhoGEF2^ ■' progeny were 

viable, but viability was reduced in RhoGEF2® VRhoGEF2^‘̂  to 49% (Table 3.1 

and Fig. 3.2). 33% of the RhoGEF2® VRhoGEF2^-  ̂ viable progeny had very 

malformed adult wings in which the two epithelial layers were misfolded and not 

expanded properly (from here onwards called wing phenotype), whereas 7% of 

the RhoGEF2^^ \/RhoGEF2^"' and 6% of the RhoGEF2^°° VRhoGEF2^"' had this 

wing phenotype. The wing hairs in specific patches of the wing between the 

veins L3-L4 were very fine and slightly elongated compared to wild type (Fig. 

3.3) (from here onwards called wing hair phenotype) in 7% of 

RhoGEF2^ VRhoGEF2^^ and 13% of RhoGEF2^°° VRhoGEF2^ \  Finally the 

campaniform sensilla sensory organs along the L3 vein were either in the wrong 

place or aberrant in number (Fig.3.4) (from here called campaniform sensilla 

phenotype) (Table 3.1 and Fig. 3.2) in RhoGEF2^^/RhoGEF2^^ (20%) and in 

RhoGEF2^°° VRhoGEF2^^ (6%). Therefore, a mutation in a second pathway 

component could be introduced in this RhoGEF2 sensitised genetic background 

in order to check for interactions.

Figure 3.1 :

P-element: 14 Kb

AUG STOP

6.1

100.1

33.1

insert ~ 2.5 Kb

insert ~ 1.5 Kb
Key for B: : deleted sequence 

: inserted sequence

Figure 3.1: Exon-intron map of RhoGEF2 with the insertion of P-element (A, where the grey 
boxes indicate the exons). Maps of the insertion and deletions of the P-element imprecise 
excision alleles of RhoGEF2 (B), cDNA: 8435, genomic sequence: 17412 bp.
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I viability □ wing □ wing hair ■ sensilla

Figure 3.2: Phenotypes o f RhoGEF2 hetero-allelic combinations with heterozygous mutations in 
other pathway components. A ll the RhoGEF2 genotypes were null/hypomorph, where the 
hypomorph was either 6.1, 33.1 or 100.1 as indicated. **: percentages could not be accurately 
addressed because wings were so malformed or because the genotype was lethal.
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*

Figure 3.3: RhoGEF2 mutant wings have fine hairs. A: RhoGEF2 null/hypomorph, where the 
hypomorph was 100.1 wing, with a region of fine hairs between the L3 and the L4 vein (arrow) 
and a small ectopic vein (blue arrow). B: Magnification o f the region with the fine hairs, fine 
hairs on the left (arrow) and wild-type on the right.

Figure 3.4

-  L3-2 L3-3z^_-

Figure 3.4: RhoGEF2 mutant wings have defects in the campaniform sensilla sensory organs 
along the L3-veln. A: control wing, with 3 sensilla (L3-1 to L3-3, arrowheads), B: RhoGEF2 
null/hypomorph, where the hypomorph was 33.1 wing with 3 sensilla (L3-1 to L3-3, arrowheads) 
along the L3-vein, but in the wrong position, 0 : RhoGEF2 mutant wing of the same genotype as 
in B with 4 sensilla along the L3-vein (L3-1 to “L3-4”, arrowheads).
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Table 3.1

6.1 / RhoGEG2 nuii 33.1 / RhoGEF2 nuii 100.1 /RhoGEF2 nuii
Viability 49% viable viable

Wing phenotype 33% 7% 6%
Hair phenotype 0% 7% 13%

Sensiiia phenotype 0% 20% 6%

Table 3.1: Phenotypes of hetero-allelic RhoGEF2.

2.1.3 Interactions with transgenes
A third way to study genetic interactions was to overexpress one 

component of the signalling pathway using a transgene and then Introduce a 

mutant form of a second component. In this way the system Is sensitised and 

enhancement or suppression of the transgene-lnduced effect could be 

assessed. Pathway components were crossed with GMR-Rho^-Rho^ (Harlharan, 

Hu et al. 1995) that had a rough eye phenotype and GMR-Cta (G.Rubin, 

unpublished data) that also causes a severe malformation In the eye.

2.2 Proteins that interact genetically with Rho

2.2.1 Rho Interacts genetically with RhoGEF2 during wing 

development
RhoGEF2 suppresses the Rho-lnduced rough eye (Barrett, Leptin et al. 

1997) and It has the same phenotype as overexpression of DNRho during 

gastrulation (Rhol or RhoA are referred as Rho in this study). In addition hetero- 

allelic (null/hypomorph) RhoGEF2 and heterozygous Rho combinations In

RhoGEF2''^Rho™7RhoGEF2“ ’ and RhoGEF2“ ’Rho‘“VRhoGEF2“ ’ were 

letial. RhoGEF2^'RhG^VRhoGEF2'“ ' allelic combination yields only 7% of 

viable progeny. Of these 75% had wings that were so malformed that wing hairs 

and sensory organs could not be scored (Table 3.2 and Figure 3.2). The control 

RhoGEF2"^^Rho^®V+ was viable. These results Indicate that RhoGEF2 could 

aclvate Rho In more than one tissue and morphogenetic process.

,491 >6.1 4.11 ,491 >33.1
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Table 3.2
RhoGEF2'‘ VRhoGEF2^’ Rho RhoGEF2'"" ' /  RhoGEF2" ' Rho

Viability lethal 21%
Wing phenotype * 75%
Hair phenotype * *

Sensilla phenotype * *

Table 3.2: Genetic interactions between hetero-allelic RhoGEF2 and heterozygous Rho. The 
star indicates that the percentages could not be addressed either because wings were so 
malformed or because the genotype was lethal.

2.2.2 Rho interacts genetically with Serum Response Factor during 

wing development

It has been shown in mammalian cell culture experiments that Rho 

transmits a signal to SRF. In genetic studies the RhoA^^° null allele and the 

Rho'^^  ̂ hypomorphic allele enhanced the SRF wing phenotype in trans- 

heterozygous combination. Mutations in SRF cause ectopic veins in the 

intervein region between L4 and L5 veins, a L4-L5 cross-vein, and a blister in 

the L5-margin. SRF heterozygotes also had fine hairs and four instead of three 

campaniform sensilla along the L3 vein (Fig. 3.5).

Figure 3.5

t/SRFcontrol

Figure 3.5: SRF heterozygous wings have defects in wing veins and four campaniform  
sensilla along the L3 vein. Wild type wing (A), SRF/+ wing with ectopic veins (arrows in 
B). SRF/ wt wing with ectopic veins (arrows in 0) and 4 campaniform sensilla (blue 
arrows in C).

Both Rho alleles had a 100% enhancement of the SRF phenotype giving 

more ectopic veins (Fig 3.6), and viability was affected with the RhoA^^° (72% 

viability), but not with the Rho'^^  ̂ allele (91% viable progeny). This data supports 

the cell culture experiments, showing the role of Rho in transcriptional control. 

This is the first indication that Rho and SRF are interacting in an in vivo system 

showing that Rho has diverse functions.
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Figure 3.6

\
control B SRF Rho + SRF

Figure 3.6: Rho and SRF interaction. A: wild-type wing. B: SRF/+ phenotype of ectopic veins.
C: SRF phenotype is enhanced when it is combined with mutations in RhoA^^^^

2.3 Proteins that interact genetically with Rho also interact with RhoGEF2

2.3.1 RhoGEF2 interacts genetically with fog and cta during wing 

development

The next components in the Rho signalling pathway that were tested to 

check if the pathway is used repeatedly during development were cta and fog. 

20% of the fog'^^®/+;RhoGEF2'^ V +  progeny had blistered wings (Fig. 3.7), 

indicating that Fog is required for wing development.

Figure 3.7

control Rg2> Fog

Figure 3.7: RhoGEF2 and fog interaction. A: Control wing. B: fog'^^^/+;RhoGEF2‘̂ ^/+. Rg2: 
RhoGEF2.

If fog interacts genetically with RhoGEF2 in wing development, the same 

would be expected of Cta. To test this, flies of hetero-allelic RhoGEF2 and 

heterozygote cta were generated, cta enhanced the hetero-allelic RhoGEF2 

phenotype (Table 3.2 and Fig. 3.2). Only 6% of the genotype 

ctaRhoGEF2'^ VRhoGEF2®^ survived to adulthood. Of these, 100% had such 

malformed wings that the wing hairs and the campaniform sensilla phenotypes 

could not be addressed. On the other hand, ctaRhoGEF2'^ VRhoGEF2^°°^ and 

ctaRhoGEF2'^ VRhoGEF2^^^ were 91% and 97% viable respectively. 4% of 

ctaRhoGEF2'^ VRhoGEF2^^^ had a wing phenotype whereas 12% had a wing 

hair phenotype, which is higher than the 7% without cta. 54% of these flies had
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a campaniform sensilla phenotype, again much higher than the 20% observed in 

RhoGEF2^ VRhoGEF2^-^ flies. Using the RhoGEF2^°°"‘ allele, 14% had a wing 

phenotype, in comparison to 6% of RhoGEF2'  ̂VRhoGEF2^°° ̂  31% had a wing 

hair phenotype, in comparison to 13% that had this phenotype in the absence of 

cta, and 13% had a campaniform sensilla phenotype, whereas only 6% of the 

progeny had that phenotype without cta (Table 3.3).

Table 3.3
ctaRhoGEF2^’’

/RhoGEF2®^
ctaRhoGEF2'^^
/RhoGEF2“ ^

ctaRhoGEF2“ '
/RhoGEF2®^

Viability 21% 97% 91%
Wing phenotype 100% 4% 14%
Hair phenotype * 12% 31%

Sensiiia phenotype * 54% 13%

Table 3.3: Genetic interactions between hetero-allelic RhoGEF2 and heterozygous cta flies, the 
star indicates that percentages could not be addressed either because wings were so malformed 
or because the genotype was lethal

This enhancement of the RhoGEF2 phenotypes implied that cta and 

RhoGEF2 are interacting genetically and they are both needed for proper wing 

development. Since Cta has only been shown so far to have an effect in 

gastrulation (Parks and Wieschaus 1991), this data supports the fact that the 

link between the Galpha and the GEF is conserved during development. 

Moreover, since mutations in fog enhance the effects of RhoGEF2 mutations on 

wing morphogenesis, it is likely that fog also has a role in wing development. 

Again this is the first time that fog has shown to be involved in other 

developmental stages apart from gastrulation (Costa, Wilson et al. 1994), 

reinforcing the evidence that the same signalling pathway is used repeatedly in 

morphogenesis.

2.3.2 RhoGEF2 interacts genetically with PKN during wing 

development

Phenotypes resulting from hetero-allelic combinations of RhoGEF2 with 

heterozygous PKN were more severe than those of the hetero-allelic RhoGEF2 

alone. For RhoGEF2'  ̂VKN/RhoGEF2® \  55% were viable. The frequency of the 

wing phenotype was increased to 67% from 33% of hetero-allelic RhoGEF2
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alone. In this genetic background, the wing hair phenotype was seen in 33% of 

adult progeny and the campaniform sensilla phenotype in 3%. Neither of these 

phenotypes had been observed before in this hetero-allelic RhoGEF2 

combination. In the crosses with the RhoGEF2^-^ P-element excision line, 

viability was not affected, the percentage of the wing phenotype was the same 

as in hetero-allelic RhoGEF2, but the expressivity was greater, so the hair and 

the campaniform sensilla phenotype could not be scored (Table 3.4 and Fig. 

3.2). In conclusion, PKN is interacting genetically with RhoGEF2. PKN has been 

shown to be a direct downstream target of Rho and as it is shown here it is not 

only interacting with Rho, but also with RhoGEF2. Furthermore, PKN mutations 

affect dorsal closure (Lu and Settleman 1999) and here it is shown that they can 

affect wing development, which is a novel function for this protein and another 

indication that signalling pathways are conserved.

Table 3.4

RhoGEF2*'PKN/RhoGEF2"' RhoGEF2'*'PKN/RhoGEF2^'
Viability 55% viable

Wing phenotype 67% 7%
Hair phenotype 37% 7%*

Sensiiia phenotype 3% 7%*

Table 3.4: Genetic Interactions between hetero-aiieiic RhoGEF2 and heterozygous PKN flies, 
the star indicates that percentages could not be addressed properly either because wings were 
so malformed.

2.3.3 RhoGEF2 interacts geneticaliy with Serum Response Factor 
during wing deveiopment

The wing phenotype of SRF has been described earlier (Fig 3.5) and a 

genetic link with Rho has also been demonstrated. A genetic link with RhoGEF2 

was then tested. Initially, 20% of RhoGEF^ VSRF had completely malformed 

wings with very big blisters (Fig. 3.8), giving a primary indication that these two 

molecules interact. The progeny of this cross was 88% viable. Secondly, SRF/+ 

has the same phenotype as hetero-allelic RhoGEF2 that is blistered wings, fine 

hairs and abnormal number of campaniform sensilla. Therefore since mutations 

in these genes resulted in the same phenotypes they could be involved in the 

same developmental processes. So thirdly, a RhoGEF2"^  ̂SRF/CyOActGFP line 

was generated by genetic recombination and crossed with RhoGEF2® VCyO.
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The progeny of this cross was 99% lethal and the few surviving flies had so 

malformed wings that were sticking at the pupal cases and become detached 

upon fly eclosure. These data could support the involvement of SRF in the Rho 

pathway in a model organism, and shows that SRF was not only interacting with 

Rho, but also with RhoGEF2.

Figure 3.8

control Rg2 + SRF

Figure 3.8: HhoGEF2 and SRF interaction. A: Control wing. B: RhoGEF2^^/SRF. 
Rg2=RhoGE F2

2.3.4 RhoGEF2, zipper, diaphanous, cappuccino, PKN and SRF 

modify the Rho- and Cta-induced rough eye

Expression of two copies of Rho in the eye using the GMR promoter 

(GMR-Rho^Rho^ called GMR-Rho in this study) causes disruption of the 

photoreceptor morphology leading to an effect described as rough eye 

(Hariharan, Hu et al. 1995). Other potential pathway components were also 

tested for their ability to enhance or suppress the Rho-induced rough eye. 

RhoGEF2 dominantly suppressed this Rho-induced effect (Barrett, Leptin et al. 

1997). zipper, (zip^), diaphanous, (dia^) and cappuccino, (cap if) also dominantly 

suppressed the effect of Rho over-expression, whereas PKN and SRF 

enhanced it (Table 3.5). The enhancement of downstream pathway components 

implies that SRF and PKN could be acting as negative regulators of the Rho 

signalling pathway. This can be explained from the structural and biochemical 

data derived from crystals of Rho:PKN complex and protein-protein interactions 

measured with Biacore that showed that the binding of PKN with Rho could 

prevent other Rho targets from binding (Flynn, Mellor et al. 1998; Maesaki, lhara 

et al. 1999). On the other hand, SRF is a transcription factor and it might 

transcriptionally up-regulate genes that will down-regulate the signal from Rho
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acting as negative feedback mechanism. Another possible explanation is that 

SRF is regulating one of the ligands or the upstream components of Rho, and 

therefore acts upstream instead of downstream. The other results were 

expected since Dia and Capu are formin proteins that are targets of Rho 

(Castrillon and Wasserman 1994; Magie, Meyer et al. 1999; Afshar, Stuart et ai. 

2000). Finally, Zipper, since it is the heavy chain of non-muscle-myosin (Kiehart, 

Lutz et ai. 1989; Young, Richman et al. 1993), was expected to suppress the 

Rho-rough eye.

Table 3.5

GMR-Rho GMR-Cta
RhoGEFZ* ’̂ Suppress 

Barrett, Leptin etal. 1997
Suppress

RhoA'™ No effect 
K. Barrett, unpublished data

Suppress

capu= Suppress Suppress
PKN Enhance mildly Enhance
SRF Enhance mildly Enhance
dia' Suppress 

Prokopenko, Brumby etal. 1999
Suppress

zip' Suppress Suppress
zip'' Suppress Suppress

Table 3.5: Interactions of Rho pathway components with GMR-Rho and GMR-Cta.

Activated Cta expressed under the control of GMR promoter gave a very 

malformed eye. This overexpression causes disruption of the ommatidial lattice; 

ommatidia are placed irregularly and unevenly. There is also an indentation in 

the middle of the eye and possible overgrowth defects. Finally, bristles are 

missing in some places and duplicated in other places (Fig. 3.9).

Mutations in Rho, RhoGEF2, capu, dia, zip suppressed this Cta-induced 

effect, whereas PKN and SRF enhanced it (Fig. 3.10 and Table 3.5). The 

suppression caused by Rho was so strong that it almost rescued the Cta eye. 

This can be explained by the fact that Rho could be the limiting factor. Ail the 

other mutations caused a variable strength of enhancement or suppression 

(Table 3.5 and Fig. 3.9 & 3.10).

Based on the genetic data so far it can be said that Fog activates Cta that 

activates RhoGEF2, which activates Rho in wing and eye development as well 

as gastrulation. Then Rho can activate several downstream targets such as
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Capu and Dia to activate SRF (Sotiropoulos, Gineitis et al. 1999) (this 

relationship has not been proved in flies but it is proved in the mammalian 

systems), PKN to act as a negative regulator of the pathway, and also Zipper 

possible through an intermediate target that can be Rho Kinase (Winter, Wang 

et al. 2001 ; Mizuno, Tsutsui et al. 2002).

Figure 3.9

Figure 3.10

Figure 3.9:
The effect of 
expression 
o f activated Cta 
in the eye. A: Wila 
type eye. 0 : 
Ommatidia in a 
wild type eye. 
GMR-Cta eye (B) 
and GMR-Cta 
ommatidia (D)

Figure 3.10: Interactions 
of activated Cta with Rho 
signalling components in 
the eve. A: GMR-Cta/
Rho"* \  almost rescues the 
Cta eye. B: Cta GMR-Cta/ 
RhoGEF2* \  suppression o 
the Cta eye. C: GMR-Cta/ 
PKN, enhancement of the 
Cta eye. D: GMR-Cta/capu 
suppression of the Cta eye

2.4 Conclusions of the interactions of the known Rho pathway 

components

So far, the results indicate that Cta signals to RhoGEF2 and then to Rho, 

and that this relationship is conserved in more than one tissue. In addition, Cta 

and also Fog (although the experiments with Fog were more complicated 

because of the need for the protein in early embryogenesis) function is not 

restricted to gastrulation. Since Dia and Capu are probably downstream of Rho 

they might also be downstream of Cta. Dia and Capu also have other functions, 

for example cytokinesis (Castrillon and Wasserman 1994), but they can still 

interact with molecules involved in cell shape changes. The reason for this is 

that these proteins are mainly involved in microtubule and actin regulation 

(Westendorf, Mernaugh et al. 1999; Sagot, Klee et al. 2002). The role of
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microtubules in cell shape changes is not clear, but it is expected that the 

microtubules would be participating in this process. In addition, the mammalian 

version of Diaphanous has been shown to bind profillin as well as Rho 

(Watanabe, Madaule et al. 1997). Profillin is an actin binding protein, involved in 

actin polymerisation (Miller 2002). Also, Diaphanous has been shown to be 

upstream of Rho kinase and SRF, performing different functions each time 

(Sahai, Alberts et al. 1998; Sotiropoulos, Gineitis et al. 1999; Miller 2002). 

Therefore, the involvement of these proteins in cell shape changes may be a 

secondary or a minor function and a sensitised system may be needed to 

address them. As explained in Chapter 1, Rho targets usually have diverse 

functions as well. There is always the possibility that these molecules were 

acting in a parallel pathway as part of a signalling network.

PKN and SRF surprisingly, enhance the Rho-induced and the Cta- 

induced effect. Since the alleles examined were nulls and not constitutively 

active forms this would suggest that they are acting as negative regulators of the 

pathway. However, they also enhance the RhoGEF2 mutant phenotype. These 

results can again be explained if PKN and SRF are in a separate from RhoGEF2 

pathway that are required to perform the same function. Biochemical and 

structural data, suggest that PKN binds directly to Rho (Flynn, Mellor et al. 

1998; Maesaki, lhara et al. 1999), which means that Rho and PKN should 

perform the same function. In general though, the results presented in this 

chapter show that PKN and SRF and also zipper are not only interacting 

genetically with Rho, but also with RhoGEF2 and cta, indicating that the same 

signalling molecules play a role in the same developmental processes. More 

analysis will be required to elucidate the way that these molecules interact and 

function.

3. Identification of novel Rho pathway components

The genetic screen designed to identify components of the Rho signalling 

pathway that would enhance or suppress the Rho-induced effect in the fly eye 

(Barrett, Leptin et al. 1997) resulted in the generation of 24 suppressor and 86 

enhancer mutations. One of the suppressors was RhoGEF2, which accounted 

for 12 suppressor alleles. Five of the remaining suppressor lines were alleles of
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lilliputian (lilli), which is a transcription factor and a GMR modifier (Tang, Neufeld 

at al. 2001). Since these five alleles did not interact with Rho, they were not 

included in the study.

Several tests were carried out to lead to a better characterisation of the 

modifiers and the genes to which they correspond. These included (a) 

Complementation analysis, to identify alleles of the same gene, (b) Identification 

of the Rho-specific modifiers and elimination of the modifiers of GMR. This was 

done by crossing the modifiers with other GMR-transgenes and by crossing a 

GMR-CAT transgene with the modifiers and subsequently performs CAT 

assays, (c) Modification of a Rho-induced in a tissue other than the eye. (d) 

Characterisation of any genetic interactions of the modifiers with other genes 

known to be involved in the Rho pathway, including RhoGEF2.

3.1 Complementation groups of the modifiers derived from the screen

Some of the modifiers fell into large complementation groups based on 

lethal phenotype. Of these, one was RhoGEF2, a second was the GMR-modifier 

lilli and a third was a group of 19 enhancers that were alleles of Delta. These 

Delta alleles were not considered to be Rho specific enhancers, since Delta is 

needed for proper eye development. The other enhancers fell into 

complementation groups that were very complicated. This included pairs of 

alleles that fail to complement each other and also alleles that can be in the 

same complementation group, but do not complement all the alleles of the group 

(K. Barrett, unpublished data) (Table 3.6, 3.7, 3.8, 3.9).

Table 3.6

81.5 83.51 84.10
SI .5 81.5
83.51 83.51
84.10 84.10

Table 3.6: Example o f suppressors of 
second chromosome complementation 
groups. Blue square indicates lethality.

Table 3.7

85.17 86.6 86.19
85.17 85.17
86.6 86.6
86.19 86.19

Table 3.7: Example o f suppressors of 
third chromosome complementation 
groups. Blue square indicates lethality.



11.28 11.38

11.38
11.43

12.33 12.33

12.53 12.53

Table 3.8: Complementation analysis o f enhancers o f GMR-Rho on Chromosome II Blue square means lethality

11.30 11.32

11.15
11.29 11.29

11.30
11.32 11.32

12.10 12.10
12.14 12.14
12.54 12.54

Table 3.9 Complementation analysis o f enhancers o f GMR-Rho on Chromosome III Blue square means lethality
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3.2 Search for Rho specific modifiers

The Rho transgene used in the genetic screen for Rho pathway 

components was under the control of the GMR promoter that drives expression 

specifically in the eye. Firstly, there is a need to find the alleles that affected Rho 

activity and not GMR-mediated expression levels and are Rho-specific. Initially 

the enhancers were crossed with different transgenes expressed under the 

GMR promoter. If an allele enhanced all of them, then this allele was not Rho 

specific and it was a GMR modifier.

The GMR-driven transgenes used, apart from Rho, were GMR-Rac, 

GMR-Cdc42, GMR-Cta, GMR-dp60 (the adaptor subunit of dp110, which is the 

fly orthologue of PI3K) and GMR-reaper (a gene involved in apoptosis). Since 

GMR is temperature sensitive, the crosses were done at three temperatures. 

The first of these was 25°C and then if the expression was not strong enough, 

29°C, or if the expression was so strong 18°C. All the results from the crosses 

between the modifiers and all the GMR lines at all different temperatures tested 

are presented in the following tables 3.10 & 3.11.

+ Enhancement
++ Strong enhancement

+++ Very strong enhancement
- Suppression
X No effect

@18 At18°C
@29 At 29°C
N/D Not determined

Table 3.10

Modifier2"d
chromosome

GMR-Rho GMR-
Racl

GMR-
Cdc42

GMR-
Cta

GMR-
rpr

GRM-
dp60

E2.32 + + ++ X X X
@25 @29 @29 @18 @18 @25

E3.23 ++ +++ X X X X
@25 @29 @25,29 @18 @18 @25

E3.28 ++ ++ + X X X
@25 @29 @29 @18 @18 @25

E3.30 + X + X + X
@25 @29 @25,29 @18 @18 @25

E4.3 +++ + ++ X + X
@25 @29 @29 @18 @18 @25
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E4.4 ++
@25

+
@29

X
@25,29

X
@18

X
@18

X
@25

E4.11 + X + + - X
@25 @29 @25,29 @18 @18 @25

E4.17 +++
@25

++
@29

+
@25,29

+
@18

N/D N/D

E4.30 + ++ X X ++ X
@25 @29 @25,29 @18 @18 @25

E5.22 + X X X X X
@25 @29 @29 @18 @18 @25

E7.17 + + X + + X
@25 @29 @29 @18 @18 @25

E7.24 ++
@25

X
@29

X
@29

+
@18

X
@18

N/D

E8.12 + ++ X X X X
@25 @29 @29 @18 @18 @25

E8.15 + +++ X X X X
@25 @29 @29 @18 @18 @25

E9.16 + + + + + X
@25 @29 @29 @18 @18 @25

E9.22 + ++ - + + X
@25 @29 @29 @18 @18 @25

E10.1 + ++ + + X X
@25 @29 @29 @18 @18 @25

E 11.28 + + X X + X
@25 @29 @29 @18 @18 @25

E 11.38 ++ + X ++ X X
@25 @29 @29 @18 @18 @25

E 11.43 + + X +++ + X
@25 @29 @25,29 @18 @18 @25

E 12.29 + + + X X X
@25 @29 @29 @18 @18 @25

E 12.33 + + X +++ X X
@25 @29 @25,29 @18 @18 @25

E 12.51 ++ +++ X ++ + +
@25 @29 @25,19 @18 @18 @25

E 12.53 ++ + X +++ X -

@25 @29 @25,29 @18 @18 @25
Table 3.10: Interactions between second chromosome enhancers and GMR lines.

Table 3.11
Modifier

3'"
chromosome

GMR-Rho GMR-
Racl

GMR-
Cdc42

GMR-
Cta

GMR-
rpr

GRM-
dp60

E2.12 ++ +@25 + +@25 X +
@25 +++@29 @25,29 ++@18 @18,25 @25

E2.15 + +++ X + X +
@25 @29 @25 @25 @18,25 @25

E2.16 +
@25

+++
@29

++
@29

N/D X
@18

N/D

E5.14 + +@25 + X X@18 +
@25 +++@29 @29 @18 +@25 @25

E5.31 +
@25

+++
@29

X
@25,29

+
@18

N/D +
@25

E5.32 + +++ X@25 + + X
@25 @29 +@29 @18 @25 @25
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E6.56 + + X X@18 X +
@25 @25 @25 +@25 @18 @25

E7.2 + N/A ++ + N/D N/D
@25 @29 @18

E7.10 + ++ + X X N/D
@25 @25 @29 @18 @18

E7.12 ++ N/D N/D N/D N/D N/D
@25

E7.23 + +++ + X X N/D
@25 @25,29 @29 @18,25 @18,25

E7.28 + +@25 N/D + X N/D
@25 +++@29 @18,25 @18

E7.34 + X@25 + X ++ N/D
@25 +@29 @29 @18,25 @18

E8.8 + ++@25 + X N/D N/D
@25 +++@29 @29 @18

E8.39 + X@25 + ++@18 - +
@25 ++@29 @29 +++@25 @18 @25

E9.26 ++ ++@25 + X@18 + +
@25 +++@29 @29 ++@25 @18 @25

E11.7 + +@25 + +@18 N/D N/D
@25 +++@29 @29 ++@25

E 11.15 + + +++ ++@18 + N/D
@25 @29 @29 +++@25 @18

E 11.29 + + + + ++ N/D
@25 @25.29 @29 @18,25 @18

E 11.30 X X + +@18 - N/D
@25 @25,29 @29 X@25 @18

E 11.32 + X@25 + X + N/D
@25 +@29 @29 @25,29 @18

E12.1 ++ X@25 + + ++ N/D
@25 ++@29 @29 @18 @18

E 12.10 + X@25 N/D + + N/D
@25 +@29 @18,25 @18

E 12.14 + + X X N/D N/D
@25 @29 @29 @18,25

E 12.54 +++ +++ + +@18 N/D N/D
@25 @29 @29 X@25

Table 3.11: Interactions between third chromosome enhancers and GMR lines.

In order to test for modifiers that are Rho-specific, a more objective 

method was required. To achieve that, GMR-CAT (Chloraphenicol Acyl 

Transferase) was crossed with all the modifiers and CAT expression tested 

using an enzyme linked immunoabsorbance assay (ELISA) with anti-CAT 

antibody. If the modifiers enhanced the expression from the promoter CAT 

expression levels should increase, if they suppressed the promoter, CAT 

expression should decrease and if they did not enhance or suppress GMR they 

should have the same CAT expression as GMR-CAT/OreR. The latter ones 

would be considered to modify Rho and be Rho-specific.
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Several controls were used: (a) GMR-CAT/GMR-CAT and GMR- 

CAT/OreR, (b) GMR-CAT/RhoGEF2 which should have the same value as 

GMR-CAT/OreR, (c) GMR-CAT////// that should have a smaller value than GMR- 

CAT/OreR or GMR-CAT/RhoGEF2 since it was a suppressor of GMR, and 

GMR-CAT//f/c (tramtrack), another modifier isolated from the screen that was 

thought to be a GMR enhancer.

Several experiments were done to set the conditions for the CAT assay. 

These conditions were: (1) the number of flies needed. (2) Should heads only be 

used or would CAT be sufficiently concentrated in whoie body protein isolates. 

(3) The most suitable lysis procedure. (4) The measurement of the absolute total 

protein concentration, in order to standardise the resuits and produce the unit of 

activity per unit of protein. (5) The genetic background of the fiies, since the 

controls were of different background than the modifiers. When the above 

conditions would be set then: (1) the sensitivity of the system to score for 

enhancement or suppression and (2) the reproducibility of the system, were 

addressed.

Several tests were carried out, always in triplicates and by using female 

flies that were freshly eclosed to standardise GMR activity. Aiso, ali the crosses 

were aiways kept in the same incubator at 25°C to ensure that there was no 

temperature variation that would cause variability of the expression from the 

promoter. The resuits (Tabies 3.12-3.14 and Figs. 3.11-3.13) suggested that the 

iysate of one fly in 1/16 diiution was the preferred concentration. Both heads and 

whole flies were giving high vaiues of CAT activity, but heads only were used, in 

order to standardise better the totai protein concentration. Again, more than one 

lysis procedures were efficient, but the one proposed by the kit was used, since 

it was technically easier to foliow. To measure the absolute protein 

concentration, the Lowry HS system of 700nm wavelength was used in order to 

be detergent compatibie, since the iysis buffer contained detergent. Finaily flies 

from different genetic backgrounds i.e. dpi 10 and PKN were used as controis, 

in order to



1 2 3 4 5 6 7 8 9 10 11 12
A B1 B1 CO la  1:8 CO 1b 1:8 CO 1c 1:8

B SO 80 COIa 1:16 COlb 1:16 COIc 1:16

0 81 81 CRIa 1:8 CRIb 1:8 CRIc 1:8

D 82 82 CRIa 1:16 CRIb 1:16 CRIc 1:16

E 83 83 CLIa 1:8 CLIb 1:8 CLIc 1:8

F 84 84 CLIa 1:16 CLIb 1:16 CLIc 1:16

G O la 1:8 01b 1:8 CTIa 1:8 CTIb 1:8 CTIc 1:8

H O la 1:16 01b 1:16 CTIa 1:16 crib 1:16 CTIc 1:16

B1: blank (=POD substrate, substrate 4 or 5) 
S0-S4; CAT standard dilutions

Best results 
1:16 = S3/S4

OreR
GMR-CAT/OreR
GMR-CAT/RhoGEF2
GMR-CAT/lllli
GMR-CAT/ttk

O
CO
OR
CL
CT

Letters a-c for the three different preparations

Numbers of flies used: 1

Dilution used: 1 to 8
1 to 16

Table 3.12: ELISA to identify the best concentration and test the controi samples for alterations in CAT expression levels 
The most appropriate dilution is 1:16. The O, CO and CL control gave the expected results (see Figure 3.11).
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1 2 3 4 5 6 7 8 9 10 11 12

A SO SO CR 1 CR 2 CR 3

B SI SI CP 1 CP 2 CP 3

C S2 S2 02.32 1 C2.32 2 C2.32 3

D S3 S3 012.33 1 C12.33 2 Cl 2.33 3

E S4 S4 CL 1 CL 2 CL 3

F 0  1 0  2 CT 1 CT 2 CT 3

G Blank CO 1 C3.28 1 C3.28 2 C3.28 3
H CO 2 CO 3 C pIlO  1 Cp1102 Cp110 3

B1; blank (=POD substrate, substrate 4) 
S0-S4: CAT standard dilutions

OreR 0 GMR-CAT/PKN CP
GMR-CAT/OreR CO GMR-CAT/En(Rho)2.32 C2.32
GMR-CAT/RhoGEF2 CR GMR-CAT/En(Rho)12.33 Cl 2.33
GMR-CAT/lilli CL GMR-CAT/Rn(Rho)5.22 C5.22
GMR-CAT/ttk CT GMR-CAT/dp110 CpIlO

Numbers 1-3 for the three different preparations

Table 3.13 : ELISA assay to identify the best conditions and test 
if different genetic backgrounds cause different alterations in CAT 
expression levels. Control samples were giving different values 
from previous experiment (see Figure 3.12 and compare with Figure 3.11).
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Figure 3.11
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Percentages of (mean) CAT activity/unit of protein 
concentration in relation to CAT/OreR

I I
GMR-CAT/OreR GMR-CAT/RhoGEF2 GMR-CAT/lilli 

samples

GMR-CAT/ttk

Figure 3.11: CAT activity/ unit o f protein concentration from Table 3.12. (Used in calculations: 
mgs of protein found from protein concentrations and mgs of CAT found by the ELISA reading 
and the CAT concentration of the standards, mgs of CAT divided by mgs of protein and the 
mean of the three preparations determined).

Figure 3.12
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Figure 3.12: CAT activity/ unit of protein concentration with control samples 
from Table 3.13.



1 2 3 4 5 6 7 8 9 10 11 12
A B1 B1 OreR Cat/OreR RG2 PKN dp IlO 81.5 84.10

B SO 80 86.6 2.32 3.23 3.28 3.30 4.3 4.4

C 81 81 4.11 4.17 4.30 5.22 7.17 7.24 8.15

D 82 82 9.16 9.22 10.1 11.28 11.38 11.43 12.33

E 83 83 12.51 12.53 2.12 2.15 2.16 5.14 5.31

F 84 84 5.32 6.56 7.2 7.10 7.12 7.23 7.28

G 7.32 7.34 8.8 8.39 9.26 11.7 11.15

H 11.29 11.30 11.32 12.1 12.10 12.14 12.54

B1 : blank (=POD substrate, substrate 4)
S0-S4: CAT standard dilutions

Blue = controls used in the previous experiments 
Red = suppressors from the Rho genetic screen
Black = enhancers of the 2nd chromosome from the Rho genetic screen 
Green = enhancers of the 3rd chromosome from the Rho genetic screnn

Table 3 .14 ELISA with all the modoflers from the screen to test if any values 
would be informative. The results show that none of the enhancers enhance  
the activity of CA T and the controls were not giving the expected vaiues 
(Figure 3.13)

rr-TT.Ttiig

I til

140
120

m 100S’S 80 
§ 60 
I  40 

20 
0

Percentage of CAT activity/unit of rotein concentration 
In relation to CAT/OreR

IWAffiiiiiiT.
Samples

F igure 3 .13 : Cat activity/unit concentration from Table 3.14. Rg2: RhoGEF2, S: Su(Rho), E: En(Rho). 
Su(Rho)1 .Sillily. En(Rho)2.16:ttk. En(R ho)2.32-12.53: enhancers on chromosome II. En (R ho)2.12-12 54: 
enhancers on chromosome III
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eliminate the possibility that the differences in the readings were only dependent 

on this factor.

Although, the system was optimised the results were inconclusive. The 

same control lines produced different results in the different tests (Tables 3.12- 

3.14 and Figs. 3.11-3.13). For example, in the first test GMR-CAT////// 

suppressed 98% (Table 3.12 and Fig. 3.11); in the second test, it suppressed 

only 20%, whereas in the third test it did not suppress at all (Table 3.14 and Fig. 

3.13). Also RhoGEF2 that is not a GMR modifier did not give the same values 

as GMR-CAT/OreR. In addition to the fact that the system was not reproducible, 

the sensitivity of the system to address suppression and enhancement was very 

poor, since none of the modifiers ever enhanced the activity of CAT in 

comparison to GMR-CAT/OreR or to GMR-CAT/RhoGEF2. Even ttk, the 

putative GMR enhancer, suppressed the activity of CAT. Therefore, since the 

system was not reproducible and its sensitivity was very weak, it was thought 

that this was not a good method to identify which mutations modified GMR 

expression and which were specific for Rho activity.

3.3 Search for another Rho-induced effect that can be modified by the 

alieies derived by the Rho genetic screen.

There is the possibility that these modifiers were only isolated because 

they carried mutation in genes needed for eye development. To eliminate this 

possibility, the effect on a Rho-induced effect by these modifiers was examined 

in another tissue. UAS-Rho was crossed with several different wing drivers, for 

example 69B-GAL4. Unfortunately, these drivers were either “leaky” and killed 

the fly or they did not give any effect. Of all the drivers tested, only C96-GAL4 

gave an effect which was notched wings. None of the modifiers affected the 

notched wings resulting from overexpression of Rho, not even RhoGEF2 which 

is known to play a role in wing development. This assay was therefore 

considered to be inconclusive.
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3.4 Interactions of novel pathway components with PKN, SRF, zipper and 

RhoGEF2

Since the complementation groups were complicated and the assays 

used did not clearly distinguish any Rho specific alleles, interactions between 

the modifiers and the known Rho pathway components were tested. If one 

allele, apart from enhancing the Rho-induced effect, were also interacting with 

other molecules in the Rho pathway it would strengthen the evidence that this 

allele would be Rho pathway-specific. Initially, since SRF and PKN enhanced 

GMR-Rho, all the enhancers were crossed with these two mutations to test for 

non-complementation.

The results of the crosses between the enhancers and PKN showed that 

three of the lines were lethal over PKN. These lines, En(Rho)2.32, 

En(Rho)12.33, En(Rho)12.53, also failed to complement each other and could 

therefore be PKN alleles. Two other lines En(Rho)4.11 and En(Rho)4.17, 

interacted weakly with PKN to give blistered wings, malformed legs and black, 

possibly necrotic, spots close to their halteres (Table 3.15 and Fig. 3.14). These 

two lines might be alleles of another gene that interacts with PKN. The 

En(Rho)2.32 line but not En(Rho)12.33 or En(Rho)12.53 also failed to 

complement En(Rho)4.11 and En(Rho)4.17, indicating more than one relevant 

mutation had occurred on this chromosome, one of which was in PKN and the 

second in an interacting gene. En(Rho)2.32 also failed to complement a further 

two enhancers, suggesting the presence of more than two relevant hits by EMS 

during the screen.

Eleven enhancer lines interacted with SRF to give an increase in ectopic 

veins and blisters (Table 3.16). All the modifiers were viable over SRF so 

probably there were no SRF alleles, unless any of these modifiers were very 

weak SRF hypomorphs. The complementation groups on the second 

chromosome did not correlate exactly with the results from SRF enhancement, 

for example in En(Rho)11.38/SRF, 74% of the progeny had a blistered wing 

phenotype, but all the other alleles that fail to complement En (Rho) 11.38, do not 

interact with SRF.
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PKN E 2.32 E 12.33 E 12.53 E 4.11 E 4.17

PKN X X X X Interact
12%

Interact
4%

E 2.32 X X X X X

E 12.33 X X Viable Viable

E 12.53 X Interact
19%

N/D

E 4.11 X X

E 4.17 X

Table 3.15: The PKN complementation group. Symbols: X  means lethal, 
N/D means not determined and E means En(Rho)

Figure 3.14

wing
wing

black spot black spot

Figure 3.14: Genetic interaction between PKN and Rho modifiers. 
En(Rho)4.11/PKN flies with wing, leg and cuticle defects, showing 
the genetic interaction between the two alleles



Chapter 3: Genetic Interactions
page 139

Table 3.16

SRF 11.28 11.38 4.30 3.30 10.1 12.53 12.33 8.12 5.22 4.17 9.16
SRF X 75% 73% 38% 33% 31% 19% 18% 16% 15% 12% 12%

Table 3.16: Percentage of flies trans-heterozygous for SRF and second chromosome modifier 
showing wing phenotype.

The second chromosome suppressors were also tested for 

complementation with zipper and diaphanous. Su(Rho)4.10 failed to 

complement the null zip  ̂ allele. When crossed to the hypomorphic z/p^ allele, all 

the progeny survive to adulthood, but 3% of them displayed small ectopic veins 

and dark, undefined patches along the L3 vein. This phenotype resembles that 

seen in z/pVz/p^ flies, but is less penetrant. Together these data indicate that 

Su(Rho)4.10 is an allele oi zip.

To test interactions of RhoGEF2 with novel alleles the second 

chromosome modifiers were crossed with RhoGEF2. Again since in this kind of 

genetic background two mutations will be heterozygous the system will not 

necessarily be sensitised enough, so any phenotype observed would imply a 

strong interaction even if it were observed at low penetrance. Eleven enhancer 

alleles interacted with RhoGEF2 giving wings with blisters and ectopic veins. 

These alleles were En(Rho)3.23, En(Rho)3.28, En(Rho)3.30, En(Rho)4.3, 

En(Rho)4.30, En(Rho)5.22, En(Rho)7.17, En(Rho)8.12, En(Rho)9.22,

En(Rho)10.1 and En(Rho) 12.51 (Table 3.17 and Fig. 3.15). The fact that these 

alleles modify the Rho-induced effect and interact genetically with RhoGEF2 

supports the case for them being specific for the Rho pathway. It would 

therefore be interesting to identify them.

Cuticle preparations (S. Parkhust and K. Barrett, unpublished data) 

showed that some of these alleles have developmental and morphogenetic 

defects. The cuticle preparations were made from embryos homozygous for the 

mutated chromosome, which could carry other mutations. The phenotypes 

observed may therefore not be caused by the mutation that causes the Rho 

modification, but indicate that these modifiers warrant further investigation.

A synoptic table of the most interesting alleles is presented (Table 3.18- 

3.20) with all the information from the tests performed. En(Rho)5.22 is a very
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E3.28 E 3.30 E4.3 E4.30 E 5.22 E 10.1

RhoGEF2 Ectopic veins Ectopic Ectopic Ectopic Ectopic Ectopic
100% veins 100% veins 100% veins 100% veins 100% veins 100%
&3% & 6% &7% &3% & 5% & 5%

malformed malformed malformed malformed malformed malformed
wings wings wings wings wings wings

E 3.23 E 8.12 E 9.22 E 12.51 E 7.17

RhoGEF2 6% 4% 4% 4% 20%
malformed malformed malformed malformed ectopic

wings wings wings wings veins

Table 3.17 a and b: Percentages and interactions of RhoGEF2 over Rho enhancers 
of the 2^^ chromosome. Malformed phenotype includes blisters in the wings. E indicates 
En(Rho).

Figure 3.15

... .::Æ

t \ \

Figure 3.15: Genetic interactions between RhoGEF2 and Rho modifiers. 
Examples from ectopic vein and blistered phenotype of RhoGEF2 over 
Rho modifiers. A, B, 0 : ectopic vein phenotype. D: Blister in malformed wing
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interesting allele since it enhanced only GMR-Rho, it interacted with RhoGEF2 

to give blisters in the wings and it also had an interesting embryonic 

morphogenetic phenotype.

Table 3.18

Name Interaction 
with GMR 

lines

Interaction
with

RhoGEF2

Interaction
with
SRF

Lethal
over
PKN

Failure to 
complement other 
alleles from this 

table

Failure to 
complement any 
additional alleles

2.32 Rho, Rac, 
Cdc42

No No Yes 4.11,4.17,8.15, 
11.38, 12.33

12.53

3.23 Rho, Rac, 
Cdc42

Yes No No 3.28 none

3.28 Rho, Rac, 
Cdc42

Yes No No 3.23 none

4.4 Rho, Rac No No No 7.24, 11.38 none

4.11 Rho, Cta, 
Cdc42

No No Yes 2.32,4.17 none

4.17 Rho, Rac, 
Cdc42, Cta

No Yes Yes 2.32, 4.11 none

5.22 Rho Yes Yes No none none

7.24* Rho, Cta No No No 4 4, 11.38 none

8.12 Rho, Rac Yes Yes No none none

8.15 Rho, Rac No No No 2.32 none

10.1 Rho, Rac, 
Cdc42, Cta

Yes Yes No none none

11.38 Rho, Rac, 
Cta

No Yes No 2.32, 4.4, 7.24 12.51

12.29 Rho, Rac, 
Cdc42

No No No none none

12.33 Rho, Rac, 
Cta

No No Yes 2.32 12.53

Table 3.18: Summary of the most interesting modifiers according to the tests carried out for the 
second chromosome enhancers. *: tests with GMR lines have not been completed for this line. 
In addition to the lines above, En(Rho)12.53 is lethal over PKN (see PKN complementation 
group), but also interacts with GMR-dp60.

Table 3.19

Name Interaction with GMR 
lines

Failure to complement 
other alleles from this table

Failure to complement 
any additional alleles

7.2* Rho, Rac, Cta none none
7.10* Rho, Rac, Cdc42 none none
7.23* Rho, Rac, Cdc42 7.28 9.26
7.28* Rho, Rac, Cta 7.23 11.29, 11.32

12.14* Rho, Rac none 7.34
12.54* Rho, Rac, Cta, Cdc42 none 11.7
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Table 3.19: Summary of the most interesting modifiers according to the tests carried out 
for the third chromosome enhancers. *: tests with GMR lines have not been completed.

Table 3.20
Name Lethal over 

zipper
Lethal over 
diaphanous

Failure to complement 
other alleles from this table

Failure to complement 
any additional alleles

4.10 Yes No none none

Table 3.20: Summary for the most interesting modifier according to the tests carried out 
for the second and third chromosome suppressors.

3.5 Conclusions from the interactions with potential novel pathway 

components

The generation of several different alleles from a genetic screen always 

raise the question of which alleles to follow to identify novel and interesting 

genes. The first criterion is to ensure that the alleles isolated were specific for 

the required process. In order to satisfy this criterion for the Rho genetic screen 

several tests have been carried out. However, these tests did not produce any 

clear results. Many tests can be repeated and elaborated in order to find the 

Rho specific modifiers. Therefore, since the screen was not saturated, more 

screening is needed to identify more alleles of the same genes and for their 

classification into complementation groups to be meaningful. In spite of the fact 

that there were no obvious Rho-specific alleles to continue work on them, the 

ones that interacted with RhoGEF2 to give wing blisters are very interesting. 

Since they are enhancers it is likely that the product of the relevant gene inhibits 

the Rho signal at least partially.
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Chapter 4: PHENOTYPIC CHARACTERISATION AND ANALYSIS OF

RhoGEF2

1. Introduction

The development of an organism results from the function of proteins that 

are integrated in signal transduction pathways, physical forces, and other 

environmental cues (Wolpert, Beddington et al. 2002). The same proteins can 

participate in several different signal transduction cascades, with each cascade 

regulating a different response (Tan and Kim 1999). One of the unsolved 

problems so far is how particular responses are selected during signal 

transduction. Experiments have shown the selection of a specific response, 

termed here as specificity/selectivity in a pathway, can occur at several different 

levels of the pathway. It can be, for example, at the level of the ligand. Different 

ligands can initiate different cascades even if they activate the same receptor. 

Or, the same ligand can bind to different receptors giving different responses. 

Also, the amount of the ligand and the period of stimulation of the receptor can 

have different effects on a cell. Responses can be tissue specific, since the 

different tissues can have different targets that are activated by the same 

receptor, or condition specific, for example a transformed cell will react 

differently to a stimulus from an untransformed cell (Tan and Kim 1999).

The hypothesis tested here for the Rho signalling network during 

Drosophila morphogenesis is that selectivity/specificity occurs at the level of the 

exchange factor. There are several GEFs that activate Rho, and numerous 

potential Rho targets. The hypothesis is that one GEF selects a particular Rho 

outcome. To test this hypothesis, there is a need to identify the function of the 

GEF and if this GEF always has the same function. One of the Rho specific 

exchange factors RhoGEF2 was identified in a genetic screen as a modifier of 

the Rho-induced rough eye. Elimination of the maternal contribution of 

RhoGEF2 blocks gastrulation, where the cell shape changes required for the 

formation of the ventral furrow and the invagination of the midgut do not occur 

(Barrett, Leptin et al. 1997; Hacker and Perrimon 1998). If GEFs select the 

process then RhoGEF2 should select the same process every time it is 

activated. There is a need to find out what RhoGEF2 does at other
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developmental stages. The study that follows will test the function, if any, of 

RhoGEF2 in tissues and developmental stages other than gastrulation and 

begin to address the mechanism of its function at the ceilular and moiecular 

level. If RhoGEF2 is used at other developmentai stages to promote cell shape 

changes and epithelial invagination, but is not required for any other Rho- 

induced outcomes then it would prove that it performs the same function every 

time it is activated and wouid suggest that the GEF is part of the mechanism to 

selects the specific response.

2. Results

2.1 RhoGEF2 Is required for epithelial invaginations during embryogenesis

2.1.1 RhoGEF2 alleles show embiyonic lethality and early larval
death

To obtain a more detailed description of the function of RhoGEF2, studies 

of the zygotic effect were initiated using transallelic combinations. One alleie 

used is the nuli RhoGEF2"  ̂\  which has a breakpoint before the RGS domain. 

This allele was also used for the generation of the germ-line clones giving the 

gastruiation phenotype (Barrett, Leptin et al. 1997). Other EMS-generated 

RhoGEF2 alleles were crossed with RhoGEF2'^  ̂ and the progeny studied for 

stage of death. The progeny for most of these crosses survived tili the larvai 

stages. However the aileiic combinations RhoGEF2^ VRhoGEF2^^  ̂

(RhoGEF2^^^®^ )̂ and RhoGEF2^ VRhoGEF2^^^ (RhoGEF2 -̂̂ ^̂ 2i) showed 

embryonic lethality (Table 4.1).

Table 4.1

Stage RhoGEF2'*''' RhoGEF2'*^ '̂*” RhoGEF2"'^"'' RhoGEF2'*^^“* RhoGEF2"*' +
Embryo 97.2% 50% 79% 98% 99.2%
1” Instar 96.4% 12.5% 69.8% 96.7% 99.2%
2"° Instar 80% 3.8% 49.6% 67.4% 98.3%
3’’** Instar 21.8% 2.5% 10.6% 13% 96.6%

Pupa 14.5% 0 1.1% 9.8% 90.4%
Adult 0 0 0 0 84.7%

Table 4.1: Percentage of viability of the hetero-aileiic combinations of RhoGEF2 at each 
deveiopmental stage.
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Trans-allelic RhoGEF2 1®̂ instar larvae did not increase in size and were 

unable to move properly even if prodded, when compared to the increase in size 

and the mobility of the wild type larvae. The larval instar in the wild type lasts 

for 24 hours, while the mutant larvae spent a few days as first instars and most 

of them died. The 2^  ̂ instar stage lasts again for 24 hours in the wild type, while 

the mutant larvae that managed to moult into second instars persisted as very 

small 2^  ̂ instars for a few days before dying at that stage (Table 4.1 and Figure 

4.1).

Figure 4.1

Percentage of viability of RhoGEF2 trans-allelic 
combinations

120

1 0 0
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egg
laying
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instar

second
instar

third
instar
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developmental stage
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Figure 4.1: Percentage of 
viability of RhoGEF2 hetero- 
aileiic combinations. 
R=RhoGEF2 and the numbers 
represent the number of the 
alleles. The lines 5.11 and 5.21 
have the stronger effects

2.1.2 RhoGEF2 mutant larvae cannot move, sense the food or eat

In order to identify the cause of the RhoGEF2 larval phenotype, 

behavioural studies in which the larvae were fed with yeast containing blue non

toxic dye were carried out.

If the larvae were able to move they should be wandering around the 

plate. Also if they could smell the food, they should concentrate around the food. 

Forty first instar larvae were placed at one end of an agar containing plate with 

dyed food at the other end. The plates were scored at different time points and
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notes on the position of the larvae, their age, and their size as well as of the 

colour of their gut were collected. The larvae that were eating the yeast and 

were “blue” were removed from the plate, because they could sense the food, 

move towards it and eat. The results obtained, showed that RhoGEF2 larvae 

generally were not able to go to the food even if they could sense it. 75% of 

RhoGEF2'^ VRhoGEF2®^  ̂ larvae stayed at their initial position 8 hours after they 

were placed on the plate and the remaining 25% could go to the food but did not 

stay there. In comparison, 53% of wild type larvae were found in the food and 

eating. After twenty four hours all the wild type larvae were in the food, while 

43% of the RhoGEF2"  ̂VRhoGEF2®-^  ̂ larvae were in the food and stayed in the 

food, 43% of them were wandering and looked very small and sick, and 14% of 

them stayed at their initial position. The results for RhoGEF2"  ̂VRhoGEF2®^  ̂ are 

similar. By 24 hours, 64% of the larvae were in the food, 21% of them were 

wandering around and were sick and 14% of them were at their initial position 

and were very sick. In addition the larvae that were sick moved very slowly even 

when prodded (Table 4.2). The larvae were also unable to sense the food, 

because even the few that were moving very slowly were wandering around the 

plate and did not go towards the food.

Table 4.2

control RhoGEF2^'''*” RhoGEF2^’'®''’
8

hours
53% got to the food 

and stay there, 
47% at initial position

25% go to the food, 
75% at initial position

25% go to the food 
15% wandering 

60% at Initial position
24

hours
100% go to the food 

and stay there
43% go to the food, 

43% wandering (sick) 
14% stay at Initial 

position (small & sick)

64% go to the food 
21% wandering (sick) 

14% initial position 
(very small and sick)

Table 4.2: RhoGEF2^^/RhoGEF2^'^^ and RhoGEF2*^^RhoGEF2^'^^ were unable to 

sense the food and move towards it

From the previous experiment it was shown that the RhoGEF2 larvae are 

unable to sense and go to the food, but it was not shown if they are able to eat 

when the food is available and accessible to them. In order to show if the lack of 

mobility and sensation is the reason that they stay small and die, or if they have
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more abnormalities, like the inability to eat, twenty larvae were placed on a plate 

containing agar that had dyed yeast spread on the whole surface. The larvae 

that had eaten should have blue gut and they were removed from the plate. 

Notes of the number of the “blue” larvae, the size and the age of the larvae were 

collected. The results show that in 4 hours all the wild type larvae were blue, 

where 31% of RhoGEF2^ VRhoGEF2®^  ̂remained colourless even after 8 hours. 

These larvae were very malformed, small and sick. On the other hand, 81% of 

RhoGEF2"  ̂VRhoGEF2®^  ̂ larvae remained colourless after 8 hours, but were 

normal in morphology (Table 4.3). The results showed that the larvae did not eat 

even when food is available.

Table 4.3

control RhoGEFZ'*^ '̂*’^ RhoGEF2^^ *̂ ’̂
4

hours
100% coloured 69% coloured 

(some tiny and sick)
14% coloured

8
hours

31% remain colourless 
(very malformed and ill)

81% remain colourless 
(normal in gross 

morphology, but clear gut)

Table 4.3: RhoGEF2*'^/RhoGEF2^ ^̂ and RhoGEF2^ ^/RhoGEF2^ ^̂ larvae were unable to eat

2.1.3 RhoGEF2 mutant embryos have morphogenetic defects
Possible causes of the larvae’s behaviour i.e. lack of motility, inability to 

eat or sense the food could either be due to affected neurons, sense organs, 

muscles, gut, or the anterior/ head region. Embryos of the RhoGEF2 mutant 

phenotypes were stained with a neuronal specific antibody, 22C10, in order to 

highlight all the CNS and PNS neurons and allow comparison between wild type 

and mutant to check for defects. As can be seen from the Figure 4.2, there were 

no obvious differences observed.
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Figure 4.2

Figure 4.2: RhoGEF2 zygotic mutant embryos have normal CNS and PNS. Neuronal 
staining using 22010. A: wild type. B: RhoGEF2!*^/RhoGEF^^^ mutant. Anterior to the 
left, dorsal views. Scale bar in A is 50 micrometers. Rg2: RhoGEF2.

RhoGEF2 mutant embryos were next tested for their muscle structure 

using Rhodamine-Phalloidin, and compared with the wild type. Again, no 

difference was obvious (Fig. 4.3). The conclusion was that the neurons and the 

muscles were not obviously affected, although it is possible that there were 

subtle differences that would require further study.

Figure 4.3

Figure 4.3: RhoGEF2 zygotic mutant embryos have normal number and architecture of 
muscle, phalloidin staining, muscles o f wild type (A, B) and RhoGEF2* ^/RhoGEF2^^^ 
mutant embryos (C, D). B and D higher magnification of A and C respectively. RhoGEF2 
mutant embryos have muscles and their organisation is normal. Rg2: RhoGEF2.

In order to determine any morphogenetic defects, cuticle preparations 

were carried out (Fig. 4.4). The cuticle preparations of the 

RhoGEF2'  ̂VRhoGEF2^^^ and RhoGEF2'* VRhoGEF2® ̂  ̂ mutants showed holes 

in the anterior/head region in 14% of the embryos, indicating possible defects in 

head involution. Also a few embryos, 3%, had minor segmentation defects, and 

14% of the embryos had abnormal cuticles. In addition, one of the possible 

reasons that the larvae did not eat might be that they may have morphological or 

other defects in their gut.
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Figure 4.4

Figure 4.4: RhoGEF2 cuticle preparations of zygotic mutant embryos have 
anterior holes.Cuticle preparations of wild type (A, B), RhoGEF2f* /RhoGEF^^^ 
(C, E, F) and RhoGEF2^^/RhoGEF^ (D) mutants. A: cuticle preparation with 
vitelline membrane and B without a vitelline membrane. 0  and D: holes in the 
head region, E: malformation in the whole embryo. F: mild segmentation defects. 
Anterior to the left, A, E, F: ventral views, B-D: lateral views. Rg2: RhoGEF2.

In order to identify the cause of the anterior holes and any gut defects, 

RhoGEF2'^ VRhoGEF2^^^ and RhoGEF2'^ VRhoGEF2^^^ embryos were stained 

with anti-Crumbs. Crumbs is a zonula adherens protein highlighting the gut, the 

trachea and the structure of the head (Tepass 1996; Campos-Ortega and 

Hartenstein 1997). Most of the homozygous mutant embryos appeared normal, 

but 15% of them had some obvious defects with variable strengths. These were 

in tracheal pit morphology, and the head and gut region (Fig. 4.5). The tracheal 

pits did not invaginate properly, the head did not involute properly and 

stomodeal invagination did not occur. There were also cases where the 

epidermal tissue was not formed at all.
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Figure 4.5

Wild type RhoGEF2*''^''

A B

;  ^
c D

% .

E

> : >- : ‘ ‘

G

Figure 4.5: HhoGEF2 zygotic mutant embryos have momhogenetic defects in tracheal pits, head 
and gut. Anti-Crumbs staining of wild type and RhoGEFZ ^/RhoGEF2^ mutant embryos.
A, 0, E, G: wild type. B, D, F, H: RhoGEF2^^^^^^ mutant. A, B: stage 11 embryos, in RhoGEF2^ V 
RhoGEF^^^ stomodeum and tracheal pits do not invaginate (arrows). C, D: stage 13, in 
RhoGEF2^ VRhoGEF2^^^ there are malformations in the head and the hindgut (arrows). E, F: 
stage 12 dorsal views, in RhoGEF2^ ^RhoGEF2^^^ head is not developed, tracheal p its are not 
properly formed (arrows). G, H: stage 12 ventral views, in RhoGEF2^ /RhoGEF2^^ the epidermis 
has not formed properly (arrows). Anterior to the left. A-D: lateral views, dorsal up. E, F: dorsal 
views, G,H: ventral views.

The tracheal pits are formed by invaginations of the ectoderm by cell

shape changes that are similar to the ones observed during ventral furrow

formation (Bate and Martinez-Arias 1993; Hartenstein 1993). During the

generation of the tracheal pits, cells need to constrict their apical and expand

their basal sides in order for epithelial folding and internalisation of the tissue to
IK

occur (Bate and Martinez-Arias 1993; Hartenstein 1993). Furthermore, head and
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development there are cell shape changes that resemble the ones in 

gastrulation (Bate and Martinez-Arias 1993; Hartenstein 1993) where the 

wedge-shape cells drive tissue invagination (Fig. 4.6).

Figure 4.6
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Figure 4.6: Diagram of cell shape changes during 
tracheal pits and gut formation. A-B: Cell shape 
changes in tracheal pit formation. Cells constrict 
their apical side and expand their basal side. Blue 
cells are the ectodermal cells that invaginate to form 
the tracheal pits. C-D: Cell shape changes during 
midgut formation (red cells). Cells again constrict 
their apical side and expand their basal side, mg= 
midgut, tp=tracheal pits. Diagram from Hartenstein 
1993.

In order to analyse the mild segmentation defects observed in RhoGEF2 

cuticle preparations, the expression pattern of the segmentation gene engrailed 

was tested by antibody staining (Fig. 4.7). Defects in this pattern were observed 

in only 5% of the mutant embryos, but these embryos were very malformed and 

did not have a properly developed epidermis.

Figure 4.7

Wild type RhoGEFt
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Figure 4.7:RhoGEF2 
zygotic mutant embryos have 
normal segmentation. Wild 
type and RhoGEF2^ /̂ 
RhoGEF^^^ mutant embryos 
stained for engrailed. A, C: 
wild type, B,D: RhoGEF2^^/ 
RhoGEF^^\ A, B: lateral view 
and C,D: dorsal view. 
RhoGEF2^ ^/RhoGEF2^ ' ' 
mutant embryos do not have 
segmentation defects, since 
they have the same pattern of 
en staining as the wild type 
embryos. Anterior to the left.
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In conclusion, the zygotic function of RhoGEF2 was probably to promote 

the cell shape changes and epithelial invagination required during tracheal pit 

formation, head involution and posterior gut development that were similar to the 

cell shape changes occurring during gastrulation.

2.2 RhoGEF2 is required for wing development

2.2.1 RhoGEF2 mutations cause malformed adult and pupal wings
In order to test the function of RhoGEF2 after embryogenesis, a 

transallelic combination of a null RhoGEF2"^  ̂ over a hypomorphic RhoGEF2®^ 

allele, which probably has reduced protein level, was used. Hetero-allelic 

combinations of RhoGEF2* l̂ RhoGEF2^^ (RhoGEF2®"'^ "̂') were 51% lethal. 

From the surviving flies the 68% had an obvious wing phenotype (Fig. 4.8). 45% 

of RhoGEF2 adult wings did not have attached epithelia layers, whereas 55% of 

wings were very malformed. In the latter cases the wings stuck in the pupal 

case, the fly could not eclose and died attached to the pupal case, or the wing 

become detached from the fly and the fly eclosed without wings. In order to 

identify the cause of the RhoGEF2 wing defect, pupal dissections were carried 

out. Pupae of the appropriate genotype were dissected and it was clear that the 

wings were malformed at an early stage and that their folding was aberrant, (Fig 

4.9). At the cellular level, there were no defects and the cells of the mutant 

wings were similar to wild type. So, it was the gross morphology that was 

affected. The developmental defect must therefore have occurred at an earlier 

stage.

2.2.2 RhoGEF2 mutations cause aberrant folding of wing discs
In the light of these findings, third instar wing discs were dissected. 

Imaginai discs of 24 hours old 3̂  ̂ instar larvae of the RhoGEF2® VRhoGEF2^^ 

mutants were aberrantly folded (Fig. 4.10).
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Figure 4.8 RhoGEF2 adult wing defects. 
RhoGEF2^ VRhoGEF2^  ̂ wing phenotypes, 
A: wild type adult wing, B: Rhol3EF2^ V 
RhoGEF2^  ̂ wing, the two epithelial layers 
have not adhered properly. C: RhoGEF2^ ''/ 
RhoGEF2^  ̂severe wing phenotype. Scale 
bar in A is 100 micrometers. Rg2: RhoGEF2.

Figure 4.9
Wild type

# ! #

DRhoGEF2^ 1/ 6.1

Figure 4.9: RhoGEF2 pupal wing defects. Pupal wings stained for actin. A, 0  wild type, 
B, D, RhoGEF2^ ''/RhoGEF2^ . A, B: 36h after puparium formation (APF), RhoGEF2 
wing has aberrant folds. 0, D: 60h APF, RhoGEF2 wing has aberrant shape. E: ceils 
of wild type and mutant have the same shape. F: Diagrammatic representation of 
section through the ceils of panel E.
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Figure 4.10: RhoGEF2 wing 
imaginai discs have aberrant 
folding. Wing imaginai discs 4 
days after egg laying (AEL), 
stained for actin. A: wild type, 
B:HhoGEF2^ '/RhoGEFZ ' with 
aberrant folding. Rg2: RhoGEF2.

Firstly, the patterning of the imaginai disc was examined, to understand if 

the loss of patterning cues made the discs fold aberrantly. For A-P axis, 

antibody staining for Engrailed and for D-V axis, antibody staining for Wingless 

(Strigini and Cohen 1999) was carried out. Staining of more than 100 wing discs 

in each case showed that the patterning was not altered and Engrailed was still 

expressed in the posterior of the disc as in wild type (Fig. 4.11), therefore the A- 

P axis was maintained. In the case of the D-V axis. Wingless was expressed in 

RhoGEF2 imaginai discs in a ring around the wing pouch and in the middle of 

the ring, where the wing margin would be formed in the adult wing (Fig. 4.11). 

Therefore, the D-V patterning was not affected in the misfolded wing discs.

Figure 4.11

&
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Figure 4.11: Patterning in RhoGEF2^ VRhoGEF2^^ imaginai discs is not affected. A, B: 
Engrailed staining. C, D: Wingless staining. A, 0: Wild type. B, D: RhoGEF2^^/RhoGEF2^ \  
Anterior to the left and dorsal up, A-D five days AEL. Rg2: RhoGEF2.

Secondly, cell polarity was tested in order to eliminate the fact that the 

cells could not “recognise” the apical and the basal side. In order to analyse cell 

polarity, localisation of Armadillo, the fly orthologue of p-catenin which is always
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localised to the apical side of the cell (Muller and Wieschaus 1996) was 

examined. Initially, confocal optical sections were collected in the plane parallel 

to the surface of the disc in the region of the folds. In RhoGEF2'* VRhoGEF2®  ̂

mutants as in wild type, Armadillo was expressed only on one side of the cell 

(Fig. 4.12).

Figure 4.12
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Figure 4.12: RhoGEF2 wir 
discs have normal cellpiM  
Armadillo staining in wild ty 
and RhoGEF2*^ /RhoGEFl 
wing discs. A- C wild type. 
D- F: RhoGEF2^ '/RhoGEF 
A, D: whole discs stained vi 
antharm antibody. B, E: 
sections through the discs, 
where the folds are, showir 
Arm localised on the apical 
side of the cells. C, F: 3D 
reconstructions, z-sections. 
Arm in the apical side of tb 
discs even in the abnormal 
folds. In panels C and F, 
apical is top. Scale bar in A 
50 micrometers. Rg2:RhoG

Then, in order to establish that this was the apical side, three-dimensional 

reconstructions, Z-sections, from sections perpendicular to the plane of the disc 

were collected. In these Z-sections, the apical side of the disc was identified by 

the presence of the peripodial membrane. As shown in Fig. 4.12, Armadillo was 

localised on the apical side in the mutant tissue, as in the wild-type tissue, even 

in places where there were excess folds. To conclude, neither patterning nor cell 

polarity are the reasons that the RhoGEF2 wing imaginai discs had aberrant 

folding.

2.2.3 The wing disc folds by apical constrictions

In order to understand better when the defects arose in these mutants, 

the sequence events in folding was studied. A series of dissections was carried 

out with very carefully aged larvae. The 3"̂  instar larvae were staged from the 

time of moulting from 2"̂  to 3"̂  instar. This way of timing was preferred, since 

larvae could get very easily out of synchrony. The genotype of these larvae that 

were dissected was RhoGEF2^ /̂CyOwglacZ, which serves as a good control for 

the RhoGEF2 phenotype, since it was heterozygous for RhoGEF2, and also
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allows for staining of the wg expression pattern, which facilitates the dissection. 

At the beginning of the 3̂  ̂ instar the wild-type disc was completely flat and very 

small in comparison with the size of the disc in wandering larvae. The first fold 

that appears is in the hinge region that separates the wing pouch from the 

notum. Secondly, an indentation forms in the ring around the wing pouch and 

the second fold of the hinge region appears. Consequently, the ring around the 

wing pouch protrudes and any remaining folds around the wing pouch appear at 

the end (Fig. 4.13).

F i g u r e  4 . 1 3
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Figure 4.13: Folding events during development o f the wing disc. A timed series 
over 24h o f control wing imaginai discs. Wing discs o f successive stages stained 
for actin A: very flat and small 3 ^  instar disc. B: the first fold in the hinge region 
has appeared (white arrow). C: the ring around the wing pouch has formed an 
indentation (yellow arrow) and the second fold in the notum appeared (white 
arrows). D: the wing pouch protrudes simultaneously (arrow). E: fully folded  3 ^  

instar wing disc o f 4 days after egg laying.

Interestingly, when the wing pouch protruded, actin was more 

concentrated in the apical side of the cells and also the cells in the folds 

constrict their apical side in comparison with the basal side (Fig. 4.14). In 

conclusion, wing disc folding also occurred by apical constrictions of epithelial 

cells.

F i g u r e  4 . 1 4  Figure 4.14: Folding in wing
discs occur by apical constriction 
A: Z-section o f the wing disc in 
Fig 4.13 D. B, C: sections o f the 
same wing disc, B: constricted 
cells at the apical level o f the 
cells that are in the fold, C: 
relaxed cells at the basal level o f 
the same cells. All preparations 
stained for actin.
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2.2.4 Lack of RhoGEF2 causes abnormal actin accumulation In the 

wing disc
In order to understand the effects of RhoGEF2 mutations at the cellular 

level, mitotic clones were generated in the wing discs, using the Flp-FRT 

method (Xu and Rubin 1993) and ubiquitous-GFP as a clonal marker. Absence 

of GFP marks the clone of mutant tissue, whereas bright GFP marks the 

twinspot. In 56% of the discs carrying clones of RhoGEF2 actin accumulation at 

higher levels in the mutant tissue compared to the surrounding heterozygous 

tissue (Fig. 4.15). In 11% of the cases actin accumulation was also higher in the 

cells surrounding the clone, which means that in this situation RhoGEF2 had a 

non-cell autonomous effect.

In general, the cells that were homozygous for RhoGEF2 were more 

constricted in comparison to the “relaxed” wild-type cells (arrows in Fig. 4.15D). 

The clones were not big enough to see the effect of RhoGEF2 in an area where 

there was a fold. However, even if the clones were big, misfolding of the 

RhoGEF2 discs may not be observed, because it is possible that the 

surrounding wild type tissue, which would fold properly, would cause the 

RhoGEF2 clonal region to follow and fold as well. Although the misfolded wing 

discs of RhoGEF2® VRhoGEF2"^  ̂ show an increase in size, RhoGEF2 does not 

have a proliferation defect, since in the clones of RhoGEF2 the number of cells 

in the clone is approximately the same as the number of cells in the twinspot. In 

the example shown in Fig. 4.15, the clone of RhoGEF2 has normal 

accumulation of actin, and the cell number can be counted. In this example the 

number of cells in the clone and in the twinspot is approximately 56. ^

Rho has an effect on cytokinesis, so Rho clones undergo few cell 

divisions and are small (Strutt, Weber et al. 1997; Crawford, Harden et al. 1998; 

Magie, Meyer et al. 1999; Prokopenko, Brumby et al. 1999; Lee, Winter et al. 

2000). The Rho clones in the wing disc are very small, almost invisible, in 

comparison to the twinspot, which is not the case with RhoGEF2 (Fig. 4.15). It is 

therefore less likely that RhoGEF2 is involved in cytokinesis. Furthermore, 

cellularisation in RhoGEF2 mutant embryos, which is a form of cytokinesis
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(Settleman and Barrett 2001) is normal (Figures in Chapter 5; Barrett, Leptin et 

al. 1997; Hacker and Perrimon 1998).

F i g u r e  4 . 1 5 ________________________________________________________________________________ Figure 4.15: RhoGEF2 clones in
wing disc have abnormal 
accumulation o f actin, but not 
cytokinesis o r proliferation defects. 
RhoGEF2 mitotic clones in the wing 
disc (wing pouch region).Absence o f 
GFP marks the clones. A-J: RhoGEF2^ 
null clones, K: Rho^^^ clones. A, D, G: 
Actin staining. B, E,H, J, K: GFP 
expression. C, F, I: Merged images.
In A-C there is more intense actin 
staining in the region o f the clones.
In D-F there is more actin in the 
region o f the clones but also in the 
cells surrounding them. The arrow in 
D shows wild type cells not constricting. 
G-l: A RhoGEF2 clone in which the 
actin levels are normal so the number 
o f cells in the clone can be counted. 
Both the clone and the twinspot have 
approximately 56 cells, showing 
that RhoGEF2 does not have 
proliferation effects.

J-K: a comparison o f Rho and RhoGEF2 clones in the wing disc, showing that the Rho clones 
with cytokinesis defects are very small in comparison with the twinspot, which is not the case in 
RhoGEF2 clones. Scale bar in D is 20 micrometers. Rg2: RhoGEFZ

More clonal analysis with bigger clones and more consistent results are 

needed to derive conclusions, but so far it is likely that RhoGEF2 controls the 

actin cytoskeleton for cells to constrict and alter their shape accordingly in order 

for the tissue to fold. To achieve bigger clones UAS-Flp can be used with a 

driver like Hh-Gal4 or En-Gal4 so half of the disc will be mutant for RhoGEF2, 

and its effects on folding of epithelial layers can be more clearly addressed 

(Moreno, Basler et al. 2002).
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2.3 RhoGEF2 is required for eye development

2.3.1 RhoGEF2 mutant eye discs are malformed and they lack a 

morphogenetic furrow
Proper epithelial folding and tissue invagination did not occur in 

RhoGEF2 mutants during gastrulation (Barrett, Leptin et al. 1997; Hacker and 

Perrimon 1998), trachea, head, gut and wing development. It was therefore of
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Interest to study the effect of mutating RhoGEF2 in other tissues that use similar 

cell shape changes. One such process is the morphogenetic furrow (MF) in eye 

imaginai disc development (Wolff and Ready 1991; Bate and Martinez-Arias 

1993). The presence of the MF was tested in mutants of the null over 

hypomorph RhoGEF2' -̂^^RhoGEF2®  ̂ hetero-allelic combination. Third instar 

RhoGEF2 mutant eye discs did not have a furrow as clear as the one observed 

in the wild type (Fig. 4.16). To confirm this result, thin plastic sections of wild 

type and mutant eye discs were prepared that showed a clear indentation of the 

MF in wild type disc but its absence in the mutant (Fig. 4.17). In order to know 

the position of the furrow in the mutant eye, imaginai discs were stained with 

anti-elav antibody that highlights all the nuclei of the differentiated photoreceptor 

cells. In wild type, the nuclei are stained, their apical movement and the furrow 

were visible, whereas in mutants the indentation was greatly reduced or absent 

(Fig. 4.18). Most of the sections had a folded appearance. RhoGEF2 mutant eye 

discs stained with anti-elav showed that they have an irregular shape and are 

folded in the middle of the disc in a line starting from the optic nerve and going 

till the anterior part of the eye disc (Fig. 4.19).

2.3.2 Lack of RhoGEF2 causes abnormal actin accumulation In the 

morphogenetic furrow
In order to understand better the role of RhoGEF2 in eye discs, clones of 

RhoGEF2 null were generated using GFP as a marker. Clones in the MF region 

appeared to accumulate more actin, whereas clones in the already differentiated 

photoreceptor cells had normal actin accumulation (Fig. 4.20). This could be 

explained by the differences in the signalling processes occurring in the MF and 

the fact that actin may be required to alter the shape of cells during this process. 

The differentiated cells are not under a dynamic change; therefore, the function 

of RhoGEF2 is not required. One hypothesis is that a signal through RhoGEF2 

is needed for actin reorganisation during apical constrictions. When MF has 

passed other signalling molecules reorganise actin. Analysis of more and larger 

clones in more detail is required, such as clones in front, at and behind the MF 

in order to derive conclusions.
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Figure 4.16
rigure 4.16: RhoGEF2 eye 
disc lacks MF. Wild type 
(A,C) and RhoGEF2^  ̂
/RhoGEF2^^ mutant 
(B,D) eye discs stained 
with actin. A, B: whole 
eye discs. C, D: Z-sections 
o f the eye disc perpendicular 
to the ME. Arrow in C shows 
the furrow, arrow in D, shows 
intense actin staining but not 
visible furrow. Scale bar 
in A is 50 microns. Rg2: 
RhoGEF2.

Figure 4.17

Figure 4.17: RhoGEF2 eye discs lack MF, resin sections o f wild type (A) and RhoGEF2^^^RhoGEF2^^ (B) 
eye discs stained with toluidine blue. Arrow in A indicates the furrow, whereas arrow in B, the absence of 
the furrow. Rg2: RhoGEF2.

Figure 4.18 Figure 4.19
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Figure 4.18: RhoGEF2 eye discs lack MF, 
and are mis-folded plastic sections o f wild type  
and RhoGEF2^ VRhoGEF2^  ̂ eye discs.
A: wild type, B, C: RhoGEF2^ ^/RhoGEF2^ \  
with elav staining to visualise the differentiated 
photoreceptors behind the furrow. Arrow in A: 
MF. Arrow in B absence o f the furrow. C: 
misfolded RhoGEF2^ ^/RhoGEF2^  ̂eye disc. 
Rg2:RhoGEF2.

Figure 4.19: RhoGEF2 eye disc have 
abnormal shape and folding, wild type and 
RhoGEF2^ ^/RhoGEF2^ ^ eye discs stained 
with elav to visualise the photoreceptors cells. 
A: wild type and B: two RhoGEFZ* V  
RhoGEF2^  ̂eye discs. The mutant discs 
are folded in the middle generating a V- 
shaped disc. Rg2: RhoGEF2.
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Figure 4.20

Figure 4.20:RhoGEF2 eye imaginai discs have abnormal accumulation of actin at the MF. 
Mitotic clones of RhoGEF2^  ̂null in eye discs. A, D stained with actin, B, E: GFP expression, 
lack of GFP marks the region o f the clone, very bright GFP expression is wild type tissue and 
the rest of the tissue is in a RhoGEF2^^ and GFP heterozygous background, C,F: merge of 
the actin and the GFP. A, B, C: a clone along the morphogenetic furrow has more intense 
actin staining. D, E, F: a clone in the already differentiated cells has no effect on the actin 
cytoskeleton.

The phenotypes described in the eye imaginai discs raised several 

questions, which would be interesting to address. For example, does altering the 

levels of RhoGEF2 affect patterning of the disc and lead to duplication of the 

axis, or overgrowth and aberrant folding? Moreover, if MF is absent, but 

photoreceptors develop normally, does this uncouple differentiation and 

morphogenesis in which case, what is the function of the MF? (see this chapter 

section 3.3).

2.3.3 Reduced levels of RhoGEF2 result in a protrusion in the adult 
eye with missing pigment cells, but normal ommatidial polarity

Although, the eye discs were so malformed, when observed on a 

stereoscopic microscope the adult eyes did not show a severe phenotype. After 

testing the apical constrictions of the MF and identifying a phenotype in the 

imaginai disc, the adult eyes were examined more carefully. In the adult eyes of 

RhoGEF2"‘ VRhoGEF2®^ escaper flies most of the surface of the eye was 

normal, apart from a protrusion in the dorsal-posterior part (Fig. 4.21). At higher 

magnification the ommatidia in this protrusion appeared larger and misshapen, 

and the normal spherical appearance of the lenses was altered. The number of
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ommatidia present in the wild type and in the mutant female eyes was counted 

and seen to be the same, around 690 in each case.

Figure 4.21

Figure 4.21: RhoGEF2 adult 
eyes have a dorsal-posterior 
protrusion and mis-shapen 
ommatidia. Scanning 
Electron Micrographs of adult 
eyes. A, D: wild type. B, C, E, E: 
RhoGEE2^ '/RhoGEF2^ ' D, E,
E: higher magnification of the 
protrusion shown in A, B, C 
respectively. B, C:
RhoGEFZ '/RhoGEF2^ ' 
eyes are normal apart from a 
protrusion at the posterior end. 
E, E: higher magnification of the 
protrusion, the ommatidia are 
misshapen and a few bristles 
are missing. Scale bar in A is 
100 pm. Rg2: RhoGEF2.

In order to identify the cause of this phenotype sections were cut through 

the eye. This showed that the ommatidial lattice was disorganised in the region 

of the protrusion only, and that pigment cells were missing. Yet, the 

rhabdomeres were normal and organised in the normal trapezoid, as in wild type 

(Fig. 4.22).

Figure 4.22 a Figure 4.22: Sections of 
adult eyes. A: wild type. B: 
RhoGEF2^ '/R hoG EEf ' 
section of adult eye, where 
the protrusion is. The lattice 
of ommatidia is disrupted in 
the RhoGEF2^ '/RhoGEE2^ ' 
mutants, and pigment cells 
are missing. Rg2: RhoGEF2.

Planar polarity was examined, since Rho had a planar polarity phenotype 

(Strutt, Weber et al. 1997; Fanto, Weber et al. 2000), but all the ommatidia in 

RhoGEF2 mutant eyes were oriented correctly by pointing away from the 

equator, apart from a few that were in the protrusion, which were difficult to
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score because of the shape of the ommatidia (Fig. 4.23). This was not 

significant, since the effects on planar polarity on null clones of RhoGEF2 in the 

adult eyes did not show any planar polarity defects (Fig. 4.23) (K. Barrett, 

unpublished data).

Figure 4.23
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Figure 4.23: Reduced levels of RhoGEF2 
do not result in a polarity defect. A: 
diagram for representing the polarity of 
the ommatidia (Bate and fvlartinez-Arias 
1993). B: RhoGEF^^RhoGEFf ' adult 
eye section stained with toluidine blue to 
stain the rhabdomeres in order to 
visualise the polarity of the ommatidia. 0: 
graphical representation of the ommatidial 
polarity in B. Black arrows the ommatidia 
in the RhoGEF^ ^/RhoGEF2^^eye disc 
pointing away from the equator (red 
line).Blue circles ommatidia polarity in the 
protrusion. D: Clone of RhoGEF2 null in 
the adult eye. The yellow lines outline the 
region of the clone. There is no planar 
polarity or any other defect.

These clones did not have misshapen ommatidia or loss of pigment cells 

either. This could be explained by the fact that there was more protein in the 

clonal cells, since these cells could possibly have had a significant amount of 

protein and/or RNA that had not titrated out in the subsequent divisions of the 

clone. This explanation could be supported by the fact that the maternal protein 

is stable enough to carry the embryos till the larval stages, even though the 

maternal RNA is eliminated by stage 6 of embryogenesis (Barrett, Leptin et al. 

1997). A second possible explanation was that the whole eye disc or a large 

proportion of it needed to lack RhoGEF2 function in order for the eye disc to be 

misfolded and to cause abnormalities in the adult eyes. A possible way to 

identify the reason for the different results is to generate clones under eyeless- 

flp instead of hs-flp. eyeless is expressed at the earliest stages of eye 

development and therefore the clones formed using ey-flp will cover almost all 

the eye.
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2.4 Rho signalling pathway components In oogenesis

2.4.1 RhoGEF2 mutant alleles have an effect during oogenesis

Germ line clone^all the alleles of RhoGEF2, and especially RhoGEF^ ̂  ̂

and RhoGEF2®-®, result in a decreased production of embryos compared to wild 

type. A defect in oogenesis was thought to be the reason for this effect, so 

ovaries of flies harbouring germ line ciones were anaiysed. The resuits show 

that 77% of the RhoGEF2® ® and RhoGEF2^^  ̂ egg chambers and 14.3% of 

RhoGEF2^  ̂ and RhoGEF2"^  ̂ die during stage 8 to 9, before the foiiicle cells 

migrate around the oocyte (Fig. 4.24). The egg chambers of RhoGEF2®^ and 

RhoGEF2^^  ̂ that survived produced oocytes that were sphericai (Fig. 4.25). 

13% of the RhoGEF2^ ̂  egg chambers had abnormai actin accumulation in the 

oocyte (Fig. 4.2T), but border cell migration was normal in the C LC (Fig. 

4.2^). Finaily, 7.3% of the RhoGEF2® ® egg chambers had more than 15 nurse 

celis (Fig. 4.2Q. This phenotype can possibly be explained by the residuai ievels 

of ovo° from the germ line ciones. The stage at which the egg chambers die is 

the stage at which the foiiicle cells migrate over the oocyte and is a 

developmentai “control” point. This means that if any of the processes or 

functions went wrong the egg chamber is programmed to die at this point.

Foiiicle cells are epithelial in nature and as such are the tissue in which 

RhoGEF2, according to the previous analysis, normaliy has its effects. Since in 

RhoGEF2 germ-line cione-derived egg chambers the foiiicle cells were not 

migrating, follicle cell clones of RhoGEF2 were generated to identify and 

understand the fufiction of RhoGEF2 in these cells. Cells in the mutant clone 

were identified by the iack of the marker GFP. Staining for fluorescently labeiled 

phalloidin showed that the cells in the clones were lacking actin (Fig. 4.28). In 

addition, the ceiis in clones were collapsing having a round shape as can be 

visualised by serial sections through the egg chambers (Fig. 4.28). The actin 

based cortex at the apicai side of the follicle cells that is found in between the 

oocyte or the nurse cells and the follicle cells was detached from both sides and 

actin accumulation was abnormal (Fig. 4.28). Furthermore, there were ciones in 

which cells formed multiple cell layers (Fig. 4.28), possibly due to lack of
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Figure 4.24

1

Figure 4.24: RhoGEF2 egg chambers 
die prematurely. Wild type and 
RhoGEF2^^ egg chambers stained 
for actin. A,B: wild type egg chambers 
of successive stages. C,D: two 
RhoGEF2^^ egg chambers. The 
RhoGEF2 maternal mutant egg 
chambers die before the follicle 
cells migrate around the oocyte.
Scale bar In A Is 50 microns. Rg2: 
RhoGEF2.
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Figure 4.25: RhoGEF2 oocytes 
are spherical. Wild type (A) and 
RhoGEF2^ ̂  (B) oocytes stained 
for actin. The RhoGEF2^^ 
maternal mutant oocytes are 
more spherical than the wild type. 
Rg2: RhoGEF2.
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Figure 4.26: RhoGEF2 egg chambers 
have abnormal number of nurse cells. 
Wild type (A) and RhoGEF2^ ̂  (B) egg 
chamber stained with DAPI to visualise 
the nuclei. The RhoGEF2 egg chamber 
has more than 15 nurse cells. Arrows 
indicate the nucleus of one nurse cell 
in each egg chamber. Rg2: RhoGEF2
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Figure 4.27: RhoGEF2 egg chamber 
has abnormal accumulation of actin 
in the oocyte, but border cell migration 
is normal. Wild type (A) and 
RhoGEF2^ '̂  maternal mutant 
egg chambers (B-D) stained for 
actin. B: Abnormal accumulation 
of actin in the oocyte. Border 
cells in the mutant egg chamber 
migrate normally to the posterior 
(C) and to the dorsal side of the 
egg chamber (D). Anterior to 
the left and dorsal up, arrows in 
A, C, D indicate the border cells.
Rg2: RhoGEF2.
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Figure 4.28: Follicle cell clones 
(FCL) of RhoGEF2^^ egg 
chambers. A,D,G,J: actin,
B,E,H,K: GFP, absence of GFP 
marks the clone. C,F,I,L: merge 
of actin (green) and GFP (red). 
A-C: Egg chambers carrying 
FCL of RhoGEF2 develop more 
or less normally until the stage 
at which the follicle cells migrate. 
D-l: same egg chamber at two 
different levels, D-F: basal side 
of follicle cells and G-l: section 
through the oocyte. The cells in 
the clone lack the accumulation 
of actin (D-l) and the accumulation 
of the actin in the cortex is 
irregular. The cortex is also 
detached from the oocyte, the 
cells of the clone are more 
round and less cuboidal in shape 
(G-l). Cells in clones also form 
multiple layers with aberrant 
cell shape (J-K).

Figure 4.29
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Figure 4.29 : eta in situs from S. Parks and 
E. Wieschaus, Cell, 1991, eta mRNA is 
expressed In the nurse cells and not in the 
follicle cells. The preparation method used 
would not detect any mRNA in the oocyte. 
B-D: eta egg chambers stained for actin 
have the same defects as the RhoGEF2 
egg chambers (compare with Fig. 4.28 ). 
The egg chambers develop until the stage 
at which the follicle cells migrate (B).
The cortex is detached and actin does 
not accumulate in these follicle cells (C), 
and the follicle cells form multiple layers 
with abnormal cell shape (D).
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appropriate shape and adhesion that would maintain them in a monolayer. 

Finally, those oocytes that were formed were small and spherical as in the case 

of the germ line clone derived oocytes.

2.4.2 concertina phenotype in oogenesis
As shown in the preceding chapter, the link between RhoGEF2 and Cta is 

conserved during development, so it is possible that cta activates RhoGEF2 

during oogenesis. In situ hybridisation in the egg chambers show that Cta is 

expressed in the nurse cells, but not in the follicle cells, therefore it is possible 

that a signal other than Cta activates RhoGEF2 in the follicle cells. To address 

this possibility, cta egg chambers were analysed. The results of this experiment 

showed that Cta had the same phenotype as RhoGEF2, namely that actin was 

reduced in the follicle cells and that these cells were detached from the cortex 

(Fig. 4.29). In addition, the multiple cell-layer phenotype was observed in cta 

mutants, as well as the early lethality of the egg chamber during stage 8 to 9 

before the migration of the follicle cells around the oocyte. This data suggests 

that the RhoGEF2 and cta have the same phenotype in oogenesis and it is 

possible that the signalling pathway can be conserved throughout the 

development of an organism.

Mutants of the integrin family have a phenotype of a spherical oocyte as 

does the bola gene (also named DLar). In bola mutants the phenotype is a result 

of a loss of planar polarity in the actin fibers in the follicle cells (Bateman, Reddy 

et al. 2001). The function of this tyrosine phosphatase is to co-operate with 

integrin to co-ordinate actin filaments at the basal side of the follicle cells, as well 

as the aligning of follicle cells’ actin to promote egg elongation (Fitzpatrick, 

Gorski et al. 1995). On the other hand expression of activated RhoL, another 

member of the Rho family, in egg chambers causes disruption of actin in the 

nurse cells, which also disrupts the attachment of follicle with nurse cells 

(Murphy and Montell 1996). An activated version of RhoL gives a multilayered 

follicle cell phenotype (Murphy and Montell 1996). A dominant negative version 

of Cdc42 causes the follicle cells to round up (Murphy and Montell 1996) and 

lowering the expression of Rhol using wimp affects the actin layout of the cortex 

between the follicle cells and the oocyte (Magie, Meyer et al. 1999). All the
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above transgene effects and mutant gene phenotypes are similar to the ones 

observed with RhoGEF2 and cta and more work is required to elucidate the role 

and the function of these gene^'oogenesis. It would be Interesting to know the 

expression pattern of RhoGEF2 In the eggs, although based on the ubiquitous 

expression of the gene during embryogenesis (Barrett, Leptin et al. 1997) It 

would most likely also be ubiquitously expressed In oogenesis.

3. Discussion

3.1 Summary and discussion of the RhoGEF2 wing phenotype

To summarise, RhoGEF2® VRhoGEF2'^^ wing Imaginai discs were 

misfolded, although the patterning and the cell polarity were not affected. In the 

folds of the wing Imaginai discs, cells constrict aplcally, and It Is possible that 

other cell shape changes such as cell lengthening and shortening are Involved. 

Similar cell shape changes occur during gastrulation (Chapter 1). In gastrulation, 

lack of RhoGEF2 blocks epithelial Invagination (Barrett, Leptin et al. 1997). On 

the other hand In the wing Imaginai discs, lack of RhoGEF2 causes aberrant 

folding. This effect Is similar to the phenotypes observed In the embryo after 

gastrulation, where during germ band extension the epithelium becomes 

wrinkled due to passive forces of germband extension (Barrett, Leptin et al. 

1997). Therefore, elimination of RhoGEF2 gene appears to block normal 

epithelial folding in the tissues studied possibly through the lack of required actin 

reorganisation. In the imaginai discs, though the signal for folding may be so 

strong that the tissue is pushed to fold and in the absence of RhoGEF2 is folded 

in an aberrant way. Another explanation is that passive folding occurs due to the 

constrains of the shape of the tissue. Although, this is less likely to be the case, 

because abnormally shaped and sized discs are observed in mutations for 

example of tumour suppressor genes (Manfruelli, Arquier et al. 1996), showing 

that the disc is not restricted is size and shape in the same way as the embryo. 

In addition, the signal may be transmitted not only through RhoGEF2, but also 

through other signalling molecules in the discs, so that folding is initiated in 

RhoGEF2 mutant wing discs, but cannot be completed in the appropriate way, 

resulting in the described phenotype.



Chapter 4: Phenotypic Analysis of RhoGEF2
page 170

A possible explanation of the increased amount of actin in the clones is, 

that when RhoGEF2 is mutated, the actin cytoskeleton gets disorganised and 

accumulates in the cell instead of being localised in specific cellular areas, or 

that the actin cytoskeleton collapses and the cell cannot acquire the appropriate 

shape. Or that RhoGEF2 can be important in controlling the equilibrium between 

F- (filamentous) and G- (monomeric) actin.

3.2 Further questions and hypotheses for the RhoGEF2 wing phenotype

Since the folds of the wing disc are always in the same place, there 

should be a signal controlling this event at the particular position. It would be 

interesting to know the nature of this signal and how it might be transduced 

through RhoGEF2. One candidate for initiation of the signal is Fog since it 

activates RhoGEF2 in other tissues (Barrett, Leptin et al. 1997) and causes the 

cell shape changes required for epithelial folding (Costa, Wilson et al. 1994). 

Fog and RhoGEF2 also interact genetically during wing development (chapter 

3). To address this question, fog in situs in the early wing imaginai discs 

undergoing folding events would show if fog mRNA is localised where the folds 

should form. Epistasis studies can be carried out with fog, to identify if a signal 

from Fog activates RhoGEF2 in the wing discs, as was found for gastrulating 

embryos (Barrett, Leptin et al. 1997). Another candidate is Wingless (Wg), since 

Wg is localised in the folds of the ring around the wing pouch (Strigini and 

Cohen 1999), and because wg and other patterning genes produce aberrantly 

folded wing discs (Diaz-Benjumea and Cohen 1995; Mullor, Calleja et al. 1997; 

Neumann and Cohen 1997; Strigini and Cohen 1999). RhoGEF2 mutant discs 

show normal pattern of Wg at later stages, but have not been examined for wg 

expression at earlier stages when folding is initiated. The reverse experiment, 

i.e. staining of wg mutant discs with RhoGEF2 antibodies and testing of the 

subcellular localisation of RhoGEF2, would provide hints about their possible 

interaction. It is possible that RhoGEF2 is a Wg target, and that may be the 

reason that the wg expression pattern was normal in RhoGEF2 mutants. Even 

though the expression pattern of one of the genes may be normal in mutant 

imaginai discs of the other gene, it may still be the case that the genes were not 

activated or function properly. Also genetic experiments, where wg will be
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expressed or even overexpressed, in a RhoGEF2 mutant wing disc may again 

provide information about their possible interaction. A third candidate is the 

family of iroquois genes, since ectopic expression of these genes can cause 

ectopic folds (Diez del Corral, Aroca et al. 1999). These genes are transcription 

factors that are expressed in different domains in the wing disc and the border of 

expressing and non-expressing cells gives rise to the hinge fold (Diez del Corral, 

Aroca et al. 1999). There maybe other transcription factors that will have similar 

expression patterns and serve as a signal for the other folds of the imaginai disc. 

One additional experiment to support the RhoGEF2 role in imaginai disc folding 

is to generate an ectopic fold by expressing one of the iroquois genes in a 

RhoGEF2 mutant background and check if this ectopic fold is misfolded.

3.3 Further questions and hypotheses for the RhoGEF2 eye phenotype

Adult eyes of RhoGEF2® VRhoGEF2^^ flies are affected in the dorsal 

posterior compartment. One hypothesis to explain this is that it is derived from 

the part of eye disc that is misfolded. Also this is the only part of the eye disc 

that is not in contact with the peripodial membrane, as can be seen in the 

sections that derived from the middle of the eye disc in comparison with the 

sections that were derived from the edges of the imaginai disc (Fig. 4.30). 

Signals from the peripodial membrane are transmitted to the disc and there are 

also microtubule based extensions from the peripodial membrane to the disc 

proper that are found exactly above the morphogenetic furrow. Removal of the 

peripodial membrane causes developmental and morphological defects to the 

disc and terminates the progression of the furrow. This hypothesis, that adult 

eye malformation is due to the fact that the disc proper is not receiving the 

signals from the peripodial membrane, can also explain the loss of MF from the 

eye discs (Cho, Chern et al. 2000; Gibson and Schubiger 2000). The 

comparison of the shape and orientation of wild type and mutant imaginai disc in 

three dimensions and in their physiological place requires further analysis. One 

experiment that would address this and provide interesting insights into 

misfolding of the imaginai discs and the position of the peripodial membrane is 

to generate SEMs of wild type and mutant discs when they are still attached to
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Figure 4.30 
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Figure 4.30 RhoGEF2 eye imaginai discs are not in contact with the peripodial membrane, 
at the region where the disc is folded. RhoGEF2^ VRhoGEF2^ '' eye discs are misfolded in 
the middle and this is the region, which is not in contact with the peripodial membrane. Discs 
have stained with anti-elav to mark the areas that have undergone differentiation. A: section 
through a wild type disc, showing the antenna and eye disc. Black arrow indicates the 
morphogenetic furrow, and the blue arrows indicate the peripodial membrane going from the 
antennal to the eye disc. B: diagrammatic representation of the peripodial membrane and the 
disc proper in wild type. C: RhoGEF2^ VRhoGEF2^  ̂ section in the middle of the disc showing 
that the eye disc is misfolded, the peripodial membrane does not “overlay” the eye disc.
Blue arrows show the peripodial membrane from the antennal disc to the edge of the eye 
disc. D: diagrammatic representation of the misfolded part of the RhoGEF2^ VRhoGEF2^  ̂
eye disc. E: RhoGEF2^ VRhoGEF2^  ̂ section at the edge of the eye disc, having no 
malformation in the morphology of the disc, where the peripodial membrane (blue arrows) 
goes from the antenna to the eye disc, but has no morphogenetic furrow. F: diagrammatic 
representation of the edge of the RhoGEF2^ VRhoGEF2^  ̂disc, where the eye disc is not 
misfolded.
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the brain lobes. Furthermore, the position of the peripodial membrane in relation 

to the disc and the presence or absence of microtubule based projections to the 

disc proper needs to be studied. Expression of RhoGEF2, either wild type or 

mutant in the peripodial membrane but not the disc proper may provide some 

insights to this hypothesis. The progression of the MF should also be studied in 

early eye discs and followed through time to test for abnormalities in RhoGEF2 

mutants.

Mutants such as scrabous have misshapen ommatidia (Ellis, Weber et 

al. 1994) that resemble those seen with reduced RhoGEF2. In scabrous mutants 

this is a result of the abnormal spacing of the photoreceptor cells along the MF. 

In the RhoGEF2 imaginai discs the spacing of the photoreceptors cells might be 

abnormal, especially where the disc folds in the middle along the A-P axis and in 

the region close to the optic nerve. Abnormal spacing of these cells could be the 

cause of RhoGEF2 eye phenotypes as well, for two reasons. Firstly, since the 

MF is absent, it is possible that the spacing of the ommatidia does not occur in 

the correct way, and as a result, the ommatidia of the adult eye are misshapen. 

Secondly, because of the disc folding almost along the equator; the nuclei of the 

photoreceptor cells in the disc did not move apically as in wild type (Fig. 4.30); 

as a consequence of this, the clustering and spacing of the photoreceptor can 

be affected. The region of the disc in which the photoreceptor cells were more 

congested was the region close to the optic nerve. This region of the disc gives 

rise to the dorsal-posterior part of the adult eye. In addition, the spacing of the 

ommatidia in the eye imaginai disc need to be studied as well as the position of 

the photoreceptor cell nuclei and the identity of the different photoreceptor cells 

in the ommatidia in the protrusion. To summarise this hypothesis, incorrect 

spacing of the photoreceptors along the MF of the disc might be causing 

misshapen ommatidia in adults either because of the lack of MF, or because of 

the wrongly folded RhoGEF2 disc. Mutations in spaghetti-squash, the myosin 

regulatory light chain also results in “fused” ommatidia that are not aligned 

(Karess, Chang et al. 1991). This phenotype may therefore implicate the role of 

RhoGEF2 in regulating myosin during morphogenesis.

To explain the missing pigment cells in the protrusion of the adult eye, the 

same hypothesis of incorrect spacing can apply. If the cells were not spaced
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appropriately then the cells around the photoreceptor cells that need to receive 

signals (Freeman 1997; Miller and Cagan 1998) to get differentiated would not 

be in the correct place. Therefore, these signals may not be transmitted or might 

be blocked by the other cells that were mis-positioned.

3.4 Hypotheses of the RhoGEF2 phenotype during oogenesis

So far in all the tissues studied RhoGEF2 is seen to promote cell shape 

changes. In follicle cell clones, RhoGEF2 had an actin related phenotype and 

alters the shape of the cells, suggesting it is required for maintenance of cell 

shape or that these cells should be changing shape as a signal from the follicle 

cells to the oocyte is required for proper development of the egg chamber. The 

follicle cells initially surround the oocyte and the nurse cells and then migrate 

around the chamber, pass the nurse cells and concentrate mainly around the 

oocyte (Bate and Martinez-Arias 1993). For the initiation of this migratory 

process the cells need to constrict their apical side in the most anterior part of 

the egg chamber. The most anterior cells continue to have their apical sides 

constricted during all the stages of migration as well as when they stop 

migrating. In RhoGEF2 mutants, it is possible that the follicle cells, either 

because of actin related phenotypes or because they cannot change their 

shape, signal to the egg chamber that there is a malfunction and therefore the 

egg chamber dies. In the case of RhoGEF2 clones the cells are able to migrate 

due to the force generated by the surrounding wild type cells, which is possibly 

common in RhoGEF2 clones that the surrounding cells “force” the mutant cells 

to perform the required function.

The geometry of the egg chamber is such that when the follicle cells 

surround the oocyte, they are under a constant force and their apical side is 

always constricted. This can be explained by the fact that the whole shape of the 

egg chamber and the oocyte is spherical, therefore the perimeter of the basal 

side of the follicle cells, which is the outer perimeter, is by definition larger than 

the perimeter of the apical side of the cells, which is the perimeter of the oocyte. 

Since the follicle cells are organised in a monolayer then the surface area 

covered by the apical side of these cells is smaller than the area covered by the 

basal sides of the same cells. This implies that the cells are constantly
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constricted on their apical side. RhoGEF2 also has an effect on constriction of a 

whole epithelial layer in gastrulation (Chapter 5). It is therefore possible that a 

monolayer that lacks RhoGEF2 function cannot get organised to keep a 

constant apically constricted shape, especially when force is required for the 

maintenance of this shape. RhoGEF2 exerts an effect on the organisation of the 

monolayer rather than in specific isolated cells (see above and Chapter 5), 

which implies that its function is needed for the alteration of the whole tissue.

Both germ line and follicle cell clones of RhoGEF2 result in egg chamber 

lethality and the other described phenotypes. Therefore, RhoGEF2 is possibly 

involved in both the follicle cells and the maternally derived nurse cells and 

oocyte. Cta also has the same phenotype with RhoGEF2 so it is likely that the 

pathway is conserved during oogenesis. Since cta is not expressed in the follicle 

cells, it is possible that RhoGEF2 becomes activated by another signal in follicle 

cells and by Cta in nurse cells and/or oocyte. The role of RhoGEF2 in the nurse 

cells and/or oocyte is not known, especially since these are not of epithelial 

nature, it is likely that it is involved in the signalling between the follicle and the 

maternally derived cells. Another possibility is that these alleles are dominant 

negatives (see below) that have stronger phenotypes than the null alleles and 

therefore might be involved in other processes.

Sequence analysis of these alleles (H. DeNeve and K. Barrett, 

unpublished data) showed that RhoGEF2®^  ̂ and RhoGEF2®® have point 

mutations in the PH and the DM domain respectively. The DM domain mutant 

allele, RhoGEF2® harbours a point mutation in a conserved amino acid that 

changes an Arginine to a Cysteine at amino acid position 1687. The equivalent 

amino acid in Dbl is needed to form hydrogen bonds that hold the bundles of 

helices together (Aghazadeh, Zhu et al. 1998). A change to this amino acid to 

one with such different properties would destabilise the whole structure of the 

domain. Site directed mutagenesis of the equivalent amino acid in Vav2 showed 

that it does not have a strong effect on the exchange factor activity (Aghazadeh, 

Zhu et al. 1998). On the other hand, when the NMR structure of Trio was solved 

it was found that the amino acids that have been shown in other GEFs to be the 

most crucial ones for the exchange factor activity only had a moderate effect in 

DM domain activity, whereas three others, including the same arginine which is
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mutated in RhoGEF2, are the most crucial amino acids for the exchange of the 

nucleotide and the chelation of the magnesium ion, which is needed for the 

activation of the small GTPase (Liu, Wang et al. 1998). This analysis has been 

done with the DH domain for Rac in Trio but the Rho and Rac DH domains are 

conserved in Trio in that respect (Liu, Wang et al. 1998). Mutations in the 

magnesium ion binding site decrease the affinity for guanine nucleotides and 

block the GEFs in an inactive complex, generating a dominant negative form 

(Cherfils and Chardin 1999). It is therefore likely that the mutation in RhoGEF2® ® 

allele generates a dominant negative version of the GEF.

Finally, the PH mutant allele, RhoGEF2^^\ has again a point mutation in 

a conserved amino acid and is a Glycine to an Arginine change at amino acid 

position 1788. In comparison to other PH domain structures, this amino acid is 

found in a loop between two beta-strands (Zheng, Chen et al. 1997; Soisson, 

Nimnual et al. 1998). Depending on which alignment is used this amino acid is 

found in the loop between strands two and three or between strands three and 

four. These loops are needed for the regulation of lipid binding in proteins in 

which lipid binding by the PH domain regulates their cellular localisation 

(Blomberg, Baraldi et al. 1999). Increasing evidence in the literature supports 

the idea that the PH domain is involved in catalysis by allosterically activating 

the DH domain, since mutations in the PH domain decreases the activity of the 

DH domain (Liu, Wang et al. 1998; Schmidt and Hall 2002). Therefore the point 

mutation in the RhoGEF2®^  ̂ allele might also be affecting GEF activity in this 

way.

4. Conclusions

From the above findings, a few conclusions can be derived. Firstly, 

RhoGEF2 is required in many tissues and developmental stages as well as 

gastrulation. Secondly, all the observed phenotypes that RhoGEF2 has, 

although the role of RhoGEF2 in oogenesis is less clear, imply that it always 

carried out the same function, which is cell shape changes and epithelial folding. 

This can be seen from the data in late embryogenesis in which head, tracheal 

pits and posterior gut structures were affected, the data from the wing imaginai 

disc in which folding of the whole tissue, which requires apical constrictions was
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aberrant, the data from the eye imaginai discs in which the MF was absent and 

the disc was misfolded, and finally the data from oogenesis in which actin 

accumulation and cell shape changes were abnormal.

Thirdly, these observations can partially answer the initial hypothesis that 

specificity in the pathway can be at the exchange factor level, since this 

exchange factor performs the same function in epithelial cells in all tissues 

tested and does not have any other function that are known to be affected by 

Rho mutations. For example Rho clones affect ommatidial polarity in the eye 

(Strutt, Weber et al. 1997), whereas lack of RhoGEF2 in the eye does not affect 

planar polarity of the ommatidia. Rho mutations can affect cytokinesis and 

cellularisation (Crawford, Harden et al. 1998; Magie, Meyer et al. 1999; 

Prokopenko, Brumby et al. 1999), whereas there are no observations of 

RhoGEF2 defects in cytokinesis. Rho has also an effect in neurogenesis (Lee, 

Winter et al. 2000; Luo 2002), while RhoGEF2 has not been shown so far to be 

involved in neurogenesis. In the embryos that lack RhoGEF2 function, 

asymmetric division and delamination of neuroblasts is normal (Knoblich and 

Barrett unpublished data). In addition, CNS and PNS are formed normally, as 

revealed with 22010 staining. Therefore, the individual Rho response can be 

regulated by the particular exchange factor. This hypothesis can be reinforced 

by the fact that another Rho specific exchange factor. Pebble, always drives 

cytokinesis in any fly tissue tested (Prokopenko, Brumby et al. 1999; 

Prokopenko, Saint et al. 2000). In addition. Trio although is widely expressed 

activates Rac only in the regulation of neuronal axons and not in other 

outcomes, suggesting that different exchange factors activate Rac for the 

different responses and that the exchange factor that is activated is the one that 

the selects the outcome for the GTPase (Hakeda-Suzuki, Ng et al. 2002).

Although, we know that RhoGEF2 drives epithelial invaginations and 

folding, it is still not clear how it regulates the cytoskeleton to cause these cell 

shape changes. Some indications from the clonal analysis showed that it is 

possible that RhoGEF2 reorganises the actin cytoskeleton. In order to identify 

how these cell shape changes occur, cell biology studies to examine the role 

and the effect of RhoGEF2 on the actin cytoskeleton, the acto-myosin forces
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needed for constriction and the way a cell can change its shape will be 

described in the following chapter.

Further work on the zygotic phenotypes has not yet been carried out. 

Sequencing of all the RhoGEF2 alleles (H. DeNeve and K. Barrett, unpublished 

data) that was occurring simultaneously with this phenotypic analysis showed 

that another RhoGEF2 allele, RhoGEF2"  ̂ has a stop codon in the N-terminal of 

the protein and is therefore considered to be a null. The RhoGEF2®^, 

RhoGEF2® ̂  ̂ and RhoGEF2^^  ̂ alleles showed more severe phenotypes in the 

allelic series than RhoGEF2' '̂*. Therefore these three alleles were either 

dominant negative or constitutively active forms. Further phenotypic analysis 

reinforced the fact that RhoGEF2®^ and RhoGEF2®^  ̂ were dominant negatives, 

since both had stronger phenotypes in all tissues studied than the null. 

Therefore these alleles may be involved in other pathways, interfering or 

blocking other molecules and functions. So, the phenotypes of dominant 

negative alleles should be analysed with caution. In addition, work with these 

alleles was terminated, since the penetrance of the phenotypes was very 

variable and the frequency not consistent, possibly due to the stability of the 

maternal protein. Since the zygotic phenotype of these two alleles was subtle, a 

study of other weaker alleles to identify the defects and their molecular nature 

would be even more difficult. The data with these possible dominant negative 

alleles provided a useful base for the main functions of the genes, but for more 

detailed analysis of the molecular function of the gene, these alleles and the 

RhoGEF2 zygotic phenotype are not the ideal system.

The imaginai discs are very good model t̂o analyse gene function in 

tissue morphogenesis, since the discs are monolayers of epithelial cells, but the 

study at the single cell level is more complicated since the cells are relatively 

small, long and thin. These cells are also more difficult to visualise since Z- 

sections or plastic thin sections are needed, and still the resolution in a single 

cell level is not satisfactory enough. In gastrulation the cells are bigger, the cell 

shape changes occurring are easy to visualise and have been well studied, and 

also the signalling pathways that regulate the formation of the ventral furrow are 

better characterised. Therefore, gastrulation was considered to be the best
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system to dissect the RhoGEF2 function in detail and identify how this exchange 

factor is regulated.
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RhoGEF2 AND GASTRULATION
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Chapter 5: RhoGEF2 AND GASTRULATION

1. Introduction

In the preceding chapter it was shown that RhoGEF2 functions in 

epithelial layers at several stages of development. This is most likely to involve 

cell shape changes that occur as a result of apical constrictions and lead to 

tissue invagination. This is similar to the maternal effect of RhoGEF2 in 

gastrulation. On the other hand RhoGEF2 does not have other Rho mediated 

effects such as planar polarity, cytokinesis and neurogenesis. So far these 

results strengthen the hypothesis that an exchange factor is the molecule that 

specifies the outcome of Rho activation. There are however, questions 

remaining, such as how does RhoGEF2 promote cell shape changes and which 

part of the cytoskeleton needs to be reorganised and how, in order for the cells 

to change shape?

RhoGEF2 (Barrett, Leptin et al. 1997) is a big protein of 284KDa and has 

several different domains (Fig. 5.1). There are the Plekstrin and Dbl homology 

domains in the carboxy terminal of the protein that are needed for nucleotide 

exchange and activation of the Rho GTPase. RhoGEF2 has also a 

Regulation of the G-protein Subunit (RGS) domain that is thought to bind Cta. 

RhoGEF2 receives a signal from Fog through Cta, but it has a much stronger 

phenotype in gastrulation than fog and cta (Barrett, Leptin et al. 1997). 

Therefore, it is possible that RhoGEF2 receives other signals to become fully 

activated. Two other domains exist in RhoGEF2 that may be important in 

receiving an alternative signal. At the amino terminal of the protein there is a 

PDZ domain. Usually PDZ domains are involved in protein-protein interactions 

(Harris and Lim 2001). In the case of RhoGEF2 it is hypothesised that this 

domain can bind to Rho targets and provide specificity in the pathway. There is 

also a Phorbol Ester Binding (Cl) domain, which is very similar to the Cl 

domain in Protein Kinase C (PKC). In PKC this domain binds the phorbol ester 

Diacylglycerol (DAG) and activates the kinase (Benjamin 2000), thus RhoGEF2 

might be activated by a phorbol ester, and this can provide an additional signal.

To elucidate the hypothesis that additional signals activate more detailed 

analysis of RhoGEF2 function was carried out. The EMS allele used was
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RhoGEF2^ \  which has a point mutation generating a stop codon before the 

RGS domain. This allele was considered to be a null, since it results in 

phenotypes that are identical to those resulting from the RhoGEF2'^^ allele, 

which has a breakpoint in the same region (Barrett, Leptin et al. 1997) and the 

P-element allele that disrupts RhoGEF2 function (Hacker and Perrimon 1998). 

Production of full length RhoGEF2 protein from RhoGEF2^^ allele is not 

feasible. Any truncated protein produced is likely to be unstable (K. Barrett, 

unpublished observation). Unfortunately, there is no deficiency available to test if 

these alleles were nulls in the classical genetic way. The null RhoGEF2^^ and 

RhoGEF2'^^ alleles were used for all the work described so far (Barrett, Leptin et 

al. 1997 and this study).

Figure 5.1

Fog / Cta

^  ^  ' Figure 5.1: A: Schematic
representation of RhoGEF2
protein with putative domains 
and their function.

Rho B: RhoGEF2^ ' null allele
generated by a stop codon.

T

Germ line clones were generated from RhoGEF2^^ null allele and 

RhoGEF2 function was assessed during gastrulation. Since the morphogenetic 

process of gastrulation is very dynamic, and since all the analysis so far has 

been performed in fixed embryos, real time imaging of gastrulating embryos 

should reveal more information about the whole process.

2. Results and discussion

2.1 Gastrulation of wild type embryos

2.1.1 Identifying the best conditions and genotypes for real time 

imaging of gastrulating embryos

For real time imaging of gastrulating embryos, reagents that allow 

visualisation of the cell outlines are required; therefore the GAL4-UAS system 

and GFP fusion proteins were used. Transgenic lines of UAS-actin-GFP that
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mark the cells and provide information of the cytoskeletal rearrangements were 

available (Verkhusha, Tsukita et al. 1999). In addition, several GAL4 expressing 

lines required to drive expression of the actin-GFP fusion at early stages of 

embryogenesis, such as five nanos-GAL4 lines (NGT), ubiquit iv\ -GAL4, arm- 

GAL4, and VP16 expressed in oogenesis were chosen. In order to proceed with 

the analysis of the embryos, technical problems needed to be overcome. Early 

and strong expression, before stage 5 of embryogenesis was required. The 

UAS-actin-GFP line on the X had very low expression of the transgene. The use 

of UAS-actin-GFP on the II chromosome had higher levels of expression, but 

expression of the fusion protein at the appropriate stage could not be achieved. 

Strong maternal drivers killed the embryos, where weaker drivers allowed 

expression at stage 7, which was after gastrulation. Combinations of the drivers, 

as well as different incubation temperatures varying from 18°C to 25°C were 

tried, and for different length of time, but it were not possible to express actin- 

GFP at sufficient levels during gastrulation. Therefore another GFP line that 

would provide information of the cell outlines was used. This was a DE- 

Cadherin-GFP fusion protein expressed under the control of a ubiquit 

promoter, which is visible during gastrulation (Oda and Tsukita 2001). However 

the expression levels at early stages were very low so the flies and embryos 

were maintained at 29°G to increase the expression of GFP. In addition, the 

laser output, the detector gain and the percentage of transmission were 

optimised in the confocal software settings for clear visualisation of the GFP.

Other technical problems also had to be solved. These included: (a) the 

time that the embryos were kept on halocarbon oil since it would limit their 

contact with air and induce hypoxia, (b) in embryos that have not started 

gastrulating the ventral side was not always that obvious, (c) a scanning depth 

of at least 20 microns was required to cover one cell layer, especially when the 

tissue internalises, (d) the resolution needed to be very high which meant 

increasing the number of sections through the embryo, but this increases the 

time that the embryos were exposed to the laser and results in quick photo 

bleaching of the embryo and premature death, (e) the embryos moved on the 

slide as the objective was moving to collect the dataset, (f) the number of



Chapter 5: RhoôEF2 and Gastrulation
page 184

embryos that were mounted per slide, the amount of oil per slide and the 

distance, between the two coverslips that make the bridge were also crucial 

factors in orienting the embryo and keeping it in place during scanning, (g) some 

embryos were already dead before they were exposed to the laser or they die 

during the data collection, (h) the temperature in the microscopy room was very 

low, around 18°C to avoid over-heating of the lasers, which slows the embryonic 

development, (i) when an embryo starts gastrulating the ventral side flattens and 

the initial settings are out of focus.

To deal with these factors certain procedures were followed: (a) a layer of 

water was maintained around the embryo in the halocarbon oil as this provides a 

limited supply of oxygen, (b) the number of sections collected was minimised 

without significant loss of resolution, (c) the embryo was rested between scans 

to recover, (d) a maximum of 20 embryos were mounted per slide, (e) the bridge 

coverslips were placed approximately 15-20 mm apart and approximately 80- 

100 \i\ halocarbon oil used per slide to prevent embryo rolling, (f) data from 

embryos that died during data collection we(e discardeci (g) data collection was 

started at a level just below the top of the embryo (approximately 3 microns from 

the embryo surface, but always above the adherens junctions) and was 

monitored so that settings could be altered if necessary. Despite this, 

compromises in number of sections, resolution, scanning depth and mainly 

duration and brightness of the datasets had to be made, where other factors 

such as the room temperature could not be overcome. To compensate for this a 

large number of embryos were scanned, around 10-20% of which provided 

useful information.

Datasets were collected from different perspectives including ventral, 

lateral and dorsal. The optimum conditions were: sections usually 1 micron 

apart, scanning depth around 20 to 30 microns and scanning time usually 72 

minutes. The dataset collection for each time point lasted for 2 minutes, and 

during this time, depending on the conditions and the settings, the embryo was 

rested for 30 to 36 seconds to prevent continuous exposure to the laser (for full 

list of settings: Chapter 2). All the sections for every time point were constructed
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as a three-dimensional projection and then all the 3D frames were assembled 

with time.

2.1.2 Real time imaging of gastrulating wild type embryos

Real time images of gastrulation showed some novel features. During the 

first phase of apical constrictions the cells do not constrict randomly but in 

groups, forming patches that accumulate DE-Cadherin (Fig. 5.2 and mov. 001). 

The cells have projections only on their apical sides (Fig. 5.3 and mov. 002) and 

these projections carry E-Cadherin and are also actin based as revealed by 

phalloidin staining (Fig. 5.4). These projections were present in RhoGEF2 

mutants (SEMs generated by K. Barrett, unpublished data). In addition, the cells 

that constrict, do so in one direction first and then the other; they do not follow 

the purse-string model where the whole periphery of the cell moves towards the 

centre of the cell decreasing its surface area (Fig. 5.5 and mov. 003).

Several new features of the second phase of rapid constrictions in which 

the cells on the ventral side organise and constrict were also observed. Initially 

cells move towards the posterior and the cells in the posterior stretch and 

elongate along the A-P axis (Fig. 5.2 and mov. 001). The organised phase of 

constriction occurs as a wave from both anterior and the posterior (Fig. 5.6 and 

mov. 004), during which the lateral cells stretch and elongate along the D-V axis, 

and their apical surface also enlarge (Fig. 5.7 and mov. 005). The lateral cells 

also move towards the ventral side (Fig. 5.8 & 5.9 and mov. 006a&b & 007) and 

as can been seen in a traverse section, the ventral-most cells first constrict, but 

invaginate only when the lateral cells enlarge their apical side (Fig. 5.10 and 

mov. 008). The cells on the dorsal side also change their orientation and 

possibly participate in the cell shape changes of the ventral side (Fig. 5.11 and 

mov. 009). When the furrow has already initiated the cells move into it and then 

constrict along the anterior-posterior axis, as can be visualised from the ventral 

view (Fig. 5.12 and mov. 010) and in a traverse section through the furrow (Fig. 

5.13 and mov. O il). Finally the furrow does not seal simultaneously along its 

length, but in random patches first (Fig. 5.14 and mov. 012). Upon sealing of the 

two sides of cells, DE-Cadherin, non-muscle myosin and beta integrin
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Figure 5.2
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Figure 5.2: Stills from the movie 001, 
of ubi-DE-Cadherin-GFP embryo, 
at late stage 5-early stage 6, where 
random cells constrict, ventral view 
(A). Cells constrict in groups and 
accumulate Cadherin following 
constriction and have projections 
(arrows in A, B). The cells on the 
ventral side synchronise and 
stretch towards the posterior 
where organised constrictions of 
the ventral furrow Initiate (0), 
the stretching of the cells occurs 
as a wave (D). Anterior to the left.

Figure 5.3

Figure 5.3: Stills from the movie 002, 
of ubi-DE-Cadherin-GFP embryo, at 
late stage 5-early stage 6, where 
random cells constrict, ventral view. 
The cells constrict in groups and 
accumulate Cadherin (yellow arrow 
in A-D) and also the cells have 
projections that express Cadherin 
(arrow in A-D and in almost all 
other cells of the view).

Figure 5.4

Figure 5.4: Cell projections are actin-based and are present in RhoGEF2 embryos. 
Scanning electron micrographs o f late stage 6 wild type (A) and RhoGEF2^ '' mutant 
gastrulating embryos showing that both embryos have thin projections. In the wild 
type embryos there are also membrane blebs (SEMs collected by K. Barrett). C: wild 
type embryo stained for actin. The thin projections observed were actin based.
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7.5 min 12.5 min

Figure 5.5: Stills from movie 003, of ubi-DE-Cadherin-GFP embryo. Ventral view at late stage 5- 
early stage 6 where random cells are constricting asymmetrically, one side is constricting first 
(arrow in B-D) and then the cell completely constricts its apex (arrow in E-F).

Figure 5.6 Figure 5.7
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Figure 5.6: Stills from the movie 004, ventral- 
lateral view of ubi-DE-Cadherin-GFP embryo, 
at early stage 6 (A). The cells stretch towards 
the anterior and the posterior (B) and this 
stretching is followed by the organised phase 
of constriction of the ventral furrow (C). 
Anterior to the left.

Figure 5.7: Stills from the movie 005, lateral view, 
ventral to the top, anterior to the left, of ubi-DE- 
Cadherin-GFP embryo, at early stage 6 (A). Lateral 
cells stretch and elongate for the generation of the 
ventral furrow (B) and the cells immediately lateral to 
the furrow increase their apical area when the furrow 
starts deepening (C). The lateral cells stretch and the 
deepening of the furrow starts from the posterior 
and progresses to the anterior (see movie).
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Figure 5.8 Figure 5.9
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Figure 5.8: Stills from the movie 006a, lateral view, 
ventral to the top, anterior to the left of ubi-DE- 
Cadherin-GFP embryo, at early stage 6 (A), 
sections at 3 pm depth from the embryo 
surface. Lateral cells stretch and move closer 
to the ventral side (A-C, see movie 006a&b).

Figure 5.9: Stills from the movie 007, lateral view, 
ventral to the top, anterior to the left of ubi- 
DE-Cadherin-GFP embryo, at early stage 6 
(A), sections at 20 pm depth from the embryo 
surface. Lateral cells stretch towards the poles 
first (A) and then move and stretch ventrally. 
Same embryo as in movie 006 and Fig. 5.8.

Figure 5.10
Figure 5.10: Stills from the movie 008, of 
ubi-DE-Cadherin-GFP embryo, at early 
stage 6 (A), cross-section of the embryo, 
the arrows indicates the position of 
the formation of the furrow (A-C).
Ventral cells (arrow in B) constrict their 
apical sides (compare A with B), but the 
indentation of the furrow is formed when 
the lateral cells stretch and enlarge their 
apical surface (C and movie). Same 
embryo as in movie 006 and 007 
and in Figs 5.8 and 5.9.
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Figure 5.11 Figure 5.12

Figure 5.11: Stills of the movie 009, dorsal view, 
anterior to the left of ubi-DE-Cadherin-GFP 
embryo, at early stage 6 (A). The lateral cells stretch 
first towards the ventral side (B) and then more dorsal 
cells stretch (C). The cells that stretch almost rotate 
since in A the lateral side of the dorsal cells is 
perpendicular to the plane of view, where in B, C 
(see also movie) the cells that are stretched have 
their lateral side on an angle or parallel to the 
field of view.

ili
Figure 5.12: Stills from the movie 010 
ventral view, anterior to the left of ubi-DE- 
Cadherin-GFP embryo, at late stage 6 (A), 
sections at 9 pm depth. Lateral cells move 
towards the furrow and the ventral cells 
constrict along the A-P axis. In C more 
cells and more constricted cells in the 
furrow than in A.

Figure 5.13

Figure 5.13: Stills from the movie 011, of ubi-DE-Cadherin-GFP embryo, at late stage 6, transverse 
section along the D-V axis of the embryo in movie 010 and Fig. 5 .12(A). The lateral cells move towards 
the furrow (compare position of marked yellow cell in A and B) and become constricted along the A-P 
axis (A, B and movie)
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Figure 5.14

Figure 5.14: Stills from the movie 012, ventral view during sealing of the ventral furrow of ubi-DE-Cadherin- 
GFP embryo, at stage 7. Constricted cells in A seal the furrow asynchronously and accumulate Cadherin 
upon sealing (B,C). Anterior to the left.

Figure 5.15
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Figure 5.15: During ventral furrow sealing myosin and E-Cadherin accumulate at the furrow. 
Fixed wild type embryos expressing DE-Cadherin-GFP stained for myosin II heavy chain. 
A-E: stage 6 embryo, F-H: stage 7 embryo. A,F: DE-Cadherin, B,G: myosin, C-H: merge. 
A-C and F-H: 3D representation of the ventral side, D: section across the furrow, along the 
D-V axis, E: section along the furrow along the A-P axis, both sections in D, E from the 
embryo in A-C. Myosin and E-Cadherin accumulate on the ventral side during sealing of 
the ventral furrow (F-H). Accumulation of the two proteins is also visible at the constricting 
apical surfaces of the ventral cells o f the furrow (A-E).
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Figure 5.16 Figure 5.17
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Figure 5.16: Integrin 
accumulation in the 
ventral furrow when 
the two epithelial surface 
meet. A-D: ventral view 
of a wild type embryo 
stained with anti-beta 
subunit of integrin. Images 
of the same embryo in 
different planes, A: most 
ventral and 0: most dorsal 
view. Integrin accumulates 
in the sealing of the furrow 
as shown in A and B, only 
when the two sites meet.
E: high magnification of A, 
the cells are approaching 
the other side accumulate 
integrin in the area of contact, 
when the nucleus is not at 
the edge. F: Control embryo 
to test that the integrin antibody 
recognised the appropriate 
epitope.

Actin-GFP

Actin-GFP

Figure 5.17: Stills from the movie 013, 
of UAS-actin-GFP x NG TA embryos.
This is the earliest stage that actin-GFP 
expression can be visualised. Actin is very 
dynamic and accumulates everywhere 
during the sealing of the ventral furrow. 
Anterior to the left, ventral view. A: late 
stage 7 embryo.
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accumulate at the sealing edges (Fig. 5.14-5.16 and mov. 012). At this 

stage of sealing, actin-GFP expression starts when crossed with strong maternal 

drivers e.g. NGTA. During this last process accumulation of actin is not 

observed (Fig. 5.17 and mov. 013).

2.2 The phenotype of RhoGEF2 mutant alleles during gastrulation

2.2.1 Attempts at real time imaging of gastrulating RhoGEF2 

embryos
Real-time imaging of gastrulating RhoGEF2 mutant embryos can identify 

how the cells of these embryos behave differently from those of wild type and 

investigate the function and of this gene. Unfortunately, real-time imaging of the 

mutant alleles is not yet possible due mainly to genetic reasons. Germ-line 

clones of RhoGEF2 alleles are required for the gastrulation phenotype and 

paternal contribution of the Cadherin-GFP does not express the GFP at an early 

enough stage. Cadherin-GFP transgene must be recombined onto the 

RhoGEF2 chromosome. In order to do this, the site of Cadherin-GFP transgene 

will first be identified by chromosomal in situ. If the transgene is on the left arm 

of the second chromosome it will recombined with RhoGEF2 mutations and the 

FRTs that are on the right arm. If the transgene is on the right arm, the P- 

element carrying the transgene will be mobilised to the third chromosome and 

made homozygous in RhoGEF2 flies.

2.2.2 The maternal effect of RhoGEF2 in fixed embryos during 

gastrulation
Since the above procedure was lengthy, while it was being carried out, 

fixed embryos derived from germ-line clones of the mutant alleles were studied. 

Fixed embryos of wild type and RhoGEF2^^ were stained with anti-Twist to 

visualise the presumptive mesoderm and for actin to visualise cell shape.

These embryos were studied by generating three-dimensional pictures. 

This method was preferred, because has several advantages over the classical 

SEM and plastic sections procedures that have been used in previous studies of 

gastrulation in Drosophila embryos. Firstly, RhoGEF2"^  ̂ and RhoGEF2^^ 

embryos have been studied by SEM and plastic sections before (Barrett, Leptin
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et al. 1997), and this further method might provide supplementary information. 

Secondly, the quality of the 3D datasets reveals structure and shape to the 

same resolution as the SEMs, and the embryos can be stained with antibodies 

that also highlight and distinguish structures. Thirdly, the biggest advantage of 

this method is that in addition to being able to see the external three dimensional 

structure of the embryo, it allows study of the same embryo inside, since 

sections along both the A-P and the D-V axes can be obtained. Correlation of 

the ventral side defects with the sections is possible, and the same cells can be 

observed from different angles. This is an advantage for a study of a process 

that involves the internalisation of cells, because the shape of cells can be 

studied even when the cells have been internalised and are not visible in the 

periphery of the embryo. Furthermore, this method provides the facility to 

measure the length and the width of the cells, independent of the cell position. 

Fourthly, rotation of the three-dimensional datasets of the embryos is possible 

and that can provide more angles to study the embryos in more detail and allow 

the identification of more features in comparison with other still images.

Three-dimensional datasets of 130 to 190 sections of the Z-axis of the 

embryos were collected over a range of 40 to 70 microns scanning depth 

depending on the developmental stage and the extent of mesodermal 

internalisation. Sections were collected 0.3 to 0.4 microns apart. In the wild type 

embryos of late stage 5 just before the onset of gastrulation the Twist 

expressing cells have not changed their shape yet (Fig. 5.18).

In sections across and along the furrow, it was clear that some nuclei 

have started to migrate to the basal side and flatten their apices, but no major 

rearrangements are yet visible. The length of the ventral cells at this stage is on 

average 25.20 +/- 0.75 microns, where the width along both axes of the apical 

side of the ventral cells is 4.40 +/- 1.98 microns and the width of the basal side 

4.28 +/- 1.57 microns. The width of the apical side of the already constricted 

cells is decreased to 2.80 +/- 0.70 microns. RhoGEF2 mutant embryos at the 

same stage of development, as demonstrated by cephalic furrow depth, showed 

that there is no indentation yet formed, but some cells have released their nuclei 

from the apical side. The most obvious difference at this stage is that the wild 

type embryos are generally more flat on the ventral side than the mutants (Fig.
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5.18). The length of the mutant cells is 27.75 +/- 0.75 microns on average and 

slightly longer than the wild type, where the width of the apical and the basal 

side is 4.60 +/-1.11 and 4.10 +/- 0.89 microns respectively. So, till this stage of 

development the wild type and the mutant embryos do not have major 

differences and individual random cells of the mutant embryos change their 

shape in a way similar to the cells of wild type.

Figure 5.18

Figure 5.18; Wild type and RhoGEF2^^ late st.5. 
Embryos stained for actin (red) and for Twist 
(green). A,B,C: wild type, D,E,F: RhoGEF2^ ^
A, D: 3D ventral views, B, E: sections across 
the furrow, D-V axis, C,F: sections along the 
furrow, A-P axis. At the beginning of gastrulation 
some of the ventral cells start constricting and 
their nuclei move to the basal side (arrows in
B, C& E, F). The wild type and the RhoGEF2^^ 
embryos behave similarly during this process, 
apart from the fact that the ventral side of the 
wild type is generally more flat than the ventral 
side of the mutant. Rg2: RhoGEF2.

At embryonic stage 6 the wild type embryos have a very clear furrow (Fig.

5.19). Sections across the furrow demonstrate that the nuclei have migrated to 

the basal side, and that membrane blebbing can be observed. The length of the 

cells in the furrow is on average 34.93 +/- 2.66 microns, the width of their apical 

side has decreased to 2.20 +/- 1.01 microns and the basal side is expanded to 

7.60 +/- 1.39 microns. At stage 7, where the ventral furrow has completely 

internalised in wild type embryos the length of the ventral cells is 32.8 +/- 0.21 

microns. In contrast, in the RhoGEF2^^ mutant embryos of stage 6, there was 

no furrow in the /entrai side, just small indentations (Fig. 5.19). The nuclei of the 

cells in the indentation had moved to the basal side and these cells had 

constricted their apices. The same was seen in sections along the furrow, in 

69.7% of the cells the nuclei had moved to the basal side and the apical 

membrane was constricted, but there was no membrane blebbing or organised 

furrow. The length of the cells at this stage is similar to the wild type with an
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average of 36.00 +/- 1.98 microns, the basal side has the same width with 7.40 

+/- 1.08 microns, whereas the apical side of constricted cells is 2.10 +/- 0.73 

microns, but the apical side of the non-constricted cells is 4.50 +/- 1.95 microns.

Figure 5.19 Figure 5.19: Wild type and RhoGEF2 
mutant embryos stained for actin (red) 
and for Twist (green). A,B, C: Wild type, 
D,E,F: RhoGEF2^ \  A, D: 3D ventral 
views, B,E,: sections across the furrow,
D-V axis, C,F: sections along the furrow,
A-P axis. The wild type embryos have 
formed a furrow (A,B), the cells have 
intemalised (B) and there is membrane 
blebbing on the apical side (C), the nuclei 
of the ventral cells have migrated to the 
basal side (B,C). The RhoGEF2 mutant 
embryos do not form a furrow, instead 
there are small indentations formed on 
the ventral side (D), suggesting that the 
first phase of ventral furrow formation is 
occurring and that random cells can constrict 
The sections show that in the indentations 
of RhoGEF2, the nuclei migrate to the 
basal side and the apical side of the 
cells constrict (yellow arrow in E,F).
White arrows in E indicates the lateral 
cells that do not change their shape. Scale 
bar in A is 20 microns. Rg2: RhoGEF2.

These results show that in the RhoGEF2 embryos the random cell 

constriction of the first phase can occur but the cells cannot organise the second 

phase to constrict simultaneously for the formation of the furrow. This is also 

supported by the fact that 69.7% of the Twist-expressing cells in RhoGEF2 

embryos release their nuclei from the apical side. According to the data 

generated by the Wieschaus lab (Sweeton, Parks et al. 1991), in wild type 

embryos, after 40% of the ventral cells have changed their shape, all the cells 

synchronise and invaginate simultaneously. If more than 40% but less that 

100% of the ventral cells have constricted the second phase can not be occurfvaj 

normally, as is the case in mutant fog and cta embryos (Sweeton, Parks et al. 

1991). Therefore, RhoGEF2 embryos are able to go through the first phase but 

cannot induce the second phase. RhoGEF2 is therefore necessary during the 

second phase for the organisation of the monolayer to alter its morphology.
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To explain these results there are several hypotheses. It is possible that 

the first stage of random constrictions is either initiated by or proceeds by a 

different mechanism than that used for the second phase and that RhoGEF2 

has an effect only on the second phase. It is also possible that the second 

phase is initiated by the force generated from the lateral cells. In this case 

RhoGEF2 may affect the cell shape changes of the lateral cells by stopping 

them from pushing the ventral cells to constrict. To test the second option 

confocal sections across the furrow were analysed and showed that the lateral 

cells are not altered in shape. Also, the embedded sections of RhoGEF2 germ 

line clones (Barrett, Leptin et al. 1997) embryos of all stages were checked and 

the lateral cells do not change shape there either. To confirm this hypothesis, 

real-time imaging of RhoGEF2 gastrulating embryos will be performed. It is 

possible that RhoGEF2 can control the cell shape changes of the lateral cells as 

well as the constrictions of the ventral cells and this might be the reason that 

RhoGEF2 has a stronger phenotype than fog and cta in gastrulation. In support 

of this, in the fog mutants the lateral cells enlarge their apical side although they 

fail to persist in this form and they “fall back" into their original shape (Oda and 

Tsukita 2001). RhoGEF2 may therefore affect more steps of the cell shape 

process than Fog.

2.3 The role of non-muscle myosin in ventral furrow formation

Non-muscle myosin is usually required for the generation of force in a 

cell; it binds to actin and pulls or pushes the actin bundles (Bresnick 1999). 

Therefore it was possible that myosin would have an effect on the apical 

constrictions of the cells. Non-muscle myosin heavy chain is known to localise 

at the edge of the cleavage furrow during cellularisation (Thomas and Kiehart 

1994). To test that the antibody against zipper (the heavy chain of non-muscle 

myosin) (Kiehart, Lutz et al. 1989) was working embryos at late cellularisation 

stage were stained for actin and myosin. Sections through the top of the cells 

showed that myosin is localised and functions at the edge of the cleavage furrow 

in close proximity to actin (Fig. 5.20).
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Figure 5.20: Actin and myosin localise in close 
proximity during late stages of cellularisation, 
stage 5. A, B: actin, C, D: myosin, E, F: merge. 
Actin and myosin, localise at the basal side of 
the cells.

When embryos of different stages were stained with myosin and cut 

manually in sections, myosin was localised at the basal side of all the cells 

where the cleavage furrow finished, in conjunction with actin (Fig. 5.21). At the 

onset of gastrulation, in the cells on the ventral side of the embryo, myosin 

translocates to the apical side of the cells that constrict, but remains at the basal 

side of all the other cells around the embryos. Myosin is therefore likely to be 

needed at the apical side of the cell for the generation of the force required for 

constriction.

Figure 5.21

Figure 5.21: Myosin localisation during gastrulation.
A: stage 5, B: stage 6, C: stage 7 and D: stage 8.
At stage 5 myosin is localised at the basal side of all 
the cells (arrows in A). When the ventral cells constrict 
myosin accumulates on the apical side of the ventral 
cells, but remains on the basal side o f the non
constricting cells (arrows in B). During later stages 
myosin accumulates in the cytoplasm and it is also 

perinuclear (C, D).

2.3.1 Myosin localisation in RhoGEF2 mutant embryos during 

ventral furrow formation

Whole embryos were stained for myosin and 3D datasets were collected. 

The wild type embryos had a very intense myosin staining in the ventral furrow.
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but in RhoGEF2 mutant embryos of the same age, the staining was in spots 

(Fig. 5.22). In older RhoGEF2 embryos though, there was more myosin 

accumulation in the ventral furrow, but presumably not enough to generate the 

required force for the formation of the furrow.

Figure 5.22
Figure 5.22: Wild type and RhoGEF2 embryos 
stained with anti-myosin II heavy chain. 
A,D,F,H,i: wild type, B,C,E,G,J:RhoGEF2' ' 
embryos. A-C: 3D ventral views, A,B: same 
age embryos, stage 6, C: older than B. D,E: 
rotation of 90° of 30 views along the A-P axis, 
F,G: Sections across the furrow, D-V axis, H,J: 
sections along the furrow, A-P axis. I: 
section along the A-P axis not along the 
furrow, but more laterally. A,D,F,H,I: the 
same wild type embryo, B,E,G,J: the same 
mutant embryo. In wild type embryos 
myosin accumulates on the apical side of 
the constricting ventral cells in the furrow 
(A,D,F), and at the basal sides of the dorsal 
and lateral cells. The RhoGEF2 embryos do 
not form a furrow instead they have 
indentations on the ventral side (B,C). In older 
mutant embryos (C) more myosin accumulates 
on the apical side of the ventral cells 
than in younger embryos (B), but although 
more myosin accumulates with a delay still the 
furrow is not formed. In mutant embryos 
myosin accumulates on the ventral side only in 
cells that have constricted (G,J), and not on the 
apical side of all ventral cells.

In a section along the A-P axis but not along the furrow of a wild type embryo, myosin is not 
as concentrated on the apical side and there is more myosin accumulation on the basal side 
of the cells (I), where in the furrow there is more myosin on the apical side of the cells than in 
the basal (H). Rg2: RhoGEF2.

\  I t

When the 3D reconstructions of the wild type and the mutant embryos 

were rotated 90 degrees, it was possible to seeiiat the wild type embryos had 

myosin concentrated on the basal side of all the cells and on the apical side of 

the cells that were in the furrow. In sections along the A-P axis in the region of 

the furrow there was intense apical myosin staining, but in sections along the A- 

P axis in a place outside of the furrow there was staining in the basal side as 

well. In RhoGEF2 mutants, myosin staining was observed on the ventral side, 

but mainly in the regions where the cells randomly constrict to form small 

indentations, hence the spotted appearance. In sections across and along the
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furrow myosin staining was seen to be less strong than that observed in wild 

type. Presumably this would result in insufficient force to constrict the cells and 

form the furrow. These results imply that a signal through RhoGEF2 is needed in 

order for the ventral cells to accumulate myosin on their apical side and constrict 

in an organised manner for the formation of the furrow.

It is also possible that in the mutants the lateral cells cannot stretch and 

therefore they are not able to push the ventral cells to constrict and to 

accumulate myosin, so it may be an indirect effect that the cells do not 

accumulate myosin in RhoGEF2 mutants. Definitely there is a process that 

RhoGEF2 regulates that is needed for the formation of the ventral furrow and 

due to the failure of that process the ventral cells do not accumulate myosin in 

their apical side and cannot constrict.

The mis-regulation of myosin could be a result of failure of the mutants to 

transduce a signal to Rho and subsequently to Zipper, maybe through Rho 

kinase. Alternatively, it could be a failure in one or more steps in the organised 

sequence of events that are required for the shape changes. The function of the 

maternal effect of Rho kinase will be tested in order to provide insights into the 

possibility that failure of myosin relocalisation is due to direct signalling events. 

The generation of four-dimensional movies with constructs such as Zipper-GFP 

and Spaghetti-squash-GFP would facilitate an understanding of the process and 

the role of RhoGEF2 in the system. The role and localisation of Spaghetti- 

squash, especially the phosphorylated form, in gastrulation is unclear, because 

of the absence of an antibody. It is known that Spaghetti-squash is activated by 

phosphorylation through Rho kinase, which is a Rho mediated process (Van 

Aelst and D'Souza-Schorey 1997; Bresnick 1999; Winter, Wang et al. 2001). So 

it is possible that there is a signal through RhoGEF2 for the function of both non

muscle myosin light and heavy chain.

2.4 Other proteins that have a gastrulation phenotype and might be 

involved in RhoGEF2 signalling pathway

Since RhoGEF2 has a stronger phenotype than that resulting mutation in 

either fog or eta it probably receives signals from other pathways in addition to
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that from Fog and Cta. Further studies were therefore initiated to find out which 

other proteins might be involved in the generation of an additional signal.

Rho is the small GTPase that RhoGEF2 activates, and it is shown that 

expression of dominant negative Rho (RhoDN) at early stages of 

embryogenesis results in a gastrulation effect (Barrett, Leptin et al. 1997; Hacker 

and Perrimon 1998). Unfortunately, Rho mutants die before gastrulation so it 

was not possible to test the role of Rho in gastrulation using mutant flies. 

Therefore embryos expressing Rho dominant negative during gastrulation were 

fixed and stained for Twist and actin. Three-dimensional datasets for these 

embryos were collected and the results showed a weaker phenotype than 

RhoGEF2 as has been described (Barrett, Leptin et al. 1997). The RhoDN is a 

UAS construct, so different drivers were used.the first driver is NGT40, which is 

a maternal driver with multiple insertions. Expression of RhoDN under the 

NGT40 promoter gave the weak gastrulation phenotype, whereas VP16-V32 

driver, a strong driver with multiple insertions that expresses GAL4 in the first 

stages of oogenesis, caused early embryonic death. Therefore the results 

presented here are from the progeny of the cross of male RhoDN and female 

NGT40 flies.

The RhoDN embryos can form a ventral furrow but the furrow is not as 

organised as in the wild type. A part of the furrow does not close properly (Fig.

5.23) and even when the furrow is completely closed the ventral midline is 

“wavy” and not straight as in wild type. This transgene effect is not as strong as 

the RhoGEF2 phenotype probably due to the time and the level of expression of 

the transgene.

Figure 5.23

Figure 5.23: Rho^'^ x NGT40 embryos 
stained for actin (red) and for Twist 
(green),showing defects in ventral furrow, 
leaving gaps during sealing o f the furrow 
(arrow in A) and producing a furrow with a 
“wavy” appearance (B).
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Mutations in other genes were tested during gastrulation to see if they 

had a phenotype that resembles those resulting from mutations in RhoGEf2 or 

overexpression of DNRho, in order to start to correlate proteins in the same 

signalling pathways. Going through the literature, genes that were expressed on 

the ventral side during the ventral furrow formation were the first candidates to 

be tested. Drosophila Fibroblast Growth Factor Receptor 1 (DFR1) was shown 

to be expressed on the ventral side of the embryo from stage 5, before the onset 

of gastrulation, till stage 8, after the ventral furrow has been formed (Shishido, 

Higashijima et al. 1993). The cells that invaginate still express DFR1 mRNA 

(Shishido, Higashijima et al. 1993). Also, the expression of DFR1 in the ventral 

furrow is dependent on Twist. In twist mutants the expression of DFR1 is lost 

and in snaii mutants the expression of DFR1 is decreased, although this can be 

due to an indirect effect, since Twist expression is lowered in snail mutants 

(Shishido, Higashijima et al. 1993). Work from several laboratories has shown 

that this gene has an effect on the formation of the heart and the migration of 

mesodermal cells after internalisation, as well as the formation of the CNS 

(Shishido, Ono et al. 1997; Michelson, Gisselbrecht et al. 1998; Wilson and 

Leptin 2000). Due to these phenotypes this protein was subsequently named 

Heartless (htl).

Although the zygotic phenotype of htl is very well characterised (Shishido, 

Ono et al. 1997; Michelson, Gisselbrecht et al. 1998; Wilson and Leptin 2000), 

germ line clones have not been generated to test for the maternal phenotype. In 

order to check if htl is involved in gastrulation flies carrying UAS-htI dominant 

negative transgenes were crossed with the NGT40 maternal driver. The 

resulting embryos have very mild gastrulation phenotypes. The furrow is formed 

and closed, but in some places it does not close properly, leaving gaps (Fig.

5.24). In addition, improper closure of the furrow results in an effect that 

resembles that resulting from expression of RhoDN.

When heartiess DM was expressed under the VP16-V32 driver, the 

embryos had the same phenotype as those of htlDN driven

by NGT40.18% of the embryos derived from htlDN driven by VP16-V32 have an 

increased domain of twist expression that might imply disruption of the axes and 

polarity of the embryos, meaning that this percentage of the embryos is slightly
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dorsailsed. The fact that expression of this dominant negative protein during 

oogenesis produces embryos implies that this gene is less likely to have a 

strong effect during oogenesis.

Figure 5.24

Figure 5.24 NGT40/UAS-htlDN;UAS 
-htlDN/+ embryos stained for actin (red) 
and for twist (green),showing defects in 
ventral furrow, leaving gaps during sealing 
of the furrow (arrow in A) and producing a 
furrow with a ‘̂ a v y ” appearance (B).

The embryos expressing htlDN were also stained for myosin and 3D 

datasets were collected. Since the ventral furrow is formed in these mutants, it 

was not surprising that myosin was localised on the apical side of the 

invaginated cells (Fig. 5.25). However, once the furrow had closed, myosin 

accumulation was seen to be irregular along the furrow. Further investigation will 

be carried out using germ line clones of htl that are expected to have a stronger 

phenotype during gastrulation, since this dominant negative form acts as a 

hypomorph (Michelson, Gisselbrecht et al. 1998).

Figure 5.25

-  - V*;

Figure 5.25: Myosin localisation in 
NG T40/UA S-htlDN; UA S-htlDN/+ embryos.
A: section through the embryo at 9.5 microns 
depth from the ventral surface of the embryo, 
myosin accumulates at the region where the 
two epithelial sides meet (arrow in A). B: 
section at 17 microns depth from the ventral 
surface o f the embryo, myosin accumulations 
at the site of sealing (arrow in B). C: 3D 
representation o f same embryo as in A and B, 
myosin accumulation at the region of sealing 
of the two epithelial sides (arrow in C).

2.4.1 Hypothesis for connection of the FGF signal with RhoGEF2
The htlDN dominant negative is generated by the lack of the cytosolic tail 

of the receptor, which stops the transduction of the signal inside the cell 

(Michelson, Gisselbrecht et al. 1998). This dominant negative version acts as a



Chapter 5: RhoGEF2 and Gastrulation
page 203

hypomorph and it is not as strong as the null (Michelson, Gisselbrecht et al.

1998), so germ line clones of the null mutant alleles are expected to have a 

stronger phenotype in gastrulation. The cytoplasmic tail, which is deleted in the 

dominant negative form of the receptor, contains a consensus sequence of the 

three amino acids tyr-leu-asp (Shishido, Higashijima et al. 1993; Michelson, 

Gisselbrecht et al. 1998), which is recognised and bound by the SH2 domains of 

phospholipase C gamma (PLC gamma) (mohammadi et al, 1991) (Benjamin

2000). PLC gamma is the enzyme that catalyses the formation of diacylglycerol 

(DAG) (Divecha and Irvine 1995). Thus a signal from Htl could activate PLC 

gamma, which in turn forms DAG. RhoGEF2 possesses a Cl domain, which 

could bind DAG. It is possible that DAG, generated by a signal from Htl, binds to 

this Cl domain thereby activating RhoGEF2 to promote cell shape changes for 

the progression of gastrulation. FGF signalling is required for the progression of 

gastrulation in frogs and primitive streak formation in mouse and chicken, all of 

which involve cell shape changes (Yamaguchi, Harpal et al. 1994; Ciruna and 

Rossant 2001). Since most of the signalling and the morphogenetic movements 

are conserved throughout evolution (Wolpert, Beddington et al. 2002), it is 

possible that the FGF signalling is required for the progression of gastrulation in 

flies.

Several experiments need to be carried out in order to establish that this 

is the signalling pathway that activates RhoGEF2 and the small GTPase during 

gastrulation. Initially DAG will be injected at the dorsal side in the region of the 

head, which is the region that Fog overexpression causes apical constriction 

(Costa, Wilson et al. 1994). This area of the head between the two mitotic 

domains is a good area of the embryo to test for constrictions, since these cells 

are not dividing (Foe 1989), which means that they are able to change their 

shape (Costa, Wilson et al. 1994; Morize, Christiansen et al. 1998) and also they 

are not the cells that would normally constrict due to signalling events as in the 

ventral side of the embryo. Therefore, if DAG is a signal for apical constriction, it 

should be able to activate RhoGEF2 in these cells, and these cells should 

constrict.

There is no known ligand for Heartless. The only FGF ligand known in 

flies is for Breathless (Shishido, Higashijima et al. 1993; Affolter and Shilo 2000;
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Wilson and Leptin 2000; Dossenbach, Rock et al. 2001), the second FGF 

receptor that has a role In the formation of the tracheal system. Branchless Is 

the ligand for Breathless (Sutherland, Samakovlls et al. 1996; Affolter and Shllo 

2000; Dossenbach, Rock et al. 2001), but not for Heartless, and a comparison of 

the mammalian FGF ligands against the fly genome, does not provide any 

sequence with any significant homology apart from Branchless. Searches 

comparing the Xenopus FGF ligands give In addition to Branchless, a few other 

genes that have not been cloned yet. The gene that has the most significant 

sequence similarity Is the predicted protein CG 7447. The encoded protein has a 

calcium binding domain and EGF-llke repeats, but nothing else Is known about It 

so far. Injection of vertebrate FGF ligands In the embryos might be another way 

to Identify If there Is a signal through that pathway that Is required for the cell 

shape changes.

PLC gamma Is also a good candidate to test for Involvement In the apical 

constrictions for the formation of the ventral furrow. The problem with this gene 

Is that It Is very redundant; there are 49 genes In the fly genome that have 

phospholipase domains (Flybase). A few of these have been cloned and 

characterised In more detail (Shortrldge, Yoon et al. 1991 ; Welnkove, Leavers et 

al. 1997; Thackeray, Gaines et al. 1998). Most of them are Involved In 

neurogenesis (Shortrldge, Yoon et al. 1991) apart from the PLC gamma 

encoded by the small wing locus (Thackeray, Gaines et al. 1998). This gene Is 

the only one from the phosphollpases that has SH2 and SH3 domains and Is 

able to bind to receptor tyrosine kinases (Thackeray, Gaines et al. 1998; Duchek 

and Rorth 2001), although It Is predicted that It does not bind to the receptor 

directly, but through the Interaction with other molecules (Thackeray, Gaines et 

al. 1998). This gene Is‘very good candidate, but Is homozygous viable which 

means that the embryos are able to gastrulate and also develop till adulthood. 

The fact that none of the phospollpase genes have ever been Identified In any 

genetic screen Implies that this gene Is very redundant and It would be very 

difficult to address Its phenotype (Thackeray, Gaines et al. 1998). An experiment 

that might provide some functional data about the PLC Is If the phenotype of the 

mutant Is tested In an already sensitised background. For example Cta and PLC 

gamma can have complementary functions If they are acting In a parallel
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pathway, so in double mutants of these two, it is possible that an enhanced 

gastrulation phenotype will be observed. Also, since the htlDN is a hypomorph 

(Michelson, Gisselbrecht et al. 1998), combination of the PLC gamma mutations 

may give a more severe phenotype.

If PLOy needs to be activated for the production of DAG to activate 

RhoGEF2 it is possible that other tyrosine kinase receptors can have the same 

effect. In order to test if a signal from receptor tyrosine kinases in general is 

needed and also to test if redundancy can be the reason for mild phenotypes, 

the effects of other receptors, for example Epidermal Growth Factor Receptor 

(EGFR) would be tested during gastrulation.

If Htl is needed for gastrulation, this is not enough to prove that it also 

activates RhoGEF2 and Rho. Therefore, epistasis analysis is needed to verify 

that this is the case. For example if an activated form of Rho can rescue the Htl 

phenotype, or if the effect of an activated form of Htl could be rescued by 

RhoGEF2 mutants, which would provide genetic evidence that these genes are 

linked. Genetic analysis and epistasis studies can be carried out in other tissues 

as well. For example RhoGEF2 null over hypomorph provides a sensitised 

system in the wing and can be used to test genetic interactions, as shown for 

other genes (Chapter 3). Ectopic expression of Htl in the wing gives ectopic 

veins (Reich, Sapir et al. 1999) and a combination of RhoGEF2 with other genes 

also has an ectopic vein phenotype. There is already evidence for a link 

between htl and RhoGEF2. GMR-htl/dof, a combination of the receptor and its 

downstream target, interacts genetically with Rho and RhoGEF2 (Vincent, 

Wilson et al. 1998; Abstracts 2002). The expression pattern of htl in other 

tissues such as in early imaginai discs during folding will be interesting to test, in 

order to see if Htl is expressed where folds are in the discs.

If a signal from receptor tyrosine kinases and phospholipases is involved 

in gastrulation, it is also likely that calcium signalling would be activated and 

would participate in the process (Divecha and Irvine 1995; Benjamin 2000). 

Therefore, one issue that needs to be addressed is if there is a calcium influx in 

the ventral cells of the embryo. The best way to visualise that would be to test 

the calcium levels in the kamgaroo flies (Abstracts 2002). These flies carry a 

specific form of GFP fusion with a protein that has several calcium-binding sites.
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When these sites bind calcium then this GFP emits light of yellow wavelength 

instead of green. Using the appropriate settings and lasers in a confocal 

microscope it should be feasible to visualise this change in the emission 

spectrum and check if calcium accumulates in the ventral side of the embryo 

during the process of the ventral furrow formation. Unfortunately these flies are 

not available yet, and all the other methods available for calcium influx 

visualisation are mainly developed for cell culture models. Application of these 

methods in fly embryos would be technically difficult, primarily due to the 

presence of the vitelline membrane. Direct injection of calcium, or a 

fluorescently-labelled calcium binding protein, under the vitelline membrane to 

check if it promotes cell shape changes and apical constrictions may be 

misleading because calcium will be visualised only at the site of the injection. 

Also, there are two mechanisms of action of calcium ions, one involving release 

from cellular stores and the second influx from the extracellular environment 

(Benjamin 2000). Injection would probably mimic the second, which is not 

consistent with release following receptor tyrosine kinase activation.

If all the above signals and pathways are involved in the cell shape 

changes required for gastrulation, it is also possible that PKC can be activated, 

particularly from DAG (Divecha and Irvine 1995; Benjamin 2000). In flies the 

three PKC genes that have been cloned are expressed in the head region and in 

the eye, only in the adults (Rosenthal, Rhee et al. 1987; Schaeffer, Smith et al. 

1989). Mutants of these genes have not been isolated yet, but studies with 

transgenes carrying mutant forms of the genes showed an effect on photo 

transduction in the eye (Chang and Ready 2000) as well as neuronal 

phenotypes associated with learning, but not with memory (Kane, Robichon et 

al. 1997). If DAG and calcium ions are present and required for gastrulation, it is 

more than likely that some form of PKC might be involved even if it does not 

have high sequence similarity with the PKCs in other organisms. For example 

protein kinase D (PKD) has a significant homology with PKC and a DAG binding 

site (Matthews, Iglesias et al. 1999; Rey, Young et al. 2001). Therefore, more 

analysis of the PKC genes might provide useful insights.
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3. Conclusions

To summarise the findings so far, it can be said that RhoGEF2 is involved 

in cell shape changes and epithelial folding. It is used in more than one tissue 

and it becomes activated by receiving more than one signal. Cells need to 

accumulate non-muscle myosin in the area of constriction and the accumulation 

of myosin is dependent on RhoGEF2 function, either by direct signalling or by 

promoting shape changes in the cells.

RhoGEF2 receives a signal from Cta and Fog during gastrulation, but 

also at least one other signal. It is likely that the second signal derives from the 

FGF receptor. Heartless. When Htl binds FGF it could activate PLC gamma to 

catalyse the formation of diacylglycerol, which might then activate RhoGEF2 

through the C1 domain. This hypothesis is mainly supported by the fact that the 

dominant negative effect of htl is similar to the dominant negative effect of Rho.

Real time imaging shows that gastrulation in the wild type involves more 

features and events that have not been observed before with the preparation of 

fixed tissues. Mainly these are: the random constrictions of cells in groups that 

simultaneously accumulate DE-Cadherin, the fact that the cells have actin and 

cadherin based projections, the fact that the second phase of apical 

constrictions proceeds as a wave and the fact that the lateral cells stretch and 

elongate along the D-V axis. Fixed preparations of RhoGEF2 mutants indicate 

that RhoGEF2 affects the cell shape changes of the lateral cells. Finally 

RhoGEF2 functions in the second rapid phase of organised constrictions by 

organising the monolayer morphology.
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Chapter 6: DISCUSSION

1.1 Specificity of the pathway- the function of RhoGEF2

The exchange factor RhoGEF2 has an effect in Drosophila gastrulation 

(Barrett, Leptin et al. 1997; Hacker and Perrimon 1998) and it is involved in 

other processes where cells need to change their shape. In all cases, except 

oogenesis the role of RhoGEF2 is not clear, this gene is required for the 

organisation of an epithelial layer to alter its morphology. Eye imaginai discs that 

lack RhoGEF2 function, fail to produce a morphogenetic furrow, which is also an 

indentation generated by apical constrictions of the cells. In the wing imaginai 

discs, the folds that form around the wing pouch and in the hinge regions, 

generated by apical constrictions and the apical accumulation of actin, are 

aberrant in RhoGEF2 mutant discs. Clonal analysis in both cases showed that 

the levels of actin are abnormal in the discs, indicating that RhoGEF2 can 

control the organisation of actin in the cells.

The role of actin in gastrulation is very difficult to assess, since it is 

very dynamic and it is localised everywhere in the cell. Even real time imaging of 

an actin-GFP fusion protein in late stages of gastrulation did not any

insights into the role of this molecule. Actin accumulation was also abnormal in 

follicle cells that were mutant for RhoGEF2 and in RhoGEF2 clones in other 

tissues.

Reducing RhoGEF2 levels in the eye imaginai discs results in defects in 

the morphogenetic furrow and missing pigment cells in the dorso-posterior 

region, but not affect differentiation of the epithelial cells to photoreceptors. The 

spacing of the photoreceptor cells might be altered, which might explain the lack 

of pigment cells in the ommatidia of the adult eye. It is possible that if the cells 

were not in the correct position during development, they received altered 

signals for their differentiation. The morphogenetic furrow also needs to receive 

signals from the peripodial membrane via microtubule based projections from 

the peripodial membrane to the disc proper (Gibson and Schubiger 2000; 

Gibson and Schubiger 2001). In the middle of the mutant RhoGEF2 disc, the 

contact with the peripodial membrane is lost because of alterations in the shape 

of the disc.
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It would be interesting to identify if the same signals that activate 

RhoGEF2 during gastrulation activate the pathway during cell shape changes 

and folding of the epithelial layer during morphogenesis of the imaginai discs. 

Cta is likely to be involved since Cta and RhoGEF2 interact genetically during 

wing development and also have similar phenotypes in oogenesis, indicating 

that the interaction and the role of these proteins can be conserved. In addition, 

expression of dominant negative heartless in the wings show an ectopic vein 

phenotype (Reich, Sapir et al. 1999), which resembles the phenotypes seen in 

RhoGEF2 mutants or RhoGEF2 interactions with other genes.

In stages of embryogenesis after gastrulation, invaginations caused by 

cell shape changes are present in the formation of the tracheal pits, in head 

involution, and in the formation of parts of the gut (Bate and Martinez-Arias 

1993; Campos-Ortega and Hartenstein 1997). These are all processes in which 

zygotic RhoGEF2 is involved. In contrast, other Rho-mediated effects, such as 

cytokinesis, planar polarity and neuronal phenotypes (Settleman and Barrett

2001) were not observed in RhoGEF2 mutants. In oogenesis the role of 

RhoGEF2 is less clear but it was shown that it has an effect on the shape and 

accumulation of actin of the follicle cells. The follicle cells in an egg chamber 

form a monolayered epithelium and are constantly constricting their apical side 

when they surround the oocyte in order to maintain their integrity. These cells 

also need to change their shape in order to migrate around the egg chamber 

and these shape changes involve apical constrictions. The egg chambers die 

before the stage of migration, which makes the identification of the cause of 

death more difficult, but it is possible that since the follicle cells cannot alter their 

shape, they are not able to migrate and therefore the egg chambers die at the 

checkpoint around stage 9 of oogenesis. Also RhoGEF2 functions in egg 

chambers at the regions where Rho is expressed, on the apical side of the 

follicle cells that surround the oocyte (Magie, Pinto-Santini et al. 2002).

These results would reinforce the argument that the exchange factor 

always performs the same function. In addition, as analysed in the introduction 

(Chapter 1), GEFs at least in flies have specific functions. RhoGEF2 has the 

same effect in cell shape changes in different tissues and developmental stages. 

In addition, it is not involved* cytokinesis or neurogenesis. Another exchange
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factor Pebble (Prokopenko, Brumby et al. 1999) is involved in cytokinesis and 

not in cell shape changes or neurogenesis. The same kind of work has been 

presented for the exchange factor Trio that activates Rac and it is involved in 

neurogenesis, but not in cell shape changes or cytokinesis (Hakeda-Suzuki, Ng 

et al. 2002). There are three Rac proteins in flies and again they have a diverse 

range of function, f<bm morphogenesis during dorsal closure and myoblast 

fusion, to the various neuronal effects. The specificity of the pathway though is 

not dependent on which Rac is activated, since all them have overlapping 

functions, but on which exchange factor is activated. Trio, although has a 

widespread expression it is only involved in neuronal effects and not in cell 

shape changes or cytokinesis. Therefore, the specific outcome of Rac depends 

on the exchange factor that is activated.

All these Rho effects are exerted on the regulation of the cytoskeleton. So 

since there are so many different processes that the cytoskeleton of the cell is 

involved and that Rho has, the exchange factor that would become activated 

would select the effect of Rho and determine the specificity in the pathway. 

GEFs are high molecular weight proteins with several domains that can become 

localised and activated in specific ways and therefore are suitable molecules for 

this role (Schmidt and Hail 2002).

1.2 RhoGEF2 and Rho targets

How does the GEF select the outcome of Rho activation? Exchange 

factors can bind to the targets of the GTPases, for example, Pak and Pix 

(Manser, Loo et al. 1998; Kim, Lee et al. 2001; Parnas, Haghighi et al. 2001), or 

can activate preferred substrates through the GTPases, as in the case of FGD1 

and Dbl (Zhou, Wang et al. 1998). These properties are means by which they 

might carry out their role in selecting signalling outcomes. In a search for a 

specific activator of RhoGEF2, several Rho targets have been tested genetically 

for interactions with RhoGEF2. The genetic interactions of RhoGEF2 with other 

molecules of the Rho signalling pathway showed initially that cta and fog interact 

with RhoGEF2 in other tissues apart from gastrulation, which suggests that the 

signalling pathway is conserved during development. The effects of fog in wings 

and cta in wings and oogenesis show that these molecules can function in other
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tissues, which was a novel observation. Furthermore, targets of Rho, such as 

SRF and PKN are also targets of RhoGEF2. In this context, It was the first time 

that SRF was seen to interact with Rho in vivo. The exact way that these 

molecules interact is not known yet, neither is it known how RhoGEF2 and SRF 

or PKN are linked. It is, however, a beginning in identifying the molecules that 

constitute this signalling pathway and that are important in morphogenesis.

During the search of other RhoGEF2 targets, novel alleles that derived 

from the same genetic screen as RhoGEF2 (Barrett, Leptin et al. 1997) were 

studied and aileles of known genes in the pathway were identified. One allele 

fails to complement z/pper and three alleles fail to complement PKN. In addition, 

2 alieles interact with PKN, 11 alleles interact genetically with SRF and 11 

alleles with RhoGEF2. These aileles that modify the Rho effect and interact 

geneticaliy with RhoGEF2 are alleles that can possibly be in the RhoGEF2-Rho 

pathway of morphogenesis. Further work on the characterisation of these aileles 

is required for assessing their function and their implication in morphogenesis 

and the Rho pathway.

1.3 Analysis of cell shape changes during gastrulation

1.3.1 First phase of ventral furrow formation
As was observed in the movies of Cadherin-GFP during gastrulation 

there were several new features that have not been described before during 

ventral furrow formation. During the first phase of gastrulation, the celis constrict 

in groups and not individuaily. This is not a novel observation and has been 

seen before, but not described in the same way. In fixed embryos analysed 

before (Sweeten, Parks et al. 1991) by SEMs the cells that constrict usually 

appear as flat indentations in comparison to the circuiar appearance of the non

constricted ceils. In most papers presented, the surface area covered by these 

flat surfaces of constricted ceils occupies more than one cell diameter. Previous 

studies with Cadherin-GFP (Oda and Tsukita 2001) showed that the ceils 

constrict in groups and aiso that the rate of constriction of each group depends 

on the distance the cells are from the ventral midline. In addition, it was more 

obvious to detect groups of cells constricting in the movies of this study, 

because this study used three dimensional representations of the celis. The
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previously published movies (Oda and Tsukita 2001) were of single sections that 

would result in lower resolution. Also, since in SEM analysis there is no staining 

of a molecule that would accumulate in the constricted cells, such as DE- 

Cadherin, then this phenomenon would have been less visible. Again, it was not 

observed in the published movies (Oda and Tsukita 2001) because of the way 

the images were captured.

The cells that constrict in groups did all constrict in the same rate. Some 

cells, usually the ones in the middle, constrict first and the surrounding cells 

follow. If a single time point of these movies was observed, which is like the 

case in the fixed embryo, it would appear as if the central cell constricts, while 

the surrounding cells have not decreased their apical surface to the same 

degree, making it seems as if individual cells had constricted. The fact that cells 

in more central position of the cell group constrict at a different rate from their 

neighbouring cells, as well as the fact that the more peripheral cells do not 

constrict at all, might indicate that there is a dose dependent and secreted signal 

that causes this pattern of constriction. Fog is known to exert its effect in a dose 

dependent manner. It is also a secreted molecule, able to migrate 2-3 cells 

diameter away (Costa, Wilson et al. 1994). This pattern of constriction can be 

explained by what is already known about Fog; that random cells can reach the 

appropriate threshold levels and then the signal is secreted 2-3 cell diameter 

away and causes the constriction of groups of cells. It is also possible that the 

signal causing this pattern of constriction is not Fog, but is an additional signal 

A, that is thought to be redundant with Fog in the first phase of apical 

constrictions.

Actin and Cadherin based projections described here were also not 

observed earlier. It would not have been possible to observe these projections in 

a single section without the three-dimensional depth (Oda and Tsukita 2001) 

and in fixed embryos thin actin based projections do not survive fixation, unless 

they are first stabilised, as in Fig 5.4. These projections could be involved in cell 

communication, fog is redundant with A (Morize, Christiansen et al. 1998) in the 

first phase in which the constrictions are in random cells, but it is required for the 

organisation and constriction of the rest of the cells. For this it needs to activate 

Cta to alter the cytoskeleton of the yet non-constricted cells to change their
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shape (Parks and Wieschaus 1991; Costa, Wilson at al. 1994). The role of the 

projections could be to promote cell communication by enabling the constricting 

cells to transmit the signal to constrict to their neighbouring cells. It is possible 

that this signal promotes constriction in the neighbouring cells or prepares them 

to constrict, so the cells would be ready to proceed to the second phase 

(Sweeton, Parks et al. 1991) at the appropriate time.

Similar projections are also observed in ventral eclosure of C. elegans 

which is a similar process, dorsal closure in flies and in wound healing (Jacinto, 

Wood et al. 2000; Raich, Agbunag, et al. 1999; Williams-Masson, Malik, et al. 

1997; Wood and Martin, Nat Cell Biol in press). Actin based projections or 

filopodia were observed as mediators of long distance signalling in the formation 

of the tracheoblast. In this case, cells in the tracheal branches that surround the 

wing disc, project filopodia that sense the FGF signal in the wing disc. These 

filopodia directionally migrate to the site of the wing disc that expresses the FGF 

ligand. This interaction activates FGF signalling for the formation of the 

progenitors of the thoracic trachea (Abstracts 2002). A similar process might 

occur with the actin based projections in the ventral cells of the embryo. The 

projections could carry the ligand to activate the FGF receptor in the 

neighbouring cells to bring about that cytoskeletal alterations that promote cell 

shape changes.

The second way that these projections may function is simply to provide 

anchoring devices from the opposite sides of a cell and accelerate its 

constrictions. These active structures that have been observed only on the 

apical side of the cells can then attach and fuse to projections of the 

neighbouring cells in order for them to constrict as well. It has been shown in 

dorsal closure and wound healing that when filopodia of opposing cells meet, 

the attachment of the two cells is accelerated (Jacinto, Wood et al. 2000), so it is 

possible that these projections have a role in the gradual process of the 

constriction that becomes accelerated with time. Thus these projections might 

maintain apical constrictions by cross-linking opposite sides of the savr̂ e or 

neighbouring cells. It is therefore a possibility that in fog embryos, cells that 

initially constrict, cannot maintain the constriction (Oda and Tsukita 2001) 

because thej lack the holding force generated by the projections. These
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projections carry Cadherin molecules that could “seal” them when they meet, 

which might explain the accumulation of Cadherin in the constricting cells.

Another possible explanation for the apparent accumulation of Cadherin 

is that it stabilises the constricting cells to maintain their configuration by altering 

the junctions. The junctions are reorganised in the constricting cells and they 

“move” more apically (Cox, Kirkpatrick et al. 1996; Ip and G rid ley 2002), so it is 

possible that higher concentration of Cadherin molecules or stronger 

attachments at the junctions occurs and more Cadherin accumulates in the 

region. Alternatively, if the junctions are more apical Cadherin-GFP might be 

more noticeable from the angle at which the movies are captured. It is not 

known when during apical constriction the junctions become re-organised, which 

makes it difficult to judge how this might be reflected in the observed Cadherin 

accumulation, fog mutant embryos can not maintain apical constrictions, which 

could be because of an inability to accumulate Cadherin.

Finally, the cells that constrict during the first phase follow an asymmetric 

pattern of constriction where two sides meet first and the other two sides follow. 

This opposes the theory that the cells constrict following the purse string model.

1.3.2 Second phase of ventral furrow formation
During gastrulation, the lateral cells enlarge their surface area and stretch 

dramatically towards the ventral midline. The movies of Cadherin-GFP in 

gastrulation revealed that although the ventral cells constrict first, they do not 

invaginate till the lateral cells increase their surface area. This was observed in 

movies from the lateral view. Oda and Tsukita previously proposed that the 

forces that cause the cells to indent in ventral furrow are controlled by the 

balance between the forces of the constricting cells and the forces from the 

lateral cells. In the literature it is not clear if the lateral cells actually participate in 

the invagination. Evidence from mutant twist and snail embryos show that the 

lateral cells produce a force (Leptin and Grünewald 1990). The argument that 

the lateral cells only passively enlarge their apical surface due to the contraction 

force of the ventral cells is based on the observation that ventralised embryos 

are able to produce a furrow without the help of cells with lateral identity (Leptin 

and Grünewald 1990). However, this furrow is broader than the wild type furrow
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and the neighbouring more lateral cells do not enlarge their apices as they 

would have done if they were passively drawn into the furrow (Leptin and 

Grünewald 1990). Therefore, the enlargement of the surface of the lateral cells 

in wild type embryos is not due to passive forces of the constricting ventral cells. 

On the contrary, the lateral cells must be programmed to perform these shape 

changes.

Which is therefore the driving force for ventral furrow formation? As in 

other morphogenetic processes, for example dorsal closure, there is more than 

one driving force required for the event (Kiehart, Galbraith et al. 2000). All the 

different parts of the cell shape changes are required for the normal formation of 

the furrow. For example, fog mutant embryos form a very abnormal furrow 

(Costa, Wilson et al. 1994). The ventral cells in these embryos are able to 

constrict and elongate, but are not able to shorten, indicating that cell shortening 

is the force required for the internalisation of a wild type furrow. On the other 

hand, the snail mutant embryos also do not produce a furrow, but the cells are 

able to shorten (Leptin and Grünewald 1990). Therefore cell shortening is not 

the driving force for this process. Another argument is that the cell constriction of 

the apical side is the driving force for ventral furrow formation (Leptin and 

Grünewald 1990; Sweeton, Parks et al. 1991). However, in RhoGEF2 mutants 

that are at late stage 6, almost 70% of the cells expressing Twist are able to 

constrict and their nuclei are released from the apical side, but the formation of 

the furrow fails. Several other examples show that all the forces are required for 

the formation of the furrow, or at least for the normal progression of the furrow. 

Therefore, forces from cell constrictions, expansions, shortening, lengthening 

and organisation of the cell shape changes are required. Morphogenetic 

processes are complex and the requirement of several co-ordinated forces in 

this case is clearly necessary.

Another feature observed in gastrulation is the formation of the 

membrane blebs by apically constricted cells. The mechanism behind this 

blebbing is not known. The most well-known theory is that during apical 

flattening where membrane blebs have not been observed, the cells lose 

membrane by internalisation, while during apical constriction the excess 

membrane generates detectable membrane blebbing (Sweeton, Parks et al.
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1991). Apically constricted cells in wild type embryos form membrane blebs 

followjvv̂  the second phase of constriction, but not following the first phase in 

wild type embryos or in RhoGEF2 embryos. Also, it is not known what happens 

to the blebs after they are formed, since the embryo is restricted in the vitelline 

membrane and material cannot be easily lost. It is possible that during the 

constrictions the excess membrane would form blebs, but then these blebs 

incorporate back into the cells. It is also possible that in the RhoGEF2 mutant 

embryos the cells do not produce blebs because they cannot flatten, which 

disrupts the whole sequence of subsequent events. In any case though, cells 

are able to constrict without the formation of the blebs, as in RhoGEF2 embryos.

Adherens junctions are reorganised during apical constriction (Cox, 

Kirkpatrick et al. 1996; Ip and Gridley 2002). It is not known whether the 

junctions are broken down transiently and reformed or just “move” along the side 

of the cell, but it is thought that the reorganisation is controlled by Snail, since in 

snail mutants the junctions do not accumulate on the apical side. This could, 

however, be a secondary consequence of the fact that in the snail mutant 

embryos the apical surfaces of the cells do not constrict (Cox, Kirkpatrick et al. 

1996; Oda, Tsukita et al. 1998; Ip and Gridley 2002). If in RhoGEF2 mutant 

embryos the sequence of events is alter because the initial step of apical 

flattening does not occur, this would explain the different shape of the apical 

side of the cells observed in SEMs (Barrett, Leptin et al. 1997), in which the cells 

of RhoGEF2 embryos seem to be attached to each other in a way that is 

different from cells in the wild type embryos. This could be because the cells do 

not reorganise their junctions, which are consequently less apical than those in 

the wild type cells and make the cells seem less adherent. This could be the 

same phenotype as the one observed in snail mutants in which the junctions do 

not migrate apically enough (Cox, Kirkpatrick et al. 1996). If RhoGEF2 is 

downstream of Snail through the additional signalling factor, it is possible that 

Snail and RhoGEF2 share this phenotype. The role of Rho in adhesion is well 

characterised (Fukata and Kaibuchi 2001; Van Aelst and Symons 2002). Rho 

proteins are crucial in the regulation of adherens and tight junctions. Inhibition of 

Rho can cause the removal of Cadherins and interferes with establishment of
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these junctions. There is therefore a need to check the localisation and 

composition of junctions in RhoGEF2 mutants.

The above information also contributes to the hypothesis that the cells 

that constrict in the first phase do so by a different mechanism from that used by 

the cells of the second phase. Evidence for this hypothesis derives not only from 

the fact that the constriction of the second phase produces membrane blebs 

(Sweeton, Parks et al. 1991), but also from preliminary data obtained in this 

study that suggests that myosin does not accumulate on the apical side of the 

constricting cells in the first phase. This can be explained if it is not required for 

individual constriction of random cells, but only as the contractile force of a layer 

of cells that need to invaginate. This role of myosin has been observed in 

worms, in which myosin II is also enriched on the apical side of invaginating 

cells in the gastrula (Ip and Gridley 2002).

How might RhoGEF2 be controlling myosin? It is clear that the two 

proteins are linked. Embryos mutant for RhoGEF2 fail to localise myosin to the 

apical side of cells that will internalise in the ventral furrow (Chapter 5). In 

addition, genetic interactions have been observed between zipper and 

RhoGEF2 mutants, and also between zipper and Rho (Halsell, Chu et al. 2000). 

The effects of Rho signalling on myosin could be through modification of the 

phosphorylation state of Zipper, Spaghetti-squash or myosin regulatory 

enzymes such as myosin light chain phosphatase and kinase. Both Rho and 

RhoGEF2 interact genetically with myosin binding subunit (MBS), a protein 

required for the activity of Myosin light chain phosphatase (Mizuno, Tsutsui et al. 

2002). MBS is also involved in the morphogenetic process of dorsal closure 

(Mizuno, Tsutsui et al. 2002). Rho kinase, which regulates myosin light chain 

(Winter, Wang et al. 2001), has recently been shown to play a role in cell 

elongation in dorsal closure and may function in the same way in gastrulation 

(Mizuno, Tsutsui et al. 2002). This is supported by the effects of altering the 

activity of Rho kinase orthologues in other organisms. In Zebrafish expression of 

DNRok2 blocks elongation of cells along the mediolateral axis (Marlow, 

Topczewski et al. 2002), while in worms, the Rok orthologue, Let-502 is involved 

in reorganising actin filaments and myosin during cell and embryo elongation 

(Chin-Sang and Chisholm 2000). It is therefore likely that Rho kinase is
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important in regulation of myosin by Rho and RhoGEF2 (Mizuno, Tsutsui et al.

2002) to bring about cell elongation during gastrulation.

The gastrulation movies show that the cells of the ventral side stretch and 

become very thin along the A-P axis, and that the furrow occurs in a wave of 

constrictions. This is supported by mathematical modelling of apical 

constrictions generated by the cytoskeleton (Odell, Oster et al. 1981) and by 

previous studies with Cadherin-GFP (Oda and Tsukita 2001). Analysis of fixed 

embryos in previous years gave no evidence for this model (Leptin and 

Grünewald 1990; Sweeton, Parks et al. 1991). The data indicated that the 

transition from the first to the second phase occurs very fast, and even when 

large numbers of embryos were studied the transition phase was not observed 

(Sweeton, Parks et al. 1991). Another process in which invaginations occur in 

the embryo is the posterior midgut (Sweeton, Parks et al. 1991). Here cells 

change their shape in the same way as in ventral furrow and the same genes 

are involved for these cell shape changes, fog, cta and RhoGEF2 mutants fail to 

internalise the posterior midgut (Sweeton, Parks et al. 1991 ; Barrett, Leptin et al.

1997). The constrictions in the posterior midgut also occur as a wave, in which 

the dorsal cells start constricting first, then the cells underneath the pole cells 

follow and the finally the ventral cells change their shape (Sweeton, Parks et al. 

1991). It is therefore possible that this is also the case for the formation of 

ventral furrow.

Once the furrow is initiated, cells move towards the furrow and then 

stretch along the A-P axis as well. The lateral cells not only stretch towards the 

furrow, but there is also a movement of cells towards the ventral side. In 

addition, during sealing of the ventral furrow, several proteins accumulate when 

the two sides of epithelial layers meet. The sealing of the embryo is 

asynchronous along its length and adhesion molecules like E-cadherin and the 

beta subunit of integrin accumulate, possibly to seal the furrow. In addition, 

myosin accumulates at high levels in this region.

1.4 RhoGEF2 in gastrulation

RhoGEF2 functions in gastrulation for the organisation of the cell shape 

changes required during the second phase of ventral furrow formation. Cells in
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RhoGEF2 mutant embryos are able to constrict randomly during the first phase 

but myosin fails to accumulate on the apical side of the ventral cells. This 

accumulation of myosin is required presumably for the contraction force that 

drives the invagination. The cells that constrict in RhoGEF2 embryos are able to 

accumulate myosin in their apical side, but the number of cells that do this is 

probably not sufficient to cause invagination or other processes are also 

blocked. The ventral cells in RhoGEF2 null mutant embryos are also able to 

elongate. Since RhoGEF2 is required in the 2"̂  phase, but the cytoskeleton 

reorganises in both phases to promote cell shape changes, it is possible that 

Rho is required in both for the cytoskeletal rearrangements. Rho may be 

activated during the first phase by another GEF and during the second phase by 

RhoGEF2 to promote epithelial organisation for folding.

It is possible that RhoGEF2 does not reorganise only actin and myosin 

for the cell shape changes, but the microtubule network as well. Microtubules 

have not been shown to have an effect in gastrulation, but they are implicated in 

other process where nuclear movement is required, such as in pre-blastoderm 

stages and in the photoreceptor nuclei behind the morphogenetic furrow (Baker, 

Theurkauf et al. 1993; Fischer-Vize and Mosley 1994; Mosley-Bishop, Li et al.

1999). RhoGEF2 might have an effect in the photoreceptor nuclear movement, 

since the apical migration of the nuclei is not always normal in RhoGEF2 mutant 

eye disc. RhoGEFs such as GEF-H1, p190RhoGEF and Lfc localise to the 

microtubules and have effects on their stability (Schmidt and Hall 2002). GEF- 

H1 regulates cell morphology by promoting cell elongation and polarisation and 

inducing slim projections at the cell edges that are different from filopodia 

(Krendel, Zenke et al. 2002 58). Microtubules are also involved in cell shape 

changes during dorsal closure (Abstracts 2002). Furthermore, in mammalian 

cells microtubules are linked with the Rho signalling pathway (Wittmann and 

Waterman-Storer 2001) and it is possible that microtubules might de-polymerise 

during cell shortening in the ventral furrow, since Rho-dependent disruption of 

microtubules induces contraction in vascular smooth muscle cells (Zhang, Wang 

etal. 2001).
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1.5 Signalling during ventral furrow formation

For the internalisation of ventral furrow a series of events based on cell 

shape changes are required. The signalling required for the formation of the cell 

shape changes is not completely elucidated yet. The ventral cells are able to 

constrict when they reach a specific level of the zygotic factors that control the 

constrictions (Sweeton, Parks et al. 1991; Costa, Wilson et al. 1994). When 

enough cells have reached these levels, then all the cells organise themselves 

and constrict, fog and cta (Parks and Wieschaus 1991; Costa, Wilson et al. 

1994) as well as RhoGEF2 are required for the co-ordination of this change, 

since in mutant embryos of these genes the cells do not organise themselves 

and continue to constrict in random places.

1.5.1 The second signal that RhoGEF2 receives could be through
Snaii

fog over-expression can rescue the twist but not the snail mutant 

phenotype. It is therefore hypothesised that an additional signal to Fog, signal A, 

is required for ventral furrow formation and is controlled by Snail (Morize, 

Christiansen et al. 1998). A can be redundant with fog for the first phase of 

gastrulation, but required to function in addition to fog for the second phase of 

gastrulation (Morize, Christiansen et al. 1998). It is therefore likely that this 

second signal can activate RhoGEF2 and explain why this exchange factor 

would have a stronger phenotype than fog. Mutations in RhoGEF2 would reflect 

the effects of missing fog regulated by Twist and A regulated by Snail. One of 

the proposed models is that Twist activates fog, and Fog signals to RhoGEF2. 

The theory put fon /̂ard here is that in addition to the Fog signal. Snail activates 

A and then A also activates RhoGEF2 (Fig 6.1).

Several screens, for zygotic and maternal genes have been carried out 

(Leptin and Grünewald 1990; Costa, Wilson et al. 1994; Yoshioka, Ghuchi et al. 

1996; Leptin 1999) in order to identify signal A. Candidate genes have not been 

identified. This might be because mutations in this gene might not entirely block 

constrictions, just their initiation, or because Fog can compensate for this loss. 

Therefore, this molecule might be identified in a background that is sensitised by
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mutations in fog such that a mutation in this additional component would 

enhance the fog phenotype.

Twist 1 I Snail

*

^  RhoGEF2 ^

Figure 6.1: A model for RhoGEF2 
activation during Drosophila 
gastrulation

1.5.2 Complications in signalling for the formation ventral furrow

The above model can explain the phenotype of the genes involved in 

gastrulation and is a simple way to illustrate the signalling involved for ventral 

furrow formation. Since signalling pathways are not usually simple and linear, it 

is likely that the signal transduction network for ventral furrow formation is more 

complicated than the model proposed. Some of these complications are 

discussed below and can possible explain some of the known evidence that do 

not fit in the already proposed model.

• Fog and A are complementary during the first phase

There are several different possible ways in which the signal transduction 

pathways can regulate the formation of ventral furrow. It is accepted that another 

signal in parallel with Fog is required (Morize, Christiansen et al. 1998), and it is 

also accepted that RhoGEF2 has a stronger phenotype than eta and fog 

(Barrett, Leptin et al. 1997).

It is possible that Fog and the additional signal, A, are not redundant 

during the 1 '̂ phase of apical constrictions. This is supported by the fact that fog 

mutants do not progress through the first phase of gastrulation normally as 

shown by real-time analysis of gastrulating fog embryos (Oda and Tsukita

2001). It is also known that Fog has a dosage-dependent effect (Costa, Wilson 

et al. 1994). In addition, it might be likely that cells can initiate constrictions not
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only when they receive the appropriate levels of Fog signal, but also when they 

receive the appropriate levels of any other signal, e.g. A, that would cause them 

to constrict. For example, the cells would constrict when they reach the 

appropriate levels of a “constrict” signal through a combination of Fog and A. 

Thus in embryos where Fog overexpression results in constriction, the 

constriction is initiated when the combination of Fog and A reaches the 

threshold. If this hypothesis is correct Fog overexpression in A mutant embryos 

would only cause constriction if the levels of Fog were so high that they would 

overcome the need for A. Since in Fog mutants, cells constrict in a disorganised 

way (Oda and Tsukita 2001), neither Fog nor A alone can cause normal 

constrictions. This evidence therefore supports the fact that A and Fog are not 

redundant but complementary even in the first phase.

• There are more signals than Fog and A
There is also the possibility that there is more than one signal in addition 

to Fog that it is required for initiation or progression of constrictions. Several 

targets could be activated by the master regulators Twist and Snail, since they 

are transcription factors (Leptin 1991; Leptin 1995; Leptin 1999). On the other 

hand, in embryos in which Twist is expressed everywhere (Leptin and 

Grünewald 1990), or Fog or Cta are overexpressed (Morize, Christiansen et al.

1998), all the cells flatten and are able to constrict, but the cells on the ventral 

side of the embryo are the ones that form a furrow. This is not because these 

cells have different properties (Leptin and Grünewald 1990), or because of 

mechanical constrains and forces due to the shape of the embryo, since furrows 

can form even on the dorsal side of the embryos in transplantation experiments 

(Leptin and Roth 1994). This evidence implies the existence of other spatial 

regulators of the process that would act in parallel to the known signals. 

Different signals might be needed to regulate all the different cellular events at 

each stage. There are at least six steps only in the first phase of ventral furrow 

formation (Oda and Tsukita 2001), which is simpler than the second phase. 

Since there are numerous events that need to be controlled, several signals 

could be required to regulate all of them. So it is possible that there are several
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additional signals that would be controlled by Twist or Snail or both, or even by 

another factor.

• cta has a stronger phenotype from fog
cta has a slightly stronger phenotype than fog (Sweeten, Parks et al. 

1991). It is possible that Cta has basal activity in fog mutants that is missing 

from cta mutants, although it is also possible that Fog is substituted by 

something else (Sweeten, Parks et al. 1991).

• The role of GJ3/

Another complication in the signalling for the formation of ventral furrow 

is the beta and gamma subunit of the heterotrimeric G-protein that would form 

the inactive complex with Cta. Mutations in the beta subunit Gpi3F result in 

cuticle holes on the ventral side that resemble the phenotype seen in cuticle 

preparations of the cta embryos (Schaefer, Petronczki et al. 2001). Although it is 

not known if this G beta is actually the partner of Cta, it is clear that it is involved 

in a signalling pathway required for ventral furrow formation. The phenotype of 

this gene has not been analysed any further so it is hard to derive conclusions of 

the exact role of Gbeta, but it is likely that they have common and not 

complementary functions. Since the two genes have similar effects and severity 

of phenotypes, then mutations in one can not result in hyper-activation of the 

other, especially since the effect of activated Cta is apical flattening and 

constrictions (Morize, Christiansen et al. 1998). In the case that Gbeta was 

mutated, it is possible that Cta would not be able to form the inactive complex 

and therefore might not be activated, especially since Cta can be inhibited by 

RhoGEF2. In addition, in Gbeta mutants, Galpha can be degraded. It is also 

shown that another GEF, P-Rex-1, can become activated from Gpy (Welch, 

Coadwell et al. 2002).

• Cta hyper-activation in RhoGEF2 mutants
The same is true for the phenotype of RhoGEF2. One can think that since 

RhoGEF2 is missing from the cell, the activated Cta would not be switched off
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and therefore the phenotype of RhoGEF2 is a result of hyperactivation of Cta 

(Morize, Christiansen et al. 1998). This would explain why RhoGEF2 mutants 

have a stronger phenotype than cta mutants, rather than the alternative of 

another signal. Flowever, the phenotype of RhoGEF2 mutant embryos does not 

resemble the phenotype of activated Cta (Morize, Christiansen et al. 1998), 

which rules out this possibility.

1.5.3 The second signal that RhoGEF2 receives couid be through 

either or both Twist and Snail

Assuming that there is more than one signal in addition to Fog, then 

RhoGEF2 can possibly receive several signals through both Twist and Snail. 

RhoGEF2 has several domains, for example the C l and the PDZ domain, and a 

signal from both of these as well as from the RGB domain may be required to 

fully activate the exchange factor. RhoGEF2 activation can be a dosage 

dependent effect, depending on the duration and strength of the activation. In 

the case of the signal through Fog, RhoGEF2 switches off the Galpha, Cta, and 

the signal has a specific lifetime. But it is possible that other signals that 

RhoGEF2 receives do not have a direct mechanism of inhibition. In this case, if 

X molecules of RhoGEF2 are activated, the first step of the cell shape changes 

is possible, if 2X molecules of RhoGEF2 are activated, not only the first but the 

second step of the cell shape changes is possible (Fig. 6.2).

A

1

A + B

1
▼

X RhoGEF2

i

▼
2X RhoGEF2 

1
t

Step 1 Step 2 or
Step 1 + 2

Figure 6.2: Model for activation of RhoGEF2 in 
a dose dependent manner. A,B: signals, X: 
amount of RhoGEF2 activation, “step”: the 
different steps in the sequence of cell shape 
changes.

The extent of duration of RhoGEF2 activation might also affect the 

selectivity of the system. For example, if RhoGEF2 is activated for Y amount of 

time it may bind the Rho target T 1 through the PDZ domain and activate Rho to 

activate target T 1 to perform the first step of cell shape changes. If it is activated
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for 2Y amounts of time, then RhoGEF2 might bind to a different downstream 

target of Rho that is less in quantity or has a lower affinity for the exchange 

factor. In this case RhoGEF2 can activate Rho to activate target T2, or T1 and 

T2, to cause the second step in cell shape changes. Considering also the 

situation that multiple signals may be needed for one specific step in the 

sequence of events, and that the amount and the duration of each signal to 

activate RhoGEF2 can differ, there is an enormous amount of combinations that 

might need to be balanced for the proper activation of the exchange factor, the 

small GTPase and their targets (Fig. 6.3). Therefore, the signalling network that 

controls cell shape changes during gastrulation is likely to be far more 

complicated than one specific signal to a linear pathway activated by Twist and 

a second specific signal to a second linear pathway activated through Snail. 

Finally, there is the possibility that RhoGEF2 becomes activated not only by 

activating signals, but also by the release of inhibition from other signals. Snail is 

a transcription factor that can inhibit several genes (Leptin 1991; Leptin 1999), it 

is therefore likely that Snail might be required to inhibit a gene that inhibits the 

fully activation of RhoGEF2 and only upon release of this inhibition RhoGEF2 

would function.

Y + Y

R hoG E F2-T1

Rho

Step 1

RhoGEF2 — T2 or 
RhoGEF2 -T1 + T2

W
Rho

I
Step 2 or 

Step 1 + 2

Figure 6.3: Model for activation of 
RhoGEF2 depending on the duration 
of the signai. Y= duration of signai,
T1, T2= targets of Rho interacting with 
RhoGEF2, “step”= the different steps of 
ceii shape changes.

To support the above hypotheses, it is known that there are dosage 

dependent effects in ventral furrow formation. It is believed that the cells in the 

ventral side of the embryo need to reach a threshold of a signal to initiate cell 

shape changes, since one copy of Twist is not as efficient as two copies for 

ventral furrow formation (Leptin and Grünewald 1990). Expression of six copies
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of fog can cause cells in the dorsal anterior side to constrict (Costa, Wilson et al. 

1994), and the levels of Snail regulate which targets it will activate (Hemavathy, 

Meng et al. 1997). It is therefore likely that the machinery of the cell that 

regulates the cytoskeleton to change its shape requires a specific amount of 

each signal to perform this function. In this case, Rho GTPase would have a 

dose dependent activation in order to alter the cytoskeleton accordingly and 

produce the series of events required for ventral furrow formation. This control of 

Rho dosage-dependent activation would be regulated by the exchange factor by 

a similar mechanism described above for RhoGEF2.

1.6 Signal from the FGF receptor

The second signal that activates RhoGEF2 could be from the FGF 

signalling pathway. The FGF receptor Heartless is expressed in the ventral 

furrow (Shishido, Higashijima et al. 1993) and expression of the dominant 

negative form of the receptor at early enough stages produces a malformed 

furrow that resembles the effect that expression of dominant negative Rho has 

at this stage. Heartless expression is dependent on Twist (Shishido, Higashijima 

et al. 1993), but since zygotic mutants have defects at later stages during 

mesodermal cell migration (Shishido, Ono et al. 1997; Michelson, Gisselbrecht 

et al. 1998; Wilson and Leptin 2000), it is more likely that the maternally derived 

protein is required during gastrulation. According to the model proposed here, 

the signal A is more likely to be controlled by Snail and required zygotically 

(Costa, Wilson et al. 1994; Morize, Christiansen et al. 1998). Therefore it is 

possible that the ligand for Heartless is expressed zygotically, under the control 

of Snail to activate a maternally derived factor, which is the receptor in the same 

way that the zygotic gene product Fog activates the maternally derived protein 

Cta (Morize, Christiansen et al. 1998). Unfortunately, ligands for Heartless have 

not been identified in Drosophila and searches by sequence homology to the 

FGF ligands from other species do not reveal any other proteins that could serve 

the role, apart from the predicted gene CG 7447 that shows homology to the 

Xenopus FGF1 ligand. This predicted protein has EGF-like repeats and calcium 

binding domains. When the Drosophila FGFR Heartless is introduced in 

Xenopus, it acts as an FGFR in this system (Yoshioka, Ghuchi et al. 1996)
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Implying that an endogenous signal would activate the Drosophila receptor. In
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situ hybridisation of mRNA of this gene would indicate or not it is localised in the 

ventral cells like Fog. However, since the expression of the receptor is localised 

it is possible that the signal is expressed ubiquitously and activates the pathway 

in the cells in which the receptor is expressed. It is also likely that htl mRNA is 

provided maternally or even regulated by Twist, but translation is repressed until 

Snail releases this repression.

The link between FGF and Rho signalling is likely to be through 

RhoGEF2. In mammalian systems, activation of FGF receptor leads to activation 

of phospholipase C that can catalyse the formation of DAG from PIP2 (Divecha 

and Irvine 1995; Benjamin 2000). Since RhoGEF2 has a Cl domain that might 

bind DAG, it is possible that DAG activates RhoGEF2 during gastrulation and as 

a result causes the cell shape changes involved in ventral furrow formation.

Evidence in the literature shows that it is possible that the FGF and the 

Rho pathways synergise to induce cell shape changes. Rho and FGF signals 

interact in breast cancer (Bourguignon 2001) and angiogenesis in the mouse 

retina (Yamada, Yamada et al. 2000). Also activation of the FGF receptor 

causes the activation of PKC and PLD that can be blocked by the inhibitor of 

Rho, 03 transferase, indicating that Rho is involved (Sa and Das 1999). 

Furthermore, basic FGF can activate transcription of SRF through Rho 

(Spencer, Major et al. 1999). There are also several examples that Rho 

GTPases signalling is coupled with PKC and PLC signalling. The phorbol ester, 

phorbol myristate acetate (PMA) can activate Rho and PKC in Xenopus 

oogenesis (Schmalzing, Richter et al. 1995). Rho and PKC are also implicated 

in the same pathway in yeast, where activated Rhol can activate PKC1 to re

organise the actin cytoskeleton (Delley and Hall 1999). In addition, phorbol ester 

stimulation of Rho can be through GEFs, where Rho can become activated in 

response to phorbol ester treatment in MDCK epithelial cells and translocates to 

the sites of membrane ruffling, cell-cell adhesion and cleavage furrows 

(Takaishi, Sasaki et al. 1995). Also, Vav binds and can become activated by 

phorbol esters (Gulbins, Coggeshall et al. 1994). In addition, phorbol esters can 

have an effect in myosin phosphorylation (Bresnick 1999). For example, in 

resting T-lymphocytes and platelets upon stimulation with phorbol esters the



Chapter 6: Discussion
page 229

heavy chain gets phosphorylated by PKC. Likewise, calcium mobilisation 

involves the localisation of RhoA to the plasma membrane and the formation of 

protein complexes (Thodeti, Massoumi et al. 2002). Since the three PKC genes 

identified in flies have restricted expression in adults and in particular in the 

head/eye region and transgenic studies showed that they PKC is implicated in 

learning (Rosenthal, Rhee et al. 1987; Schaeffer, Smith et al. 1989; Kane, 

Robichon et al. 1997), another kinase closely related to PKC, the PKD 

(Matthews, Iglesias et al. 1999) might be implicated in ventral furrow formation. 

PKD and Rho signalling are also associated. PKD can become activated by 

signalling pathways mediated by Rho and PKC both via Gai3 and can bind to 

both Rho and Lbc exchange factor in order to become activated. (Rey, Young et 

al. 2001 ; Yuan, Slice et al. 2001).

In addition, it is shown that the FGF pathway is involved in gastrulation 

and morphogenetic processes of other organisms. During mouse gastrulation 

Snail and FGFR1 signals interact and the FGF signal regulates morphogenetic 

cell movements during gastrulation (Ciruna and Rossant 2001). Mutations in the 

murine FGFR1 causes early embryonic lethality due to thickening of the 

primitive streak, which is formed by cell shape changes, and defects in the 

mesoderm (Yamaguchi, Harpal et al. 1994). Also iv\ flies FGF signalling has a 

direct effect on the cytoskeleton, independent of the effect in MARK cascade 

(Wilson and Leptin 2000). Htl can cause invagination of various types 

(Michelson, Gisselbrecht et al. 1998) and activated heartless has an effect in 

wing veins (Reich, Sapir et al. 1999). In general FGFs are potent regulators of 

development (Olson 1992). Therefore it is likely that a signal from FGF receptor 

is involved in Drosophila gastrulation.

1.7 Summary and conclusion

1.7.1 Summary

RhoGEF2 has the same effect on epithelial folding and cell shape 

changes throughout fly development. Therefore the exchange factor is likely to 

be the molecule that selects the specific outcome for the GTPase. RhoGEF2 is 

involved in myosin localisation during ventral furrow formation, where it is 

required for the organisation of the monolayer to change its morphology and
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fold. During this process, RhoGEF2 most likely is activated by more than the 

Fog signal and an additional signal might be from the FGF signalling pathway 

(Fig. 6.4).
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Figure 6.4: Model of potential 
mechanism of activation of 
RhoGEF2 and signal transduction for 
ceii shape changes. Question marks 
indicate that the interaction has not 
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1.7.2 Conclusion

This study provided information on signalling pathways, how specificity 

can be achieved in a pathway as well as information on how morphogenetic 

processes involving cell shape changes occur. For example the same cell shape 

changes studied during ventral furrow formation occur repeatedly during 

development in all animals, such as during vertebrate neurulation, where the 

bending in the midline of the neural plate and the generation of the hinge points
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occur by similar cell shape changes as in Drosophila gastrulation. There are 

several diseases caused by neural tube defects (Juriloff and Harris 2000; 

Wolpert, Beddington et al. 2002) and analysing the molecular mechanism in a 

simpler and genetic tractable organism might help to elucidate the process. 

Further work to identify the molecular mechanism of cell shape changes and the 

involvement of important signalling pathways, such as the Rho and the FGF will 

follow. The signalling and the physical forces that drive invaginations will be 

further studied as well as the way that FGFR and G-protein couple receptors 

could activate Rho signalling to alter the cellular cytoskeleton required for 

morphogenetic events.

Both the understanding of signalling specificity and the mechanisms of 

morphogenesis are important features in a number of defects, such as genetic 

diseases and cancer. Therefore, understanding morphogenesis and signalling 

can provide insights into pathogenesis and possible treatments for these 

diseases.
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