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ABSTRACT 

Drosophila nemo (nmo) encodes a serine Ithreonine kinase that was originally 

identified as a gene required for the establishment of planar polarity of the ommatidia and 

has since been implicated in a number of other developmental processes including wing 

vein cell fate specification and embryonic apoptosis. 

Initially, the goal of this research was to further characterize the role of nemo as a 

pro-apoptotic gene and determine through which pathway(s) it acts. Part of this 

investigation led to a detailed characterization of genetic interactions between nemo and 

components of the Epidermal Growth Factor receptor (Egfr) pathway. The Egfr 

pathway plays a role in negatively regulating cell death as well as being involved in wing 

vein specification as a pro-vein factor. In contrast, nemo acts to specify intervein fates, 

suggesting that the two could be acting antagonistically in both the wing and embryo. 

My genetic analysis suggests that nemo may be acting upstream of Egfr along with other 

regulatory-genes to inhibit Egfr signaling. 

Also analyzed in this thesis are loss of function clones of nemo in the wing and 

embryo. Loss of nemo in the wing leads to ectopic veins adjacent to L2, the posterior 

cross vein (PCV) and below L5. By marking clones with an autonomous marker, 

multiple wing hairs (mwh), I was able to show that the ectopic vein specification is non- 

autonomous and is also not fully penetrant, meaning that a clone in a sensitive area does 

not necessarily lead to ectopic vein. The last thing I evaluated was the hair polarity 

defect found in nemo mutant wings. The hair pattern of mutant wings was examined as 

well as cell size and shape to distinguish between whether the polarity defect was due to a 

misplacement of the hair, a discrepancy in cell shape or cell size. 

My studies suggest that Nemo is signaling through complex mechanisms that 

likely involve a number of pathways. This is supported by the observations that Nemo's 

role in vein specification is non-autonomous and reflects complex genetic interactions 

with the Egfr pathway. 
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INTRODUCTION 

Morphogenesis and pattern formation are the processes through which cells, 

tissue types and organs acquire and maintain their identity. This development of form 

and structure is accomplished through cell fate specification, apoptosis, and cell 

migration, to name a few (Fristrom, 1988). The signal transduction pathways involved in 

morphogenesis are highly integrated making the elucidation of specific genetic 

interactions a complex and involved process. However, as these signaling pathways are 

often conserved across species, using model organisms, such as Drosophila 

melanogaster, can make studying these genetic interactions more feasible and 

information can later be applied to other systems. An area where genetic integration of 

signaling pathways and complex genetic interactions have been well characterized is in 

limb formation during Drosophila development. 

Drosophila adult appendages (legs, wings, halteres, antennae) originate from 

structures referred to as imaginal discs. During embryogenesis, small clusters of 

epithelial cells are set aside until larval stages during which they proliferate as imaginal 

discs. Larval development takes place in three stages (first instar, second instar, third 

instar) and during these stages the discs are actively growing and patterning is occurring 

to eventually form folded, single layer, epithelial sacs. Just preceding puparium 

formation, the imaginal discs stop proliferating and begin to unfold and fuse to form adult 

structures (ht tp : / /www.ucalgary.ca/UofC/eduweb/vi~o/D - m - limb.htm1). 

The two wing imaginal disc gives rise to the wings and thorax. The portion of the wing 

imaginal disc that gives rise to the wing is the wing pouch (Figure ID). The wing 



Figure 1 : Wing development in Drosophila : (A) wildtype adult wing, (C) A wildtype 

wing image with wing veins labeled L1-L5. Dorsal sided veins are: L1, L3, ACV, distal 

end of L4 and L5. Ventral sided veins are: L2, proximal end of L4 and PCV. (B) A 

nmoadk' mutant wing. Note the ectopic veins at the PCV, and between L2 and L3, and 

also the smaller, rounder shape of the wing. (D) The imaginal disc is shown with the pre- 

patterned veins and dorsalhentral (dlv) boundary indicated. The wing pouch will fold 

out to make a wildtype wing. 





pouch is bisected by the Dorsal/ Ventral (DN) boundary which will give rise to future 

wing margin. 

The adult wing begins to be formed when the dorsal and ventral epithelial sheets 

become apposed. The wing margin, marked with several rows of sensory bristles, defines 

the dorsallventral boundary (DN). On the surface of the wing blade there are five 

longitudinal veins (labeled L1 -L5 in Figure 1 A), and two cross veins; the anterior and 

posterior cross veins, named ACV and PCV, respectively. 

The specification of vein and intervein cell fates is accomplished through the 

integration of signaling pathways and complex genetic interactions. The major events 

occur in a well-established hierarchy that has been organized into a tier system (Table 1) 

(Sturtevant and Bier, 1995). Any detailed understanding or study of vein cell fate must 

take the tiers into consideration due to integration of pathways and genetic cross talk 

between tiers (Biehs et al., 1998; Lunde et al., 1998). My project involves examining and 

further characterizing some of the complex and often conflicting genetic interactions that 

affect proper wing patterning. I examined the hierarchy of guiding vein patterning as 

well as the broader issue of wing shape and size. The following is a summary of the 

major events that occur in each tier of development. 

Tier 1 occurs during the third instar larval stage in the wing pouch of the imaginal 

disc and involves the division of the wing pouch into anteriorlposterior and dorsal 

/ventral sectors through the activation of morphogenetic signals by the prepattern genes. 

The thresholds of the morphogenetic signal concentrations determine the AIP boundaries. 

Longitudinal vein specification also begins as genes involved in the organization of vein 

and intervein cell fates are activated in narrow stripes along the anteriorlposterior 



Table 1 : Vein and Intervein Differentiation 
A summary of the major events and genes involved in each Tier of wing development 

Tiers 

Tier 1 

Tier 2 

Tier 3 

Tier 4 

Major Events and Genes Involved 
- Prepattern genes activate morphogenetic signals 
- wing is divided into posterior and anterior compartments 
- longitudinal vein s~ecification 
- Eg;fr pathway acts as the major vein specifying pathway 
through rhomboid 
- net and plexus restrict rhomboid to the primordial veins 

- veins are further refined from 7-8 rows to one row through 
inhibition of rhomboid by Notch 

- Dpp acts to further refine veins through inhibition of Notch 
- signaling between the dorsal and ventral surfaces cements vein 
cell fate. 



boundaries by short range signals (Biehs et al., 1998). The longitudinal veins are 

organized perpendicular to the D N  boundary. The wing imaginal disc can be visualized 

such that the veins are already organized on a ventral or dorsal side (figure ID) and will 

fold out to form the adult wing (Sturtevant and Bier, 1995). These two axes plus the 

proximal- distal axis all integrate to properly pattern the wing. 

The Epidermal growth factor receptor (Egfr) signaling pathway plays a major 

role during Tier 2 of wing development as a vein-specifying pathway. As most of the 

Egfr pathway components are expressed ubiquitously throughout the wing, without tight 

regulation the entire wing could adopt a vein cell fate. The gene rhomboid (rho) is the 

only Egfr pathway component not expressed ubiquitously in the wing, and therefore it is 

not surprising that it is the vein-limiting factor and that proper vein pattern development 

is dependent upon the restriction of rho expression to the primordial veins (Bier, 1998; 

Freeman, 1997; Sturtevant and Bier, 1995; Sturtevant et al., 1993; Wasserman, 1997). A 

pair of proteins that acts to restrict rho expression are Net and Plexus (Px) (Brentrup et 

al., 2000; Matakatsu et al., 1999). See appendix 2 for a more detailed description and 

diagram of the Eg$r pathway. 

Net is a basic helix loop helix (HLH) transcription factor and Px is a novel 

nuclear matrix-associated protein. net is expressed in the intervein regions 

complementary (and mutually excusive) to rho (Brentrup et al., 2000; Matakatsu et al., 

1999) and acts as a transcriptional repressor of rho. On the other hand, Px is 

ubiquitously expressed throughout the wing pouch and is thought to act as an anchor for a 

protein complex involved in transcriptional repression of rho (Matakatsu et al., 1999) due 

to its localization to the nuclear matrix. Bothpx and net loss of function mutants result in 



a similar pattern of ectopic veins in adult wings that resemble a "net" and an expansion of 

rho expression into the intervein region in larval discs (Brentrup et al., 2000; Matakatsu 

et al., 1999). Of note, ectopic expression ofpx in the wing also leads to ectopic veins 

and an expansion of rho expression. This is thought to result from a dominant negative 

effect where too much Px skews the balance of available proteins that may be involved in 

a transcriptional complex (Matakatsu et al., 1999). As Net is able to regulate expression 

of rho, so is Rho able to regulate the activity of Net. This is demonstrated by the mutual 

repression of ectopically induced phenotypes that is seen upon co-expression of both 

genes (Brentrup et al., 2000). 

During Tier 3, the provein region, which is 7-8 cells wide, is refined to a single 

stripe that will become the vein. This refinement involves the restriction of rho 

expression to this narrow stripe of veins by Notch (N) signaling (Garcia-Bellido and de 

Celis, 1992; Sturtevant and Bier, 1995). 

In Tier 4 decapentapelegic (dpp), a vein-promoting gene, is activated by E d r  

signaling in provein cells. Dpp inhibits the expression of N in proveins, specifically the 

central row of cells that will become the veins. This allows these cells to adopt a vein 

cell fate (Brentrup et al., 2000). The last steps in the refinement of the veins depends on 

a less well-understood process where predetermined vein cells of the dorsal side signal to 

the underlying ventral cells to maintain vein cell identity (Garcia-Bellido, 1977; Garcia- 

Bellido and de Celis, 1992; Milan, 1997). 

For my thesis, I was interested in further characterizing the role of the Drosophila 

intervein-promoting gene Nemo (nmo) and in integrating nmo 's role into the well- 

established hierarchy guiding wing development. Nmo is the founding member of a novel 



family of serine threonine kinases, similar to the mitogen activated kinase (MAPK) 

family, and has been implicated in a number of developmental processes, including wing 

development, embryonic patterning, Wingless pathway signaling and apoptosis (Choi and 

Benzer, 1994; Mirkovic et al., 2002; Verheyen et al., 2001). One of the prominent 

features observed in nrno loss of function homozygous adults is an alteration in wing 

patterning and size, which results in ectopic veins and a smaller, rounder wing. When 

nrno is ectopically expressed, the Gal4IUAS yeast expression system during wing 

development, we see an elongated, more pointed wing and loss of the PCV and ectopic 

veins at L2 (Verheyen et al., 2001). Although the elongated shape and loss of PCV are 

phenotypes we would expect when nrno is ectopically expressed (as they are opposite to 

loss of function phenotypes), the ectopic veins are surprising as this is a phenotype 

typical of ectopic expression of a vein promoting gene such as Egfr. This duality leads to 

some controversy as to what nrno is doing in the wing during development; is nrno acting 

to promote veins, inhibit veins, or both? 

Homologues of nrno have been identified in humans (Dres 16), mice (Nemo-like 

Kinase, Nlk) Xenopus (xNlk), Fugu rubripes (Nlk) and C.elegans (lit-1) ((Brott et al., 

1998; Choi and Benzer, 1994; Harada et al., 2002; Hyodo-Miura et al., 2002; Kehrer- 

Sawatzki et al., 2000; Meneghini et al., 1999; Rocheleau et al., 1999). Nlk family 

members have been shown to act as regulators of the Wnt/ Wingless (wa) pathway 

through the inhibition of TCFILEF transcription factor activity (Ishitani et al., 1999; 

Rocheleau et al., 1999; Shin, 1999). The phosphorylation of TCF inhibits the DNA 

binding activity of the TCFI--catenin complex (Ishitani et al., 1999). Depending on the 

organism and developmental timing, this can either inhibit Wnt signaling or promote Wnt 



signaling. In Drosophila, the Wingless pathway has a role in the establishment of 

different cell fates and in the subdivision of embryonic developmental segments into 

posterior and anterior segments. Drosophila TCF (pangoliddTCF) transduces the 

Wingless signal through its association with Drosophila --Catenin (Armadillo, arm). wg 

signaling acts to stabilize cytoplasmic Arm, allowing it to translocate to the nucleus 

where it interacts with dTCF and results in the transcriptional activation of Wingless 

target genes ((Brunner et al., 1997; van de Wetering et al., 1997). Although a role has 

been established for Nlk family members in the Wnt pathway, genetic data also suggests 

that it may be acting through other pathways as well, particularly during embryonic 

development and wing development (Mirkovic et al., 2002; Verheyen et al., 2001) 

The ectopic veins seen in nrno mutants are reminiscent of those seen in net andpx 

loss of function mutants (Figure 2 C and E) (Brentrup et al., 2000; Matakatsu et al., 1999; 

Verheyen et al., 2001). As nmo,px and net had been previously shown to act 

synergistically (Figure 2 D and F), it seemed possible that these three genes were acting 

together to inhibit wing vein formation. Previous results had shown that heterozygosity 

for the rho allele veinlet (loss of function) suppressed nrno loss of function ectopic veins 

suggesting that nrno and rho interact antagonistically (Verheyen et al., 2001; P. Mau, 

unpublished). This result suggested that nrno could be acting with net andpx to dow 

regulate rho in the presumptive intervein further supporting a synergistic interaction for 

nmo, px and net. 

Further support for such and idea comes from the observations that the ectopic 

nrno wing shape (an elongated and pointed wing) is similar to those seen in Eg;fr pathway 

mutants (Diaz-Benjumea and Garcia-Bellido, 1990; Martin-Blanco et al., 1999). The link 



Figure 2: nmo net andpx known interactions (A) wildtype, (B) nmoadkl homozygote, (C) 

net homozygote, (D) net; nmoadkl double mutant, (E) px homozygote and (F) px;nemo 

double mutant. Figure is taken from Verheyen et a1 (2001). 





between wing shape and veinlintervein cell fate also suggests that the genes involved in 

vein fate specification are conserved in wing shape specification (Verheyen et al., 2001) 

making wing shape another alternative to studying genetic interactions involved in vein 

fate specification. 

By re-evaluating and expanding on the analysis of genetic interactions between 

nrno and Egfr pathway components, I present evidence that suggests nrno is, in fact, 

involved in this pathway and interactions seen thus far are not due to an additive effect or 

overlapping of different pathways and tiers. Current models for the patterning of 

intervein and vein tissues suggest that numerous signaling pathways must integrate on 

multiple levels for proper wing tissue specification. It is likely then that Nemo could be 

interactingwith multiple pathways and in different tiers during wing development and 

this would account for the complex genetic interactions seen with nrno and other wing 

vein specifying genes (Verheyen et al., 2001) 

Apoptosis: Drosophila nemo is an essential gene involved in the developmental 

re~ulation of apoptosis 

Before beginning my graduate studies, I was involved with showing that nrno was 

involved in the regulation of developmental programmed cell death (apoptosis) during 

embryogenesis (Mirkovic et al., 2002). To study nrno 's role during embryogenesis we 

generated germline clones and found a phenotype that suggested a role in apoptosis. On 

further investigation, we found that ectopic expression of nrno during embryogenesis led 

to an increase in apoptosis, where as loss of maternal nrno leads to a decrease in apoptosis 

(Mirkovic et al., 2002). As well nrno mutant eye discs also show decreased apoptosis 

compared to wildtype eye discs (Mirkovic et al., 2002). Interestingly, embryos 



ectopically expressing nmo (increased apoptosis) and germline clones for nmo (decreased 

apoptosis) both showed similar cuticle phenotypes displaying fusion of denticle belts and 

holes in the head region, phenotypes typically seen in mutants disrupting apoptosis. 

The genes reaper (rpr), grim and head involution defective (hid) are central to the 

regulation of apoptosis (Bangs and White, 2000). Loss of all three genes prevents any 

apoptosis from occurring (White et al., 1994). Ectopic expression of rpr and hid in the 

eye leads to a much smaller, rough eye due to an increase in apoptosis (Grether et al., 

1995; White, 1996). When nmo is reduced in this background, the phenotype is 

significantly suppressed suggesting that nemo is required for rpr, grim and hid-induced 

apoptosis (Mirkovic et al., 2002). 

Egfr signaling acts as a pro-survival pathway during embryogenesis through the 

inhibition of both the transcription and ubiquitintion activity of hid (Kurada and White, 

1998). Eafr regulates apoptosis through the action of two genes, rolled (rl) and pointed 

(pnt). rl encodes a MAPK that targets Hid for degradation through the ubiquitination 

pathway. Pnt is a transcriptional repressor of hid (Kurada and White, 1998). By 

targeting both the expression and activity of hid, the Eafr pathway can rapidly turn off 

Hid-mediated apoptosis. Rolled is also active during wing development and is involved 

in wing shape and wing vein specification. (See appendix 1 for more detailed description 

of the apoptotic pathway and diagram) Given some obvious parallels between the 

embryo and wing, we wanted to examine the apparent antagonistic relationship between 

nmo and Egfr using wing patterning and embryonic cell death as models. We were 

interested in whether nmo promotes apoptosis through inhibition of the Egfr pathway, 

and set about determining this genetically by observing wing and embryo phenotypes. 



My project also encompassed other aspects of nmo's involvement in wing 

development, which included further characterization of the ectopic veins, wing shape, 

and wing hair polarity defects seen in nrno mutants. Further characterization of ectopic 

veins led to the discovery that loss of nrno causes ectopic veins non-autonomously. This 

indicates that during vein and intervein specification, Nmo is affecting signaling non- 

autonomously, which is interesting as Nmo is not a secreted molecule. This is consistent 

with the complex genetic interactions during wing vein development we see between nrno 

and other signaling pathways as it suggests that activation of nmo is leading to the 

secretion or transcription of a ligand. 

nrno mutants wings display a smaller, rounder wing. It was uncertain as to 

whether thesize and shape were due to having fewer, regularly-sized cells, or having 

smaller cells. While assaying wing cell numbers, I noticed that the usually symmetrical 

pattern of wing hairs was apparently disorganized in their placement on the wing. The 

polarity defect seen in nrno loss of function mutants leads the wing hairs that cover the 

surface of the wing to appear disarrayed (Verheyen et al., 2001), but analysis had not 

determined actual hair position within the cell. As such, I was interested in determining 

if the disorganization of wing hairs was due to a mis-placement of the wing hair or due to 

a change in cell shape. My data suggests that the polarity is likely due to a defect in cell 

size but not shape, and that there appears to be a defect in F-actin organization in the 

cells. A defect in F-actin organization could explain the effect on cell shape and wing 

hair polarity defects. 

In this work, I present data that indicates nrno is involved in complex genetic 

interactions with the Egfi. pathway in the wing and that these interactions likely involve 



net andpx. These results suggested that nmo is acting upstream of net and possiblypx to 

help regulate rho. Genetic interactions with Eg)r and rl suggested that nmo could be 

interacting with these genes to regulate apoptosis. I also present evidence that nmo is 

acting non-autonomously in interveinhein development and must be accomplishing this 

through the regulation of a downstream non-autonomous pathway. 



11. RESULTS 

1. Analysis of apoptosis 

As an undergraduate research student in the lab, I participated in studies which 

identified a role for nmo in apoptosis through analysis of germline clones (GLC) 

(Mirkovic et al., 2002). To extend those studies, I was interested in determining what 

pathways nmo was interacting with to regulate apoptosis, as well as further characterizing 

GLC-associated phenotypes, such as head holes and denticle belt fusions (Mirkovic et al., 

2002) (Figure 3B and C). As Eg$r had both a role in inhibiting apoptosis (Kurada and 

White, 1998), and possibly had an antagonistic role with nmo during wing development, 

the E~ pathway was one of our main candidates to look for interactions with nmo. We 

were also interested in investigating potential interactions with the genes grim, rpr and 

hid, genes for which we had already found interactions in the eye (Mirkovic et al., 2002). 

I carried out genetic interaction studies in embryos and adults that involved 

several different genetic methods. As there are a variety of mutants available for 

pathways I was interested in, I was able to use both loss of function mutants and gain of 

function mutants. For genes where gain of function alleles were not available, I used the 

GAL4AJAS system to obtain an over-expression1 ectopic phenotype (Brand and 

Perrimon, 1993). In this system, the yeast GAL4 gene is randomly inserted in the 

Drosophila genome. When it inserts near transcriptional regulatory sequences, it allows 

GAL4 production in a pattern that represents the endogenous expression pattern for the 

insertion site. GAL4 is a transcription factor that binds to a UAS sequence and will 

initiate the transcription of any coding region following the UAS sequence. Transgenic 



flies are therefore made containing a gene that is the target for mis-expression under the 

control of the UAS promoter sequence. When a fly containing a GAL4 driver expressed 

in the pattern of Gene X is crossed to a fly carrying UAS Gene Y, then Gene Y is 

ectopically expressed in the pattern of Gene X (Brand and Perrimon, 1993) 

Another genetic technique that I refer to frequently is the generation of "clones". 

This term is applied to the generation of germline clones and somatic clones, and uses the 

yeast FRTIFLIPASE recombination system (Chou and Perrimon, 1992), to induce site 

specific recombination during mitotic cell division. In the case of generating germline 

clones, the target of germline recombination are the ovaries, and in the case of generating 

somatic clones, proliferating wing cells are the target. In both cases flies that are 

heterozygous for the mutation of interest are induced to undergo mitotic recombination 

which results in daughter cells that are either homozygous for the mutation of interest or 

wildtype at that locus ('the twinspot'). To facilitate this analysis, I took advantage of a 

number of markers which either marked the clone itself or the reciprocal "twinspot" 

clone. 

To address whether the Egfr pathway and nmo were involved in an antagonistic 

relationship in the embryo during apoptosis, I attempted to rescue the nmo GLC embryos 

by expressing a dominant negative (DN) UAS construct for Egfr (UAS-DN-EgfF) using 

69B-GAL4. The 69B-GAL4 driver is expressed ubiquitously throughout development 

starting at stage 9 of embryogenesis. If nmo was an upstream repressor of Egfr in the 

embryo, then after inhibition of Egfr by using a DN construct, I would predict the rescue 

of germline clone in-viability or associated phenotypes. However, if nmo was 

downstream, then inhibiting Egfr might not necessarily have an effect. 



I first determined whether the presence of DN-Egfr construct had any effect on 

the degree of lethality observed in nmo GLC which is 80% in embryos paternally 

wildtype for nmo. Although I did not observe a reduction in lethality, I did observe some 

interactions. Ectopic expression of DN-Egfr with 69B-Gal4 leads to a loss of denticle 

belts as can be seen in the ventral cuticle (Figure 3D). When scoring cuticle phenotypes, 

I noticed that the loss of denticle belts caused by ectopic expression of DN-Egfr was 

completely suppressed in embryos derived from nmo GLCs. In fact, the nmo GLC fusion 

of denticle belts (Figure 3B and C) appeared to be more severe in a number of embryos 

(Figure 3D). It should be noted that exact numbers and percentages were very difficult to 

obtain as I was unable to score many embryos due to severe morphological defects. 

Although it appears reduction of Egfr signaling increases the severity of nmoadkl GLC, it 

is difficult to interpret these results in reference to apoptosis. Although head defects are 

commonly seen in apoptotic mutants, the cuticle has not been addressed in reference to 

nmo and it is likely that this defect is due to an effect on the wingless pathway. As the 

Egjir pathway also effects other developmental pathways as well, it is likely that the 

phenotypes observed concerning the denticle belts are not due to an effect on the 

apoptotic pathways, however, it is possible that the enhancement of nmo GLC 

phenotypes is due to an interaction with the Egfr pathway. 

To independently test Egfrlnmo genetic interactions, I introduced a series of actual Egfr 

loss of function alleles, as opposed to ectopically expressing a DN construct. I crossed 

Egfr alleles into GLC embryos and scored for change in embryo viability. Out of 1000 

total embryos scored I found no change in the 80% GLC lethality, so cuticle phenotypes 

were examined next. I counted cuticles as having mild defects (Figure 3B) 



Figure 3: Ectopic DN-E~fi  in a nmoadkl germline clone background : (A) A wildtype 

embryo cuticle, (B) a severe nmoadkl germline clone cuticle, (C) a mild nmoadkl germline 

clone cuticle, (D) UAS-DN-EgW+; 69B-Ga14/+ note the absence of denticle belts, (E) 

UAS-DN-ERfF I+; nmoadkl FRT79169B-Ga14. The nmoadk' germline clone background 

suppresses the DN-Eafr loss of denticle belts and enhances the germline clone fusion of 

denticles. 





where embryos have an intact head but have visible denticle belt phenotypes, moderate- 

severe defects (Figure 3C), where embryo primarily have head holes which can be 

accompanied by denticle belt defects, and early arrest of development/ empty cuticle 

which consists of an embryo where there s no visible cuticle and . In this case, I did see 

a significant shift in phenotypic ratios with the allele Egfrtl, where the ratio was shifted 

significantly towards a later stage of development (Table 2). Although there are more 

embryos with severe head defects when ~ g f r ~ '  is present, a direct result of this is that 

there are fewer early arredempty cuticles. I interpret this as more embryos are reaching 

a later stage in development, and therefore the presence of Egfr" partially rescues nrno 

germline clone defects. 

Asthe genetics and phenotypic interpretation and evaluation in the embryo 

proved increasingly difficult and confusing, I decided to concentrate on looking at 

interactions between nrno and Egfr in the wing. My reasoning behind this was that 

although nrno does not appear to have an apoptotic role in the wing, by using this assay I 

would be able to address what role nrno might have in the regulation of E&-. These 

results could then possibly be extrapolated to interactions in the regulation apoptosis. 

rpr, grim and hid are quite downstream in the apoptotic pathway as activation of these 

genes leads to activation of the caspase cascade, which leads directly to apoptosis (Bangs 

and White, 2000). Therefore, it is a reasonable hypothesis that nrno is acting upstream of 

these genes and therefore will likely be interacting with upstream regulators such as E&-. 

Other evidence suggesting that further analysis of Egfr was warranted, is that nrno and 

Egfr had already been shown to interact synergistically with Egfr regulators net andpx in 

the wing (Verheyen et al., 2001). 



Table 2 : Heterozygosity for E ~ ' '  shifts the nmoadk1 germline clone cuticle phenotype 

ratios to what could be considered a partial rescue 

Phenotype Severe Mild 

nrnoadkl Gerrnline 386 123 
clones 3 8% 12% 
Total= 10 19 

With one copy ~gfr"  228 63 
Total=3 88 59% 16% 

Early Arrest 



2. Interactions with Enfr and Rolled in the wing 

To better characterize interactions between nrno and the Eafr pathway during 

development, I started to look at potential genetic interactions in the wing. I first tested 

genes that are involved in both wing and embryonic development. The reasoning behind 

this was the hope that there would be conservation between interacting pathway 

components in different tissues. My first candidates were the genes E d r  itself and rolled 

(rl). Rl is a MAPK essential to proper functioning of the Egfr pathway. During 

embryonic apoptosis, it acts as one of the downstream effectors of Egfr-mediated 

inhibition of apoptosis, through its repression of Hid activity (Kurada and White, 1998). 

As well Rl has a role in wing vein and shape development (Brunner, 1994). The alleles I 

evaluated were the Egfr alleles Ellipse (Elp) and Eafr 'OrpedO1 and F24, and rl ' and 

rOlledevenmaker (YES""). 

3. Ectopic Enfi. and rlsem with ectopic nrno and loss of nrno 

Elp is a dominant, gain of function allele for Egfr that results in ectopic veins at 

L2 and a narrow "pointed" wing shape (Schnepp et al., 1996), ), with homozygotes more 

severely affected then heterozygotes (Figure 4A and B). The Elp allele was crosssed into 

both ectopic nrno and loss of nrno backgrounds. In the loss of nrno backgrounds 

the nrno round shape suppressed the Elp wing shape, whereas the 

ectopic veins were significantly enhanced leading to a more webbed pattern of wing 

veins (Figure 4D and E) than is seen in nmoadkl homozygotes (4C) or Elp heterozygotes 

(4B). 

This result suggests that nrno and Egfr are acting antagonistically. For example, 

nrno could normally be acting to inhibit the E d r  pathway and the ectopic veins seen in 



nrno mutants could represent an up-regulation of the Egfr pathway, or vice versa. In the 

first scenario mentioned, increasing Egf? activity with Elp would be expected to enhance 

the ectopic vein phenotype, which is what we see. This result also raises the question of 

which gene acts upstream or downstream in this interaction. ie: does nrno inhibit Egfr, or 

is Egfr inhibiting nmo? 

For the ectopic nrno background, I used 69B-Gal4 (ubiquitously epidermally 

C5-le expressed) to ectopically express UAS-nemo , a construct for wildtype nmo that has 

been inserted randomly into the Drosophila genome. If nrno were acting antagonistically 

with Ed r ,  then we would expect ectopic expression of nrno to suppress the Elp 

phenotype. We in fact appear to see a mild enhancement of ectopic veins, which would 

be more consistent with a synergistic interaction (Figure 5E and D). Initially, we though 

this result could be due to the timing of expression as Egfr reverses roles later in 

development. The Egfr pathway has dual roles during wing development. During the 

larval stage, the Egfr pathway acts to promote veins as discussed, however, during the 

pupal stage Egfr switches roles to act as a vein inhibitor (Martin Blanco, 1999). If nrno 

were acting antagonistically with the Egfr pathway continuously during vein 

development then we would expect nrno to switch roles during the pupal stage as well 

resulting in promotion of veins. This could explain the ectopic veins seen at L2 in flies 

ectopically expressing nrno with GAL4-69B flies and loss of PCV, if nrno also showed a 

temporal switch in activity. However, recent results we have obtained and results 

published about another Egfr interacting gene, px, suggests that the ectopic veins seen in 

UAS nemoc5-lei+; 69B-Ga14/+ wings could be due to a dominant negative effect. 

Matakatsu et al. (1999), found that whenpx is ectopically expressed in the wing, it results 



Figure 4: E ~ D  enhances loss of nmo ectopic veins (A) Elp homozygous and (B) 

heterozygous wings. (C) nmoadkl homozygous wings. (D and E) one copy of Elp 

enhances ectopic veins seen in (D) Elpl+; nmoadk'lnmoadkl and (E) Elpl+; 

nmoadk'lnmoDB24. Note that the nmo'round wing shape is epistatic to the Elp shape, 

suggesting nmo acts downstream in wing shape specification. 





Figure 5: Ecto~ic  nmo is enhanced bv one copy of El,:  (A) Elp homozygous and ( B )  

Heterozygous wings. (C and D) ~ ~ ~ - n e m o " ~ - " / + ;  69B/+ wings show mild ectopic veins 

at L2 and slight loss of PCV (see arrows). (E and F) ~As-nemo"-'~/ Elp; 69B/+ wings 

consistently showed ectopic veins at the PCV and L2, and also see a reduction in the 

PCV (males were used). 





in ectopic veins; as is also seen with ectopically expressed nmo. They interpreted this as 

a Dominant negative effect, where too much px protein could be acting to sequester away 

other proteins it interacts with. They further suggest that this prevents a complex from 

forming. If this were occurring then these results would still be consistent with an 

antagonistic interaction. We tried other drivers to ectopically express nrno in an E@l+ 

background (apterous-GAL4 and omb-GAL4), but I was unable to determine the wing 

vein patterns due to severity of phenotypes and as such could not score accurately 

whether an enhancement versus a rescue had occurred in reference to the vein patterning. 

rlsem is a gain of function allele that results in ectopic veins similar to the pattern 

seen in nrno mutants (Figure 6B). When we looked at an allelic combination of r P m  in a 

nrno mutantbackground we saw a significant enhancement of the ectopic vein phenotype 

0 8 2 4  consistent with the results obtained from E@l+ ; nmoadkl/nmo flies, however, this 

enhancement appears stronger with more extensive ectopic veins seen (Figure 6D-F). 

This is again consistent with an antagonistic interaction. 

When nrno was ectopically expressed in a rPem background with the GAL4 

drivers 69B (Figure 7G and H), omb (Figure7E and F), and apterous (Figure7C and D), I 

found that the ectopic veins seen in the r p m  mutants were enhanced in all cases. 

Although we had expected to see a rescue or suppression if nrno and the Egf? pathway are 

acting antagonistically, the enhancements are consistent with what we see with Elp. 

Also, if nrno were having a dominant negative effect when ectopically expressed, we 

would expect to see this type of enhancement. The potential dominant negative effect is 

discussed later on in greater detail. 



Figure 6: Gain of hnction allele rlsem enhances nmo loss of function wings : (A) 

wildtype wing, (B) rlseml+, (C) nmoadk' ,(D-F) rPml+; nmoadk'. The ectopic veins seen in 

a nrnoadkl mutant are strongly enhanced with r P m  





Figure 7:Ectopic nmo enhances rbr"" ectopic vein phenotype with a series of drivers 

C5- 1 e (A) wildtype (B) rlseml+ (C) up-Gal4, UAS-nmo /+(note that the veins are not affected 

in this genotype) (D) up-Gal4, ~ A s - n e m o ~ ' - ' ~  lrbr"" (E) omb-Gal4/+; ~ ~ s - n e m o ' ~ -  

l e /+(~)  omb-Gal4/+; rlsem / U ~ ~ - n m o ~ ~ - ' ~  (G) ~ A S - n e m o ~ ~ - ~ " ;  69B-Ga14/+ (H) 

rlsem/U~~-nemoC5-1e; 69B-Ga14/+ . In all cases, the ectopic veins seen in rlsem mutants 

are enhanced. 





4. Double loss of function mutants for nmo. rl and Enfr 

Next, I analyzed the phenotype of flies doubly mutant in the Egfr " / ~ g f r ~ ~ :  

genotype (all loss of function alleles). Flies bearing the E d r  ' I /  ~ g f r  

f14 alleles have a mild vein defect characterized by loss of the central portion of L4 and an 

elongated wing (Figure 8B). If nrno were interacting directly or convergently with the 

E d r  pathway then it could be hypothesized that a loss of function double mutant with 

Egfr and nrno would lead to a suppression of one or the other phenotype. This would in 

turn help with determining which gene was acting upstream or downstream. For 

example, if nrno were downstream of Egfr in the pathway, then we would expect to see a 

suppression of the Egjr "/ ~ g j r ~ ~  loss of L4 vein. If the reverse were true, then we 

would expect to see a suppression of nrno ectopic vein. The Edr ,  nrno loss of function 

double mutants showed wings that had both phenotypes superimposed (Figure 8D). This 

result on its own suggests that the effects on vein development of nrno and Egfr are 

independent of each other and suggested that the interaction seen with Elp and rlsem could 

be an additive effect. 

5.  win^ Shape 

Both gain of function Elp and loss of function Eg,f? "/ ~ g f r ~ ~  alleles have a more 

elongated, pointed wing that is suppressed in a nrno mutant background (Figure 8B and 

D). This suggests that nrno is downstream of Egjr with respect to its role in speciQing 

wing shape, although it cannot be concluded whether nrno is interacting with the Egfr 

pathway. 

Loss of function alleles for rl, namely rl ', do not have a vein phenotype, but have 

a wing shape phenotype in which the wings are rolled under like a cigarette (Figure 9B). 



Figure 8: Enfr: nmo double loss of function mutants have a superimposed phenotype 

(A)wildtype wing, (B) an ~ s ; f i . " l ~ g f j r ~ ~ ~  wing, note the partial loss of L4, (C) a 

adkl nmoadk11nmoDB24 wing ( D )  and an Es; f i . " /~g f j r~~~;  nmo lnmoDB24 wing, note the loss of 

ACV, L4 and round shape. 





As previously mentioned, nmo mutants have a rounder, smaller wing. In nmo, r l l  double 

mutants, the ectopic veins were still present as well as the nemo wing shape and rl 

creases, however, there were also some new phenotypes, including a loss of L4 and the 

ACV (Figure 9E and F). As loss of L4 is a phenotype often seen in Egfr mutants, it is 

possible we are seeing an enhancement of rl, however, this would not fit with and 

antagonistic role for nmo with the Egfr pathway and considering the other additive 

phenotypes in the wing, I classified this result as an additive effect and do not try to 

interpret the loss of ACV and L4. 

6. Determining a potential role for nmo in the regulation of rho 

Although the results with Egfr and rl loss of function mutants were negative with 

respect to ectopic veins, the enhancement of ectopic veins seen with Elp or rlSem in a loss 

of function nemo mutant background paralleled those seen with Elp and rlsem in a net 

mutant background (Baonza and Garcia-Bellido, 1999; Diaz-Benjumea and Garcia- 

Bellido, 1990). In addition, the fact that nmo, net andpx have been shown to interact in a 

synergistic fashion (Verheyen et al., 2001) (Figure 2), led us to hypothesize that nmo 

could be playing a role in the regulation of rho, convergently or directly with net and px. 

Ectopic expression of rho in the wing pouch (MS 1096-GAL4) leads to a tube like 

wing that is composed almost entirely of vein cells (Guichard et al., 1999). As this 

phenotype is much stronger then that of net null mutants or px, net double mutants (there 

is no null allele forpx) (Matakatsu et al., 1999), it has been hypothesized that additional 

factors that repress rho must be present in the intervein regions of the wing. This idea is 

also supported by the fact that in net null mutants, rho expression does not extend into the 

L31L4 intervein region, suggesting another factor can redundantly suppress it within that 



Figure 9: rl; nrno double mutants show a superimposed phenotype (A) wildtype wing, 

0824 (B) a rll homozgous mutant (unfolded) (C) a nrno homozygote (D), nmoadk' 

DB24 DB24 Dl324 homozygote (E), rlll+; nrno ( F ) ,  rlll+; nrno lnmoadk' (G), rll; nrno ( H ) ,  rlll+; 

nrno D824/nmoadkl . Note the loss of L4 seen in G, the creasing of the wing and loss of the 

ACVseen in both G and H. 





domain (Brentrup et al., 2000). 

Previously it had been found in our lab that heterozygosity for rhove led to the 

suppression of loss of function nrno ectopic veins, and double mutants for rhove and nrno 

show predominantly the rhove phenotype, which is loss of the distal ends of the wing 

veins, not loss of all wing veins (Paulus Mau, 2001 unpublished data). This would 

suggest that rhove is downstream of nmo. Although the rhove phenotype is slightly 

repressed, this is also seen in net; rhove mutant, where this result is interpreted as being 

due to residual gene activity (not null alleles), or due to the activity of convergent 

pathways. Although this suppression of ectopic veins is quite strong, we can't rule out 

that this rescue is an additive effect. This partial rescue could also be due to the fact that 

neither alleles used are nulls. 

As well, a previous honors student, (K. McKnight, 2002 unpublished), had also 

done some work concerning net, nrno and rho interactions where she showed that ectopic 

nrno was unable to rescue the net1 homozygous mutant phenotype which suggested net 

was downstream of nmo. When she tried the alternate experiment where she tried to 

rescue nmoadk2 homozygotes with ectopic net the progeny were pupal lethal. Although 

her work was inconclusive as to where nrno might fall in this pathway, her stocks and 

genetic ground work proved an invaluable stepping stone in continuing this work. 

7. Triple mutants for px, net nrno 

To address whether nrno could be acting as a third rho regulator, we set about 

generating px, net; nrno triple mutants. We hypothesized that if nrno were acting 

convergently with (px) and net to suppress rho, then a triple mutant would show an 

increased severity in the phenotype that would closer resemble ectopic rho. ie a wing 



composed of mostly vein material. 

First, we noted that px net/+; nmoDB24/+ triple heterozygous flies showed an 

ectopic vein phenotype that was not seen in the px, net double heterozygote combination 

(Figure 10D and E). Next we observed that flies homozygous for nrno and singly mutant 

for net and px (px net/+; nmoDB24) showed a significant enhancement of the nmoDBZ4 vein 

phenotype (figure 10F). This result supports the idea that these genes act synergistically 

in the same pathway and act in a dose dependent manner. At the time of publication, I 

had not yet been able to assay a triple mutant. 

If nrno were acting synergistically with net andpx, one question would be whether 

or not it was in fact acting at the same point in the pathway, upstream or downstream of 

net andpx.- One of the ways I addressed this was to ectopically express UAS-net with a 

series of Gal4 drivers in a nrno mutant background. As K. McKnight had found these to 

be pupal lethal, I wanted to try to analyze the pharate wings. I hypothesized that if Nmo 

were acting downstream of Net, then ectopic Net would not necessarily rescue or 

suppress the nrno mutant phenotype. However, if Nmo were acting upstream of Net, as 

K. McKnight's results suggested, then we would expect to see a suppression in this 

experiment. It is also possible that we would see this if they were convergent at the same 

point (ie: the regulation of rho), as it could be suspected that one could redundantly 

compensate for the other. I found that the mutant nrno phenotype was completely 

suppressed by ectopic UAS-net using the 69B-Gal4 driver (Figure 11A-C). Although the 

ectopic net phenotype seen in a wildtype background did vary slightly from the 

phenotype seen in the nrno mutant background, this could be accounted for by the 

absence of nrno in the ectopic net phenotype. It could be expected that if Nmo is able to 



Figure 10: px and net can enhance nmo ectopic veins in a dose dependent manner 

(A) px, net homozygote male, ( B )  apx homozygote male, (C) and a net homozygote 

female, ( D )  apx, net heterozygous female wing, note the small bend in L4, (E) a triple 

heterozygous female wing forpx, net/+ +; and nmoDBZ4/+, note the mild ectopic veins, not 

seen in any px, net heterozygotes, (F) apx, net/+; nmo DB24/nmODB24 female wing, note the 

enhancement in nmoDBZ4 ectopic veins. 





Figure 1 1. Ectopic net rescues nmoadk2 ectopic veins but not wing shape A) A nmoadk2 

homozygous pharate wing forced to unfold (see methods) B) A UAS-net/+; 69Bl+ taken 

from an adult, loss of veins typical. C) A pharate UAS-net/+; 69B, nmoadk2/nmoadk2, note 

how the ectopic veins at the PCV seen in A) are supressed. D) shows a pharate UAS- 

net/+; 69B nmoadk2/nmoadk2 pharate with an inverted head (arrow indicates red, inverted 

ey e) 





help Net signal, its absence could decrease the severity of ectopic net. Loss of nmo, 

therefore, as well as causing the ectopic vein phenotype could be reducing the severity in 

general of the ectopic Net phenotype. Regardless, the strength of this rescue suggests 

that nrno may in fact be acting convergently with net to help in the down regulation of 

rhomboid. I suggest convergent as opposed to upstream, due to the result with the net; 

nrno double mutant. If nrno were acting upstream of net as is suggested by the 

suppression of nrno with ectopic net, then we would expect to see the net phenotype in 

the double mutant. As we see an enhanced phenotype in the double mutant, this points 

towards Net and Nmo converging on rho. 

Of interest as well with these rescue experiments is the difficulty in obtaining 

UAS-net; 69B-Ga14, nmohmo flies and the severe developmental defects seen in 80% of 

pupae, added to that the fact that none ever eclosed. Approximately 20% of flies reached 

a pharate stage with approximately half of these having scorable wings after dissection 

and inflation of pupal wings. Of the 80% of pupae which did not reach a pharate stage, 

most appeared to die shortly after puparium formation or they demonstrated an involuted 

pupal head defect where the head was inverted inside the thorax (Figure 1 1 D) as can be 

seen by the red eye indicated by the arrow. As such only 20 wings could be scored in 

total, however, the rescue was very consistent and penetrant. 

8. Ectopic nrno and net 

If nrno is interacting convergently with net andpx to inhibit rho, then one 

question I had was why we never see loss of longitudinal veins when nrno is ectopically 

expressed. When nrno is ectopically expressed with 69B, part of the PVC is lost, but 

there are also ectopic veins at L2 (Figure 12E) similar to an Elp wing. As ectopic net 



gives a loss of vein phenotype similar to the loss of function rhove homozygous mutants 

(Figure 12D), then I would eventually expect to see a similar phenotype with ectopic 

nmo, given the right Gal4 driver. 

As previously mentioned in reference to the Elp, r p m  experiments, one possible 

answer is that nrno is having a dominant negative effect with respect to the regulation of 

the Eafr pathway. This theory came from published ectopic phenotypes for px, and 

unpublished phenotypes we obtained by ectopically expressingpx with the MSlO96 - 

Gal4 driver (Figure 13A). Ectopicpx leads to a phenotype similar to that seen with 

ectopic nmo where ectopic vein is seen along with a more elongated shape (Matakatsu et 

al., 1999). When we ectopically expressedpx with MS1096-Ga14, we saw more 

extensive ectopic veins. Matakatsu et al, 1999, hypothesized that the ectopic veins seen 

could be due to a dominant negative effect where ectopic px is sequestering another 

factor needed for the interaction with net to inhibit rho. If nrno were acting with these 

genes it is possible that, in a similar way aspx, it is acting as a dominant negative when 

expressed at high levels, or simply can't elicit an effect as other proteins are not in high 

enough concentrations to elicit an effect. I further hypothesized that if nrno were 

ectopically expressed with net, or px, or both, then this could cause an enhancement of 

the loss of vein phenotype. 

In fact, when nrno was co-expressed with net using the Gal4 drivers 69B and 

MSlO96, we did see an enhancement of loss of veins (Figure 12C and F). This further 

supports a role for nrno in helping net andpx regulate rho. 

9. Ectopic nrno and-ox 

Since ectopicpx and nrno both give ectopic veins in some regions of the wing, 



Figure 12: Ectopic nmo enhances ectopic net loss of veins (A) MS1096-Ga14/+; UAS- 

net/+ (D) UAS-net/+; 69B/+, Note in both cases the distal end of L5 is missing. (B) 

MSI 096-Ga14/+ ~ ~ ~ n e m o ~ ' " ~ / +  (E) ~ ~ ~ n e r n o ~ ~ ~ " / + ;  69B-Ga14/+ in (B) we see loss of 

some PCV and in (E) we see ectopic veins at L2. (C) MS1096-Ga14/+; UAS-netlUAS- 

nem~"'~~", (F) ~ ~ ~ - n e t l ~ ~ ~ n e m o ~ ' ~ ~ " ;  69B-Ga14/+ , in both wings the loss of veins seen 

in ectopic net expression is enhanced, most significantly using the 69B-Gal4 driver. Note 

that all flies co-expressing net and nemo with 69B-Gal4 died as pharates so wings were 

forced to unfold and due to size, images were taken at a higher magnification. 





and ectopic nrno can enhance the loss of veins phenotype seen with ectopic net, I was 

curious to see what would happen if we ectopically expressed both nrno andpx, px with 

nrno and all three co-expressed. 

If I co-expressedpx and nrno and the ectopic veins were enhanced, then this 

would suggest that the two together were having a more severe dominant negative effect. 

However, if I see loss of veins, then this would suggest that the dominant negative effect 

was being overcome. When I co-expressed nrno andpx with the MS1096-GAL4 driver I 

found that the ectopic veins seen below L5 in plexus mutants was significantly enhanced 

(Figure 13C) and can display blisters in that area. This result is consistent with the 

hypothesis that nrno and plexus are eliciting a DN effect in respect to rho when 

ectopically expressed. ie: co-expression of nrno andpx enhances the sequestering effect 

of a regulatory complex. 

10. nrno and rho 

To further address the issue of where nrno could be placed in the net-px-rho 

interactions, I was curious to see whether ectopic nrno would rescue a rhove mutant. As I 

suspect ectopic nrno has a dominant negative effect with respect to the Egbr pathway, I 

expect it would rescue, rather then enhance loss of function rhove. If nrno were acting 

upstream to help in the down-regulation of rho expression, then ectopic expression of 

nrno would not be expected to enhance the loss of vein phenotype. However, if Nmo 

were acting downstream of rho to inhibit downstream components, then we could expect 

to see a suppression of ectopic nrno ectopic veins by rhove. I found that ectopic 

expression of nrno in a rhove fly with a MSI 096-GAL4 driver did not affect the loss of 

veins phenotype, and I did see suppression of the ectopic veins and loss of PCV induced 



Figure 13: Ectopic nmo enhances ectopic ox (A) MS1096-Ga14/+; UAS-pxl+ note the 

ectopic veins below L5 and stemming from the PCV. (B) MS1096-Ga14/+; ~ ~ s - n e m o ~ ' -  

C5- 1 e lel+, some ectopic vein is seen at the PCV. (C) MS1096-Ga14; UAS-pxNAS-nemo , 

when nmo andpx are co-expressed we see an enhancement of the ectopic veins and 

occasionally see blistering. 





by ectopic nmo, again consistent with a role upstream of rho for nrno (Figure 14A-C). 

rhove homozygous wings have a slightly elongate shape (figure 14A) that in the 

ectopic nmo background is enhanced . It is therefore difficult to determine if there is an 

effect on the vein length at all as the wing is more compact making the veins appear 

rescued. This experiment needs to be repeated with more drivers to better determine if 

nrno has an effect. 

1 1. nrno expression (nmoP) in rhove background 

Net and Px inhibit rho expression, and there is a feedback loop where rho inhibits 

net expression and activity (Brentrup et al., 2000). We were curious as to whether Rho 

could regulate the nrno expression in a similar feedback loop. To do this we looked at 

nrno expression in a rhove background. 

Recombinants were made that had both the LacZ containing P-element inserted 

under the control of the nrno promoter and the rhove mutation. This experiment was 

performed in order to determine if like net, nrno expression was under the control of rho 

(negative control) in a feedback loop. In this mutant background with the loss of function 

allele rhove, it is expected that if nrno expression is inhibited by rho, then nrno expression 

should expand in the imaginal discs. 

LacZ expression was visualized with a FITC fluorescent secondary antibody in 

both nmoPl+ and nmoPl+ rhovelrhove discs (Figure 15A and B). It is possible that there is 

a decrease in nrno staining in the vein primordia (arrows) but over all the pattern looks 

intact suggesting that nrno expression is not under the control of rho. Having said that, 

this result does not reflect on what could be occurring at the pupal stage where it is 

possible that rho could regulate nmo. 



Figure 14: Ectopic nemo cannot rescue rhove loss of veins : (A) ~ ~ s - n e m o ~ ~ - ' " ;  rhove 

homozygote (B) ~ ~ ~ - n e m o ~ ~ - ' " l + ;  69B-Ga14/+ (C) ~ ~ ~ - n e m o ~ ~ - " l + ;  69B-Ga14, 

rhovelrhove. Ectopic nmo did not have an effect on rhovYoss of veins, but a smaller, more 

elongated wing shape characteristic of loss of Eafr and ectopic nmo resulted. 





Figure 15: Rho does not have an effect on nmo expression in the imaginal disc A) nmo- 

lacZ expression monitored with ---gal antibody in a third instar imaginal disc 

(nmoP/~M6B) and B) nmo expression in a rhove homozygous disc in which most discs are 

lost, although the D N  boundary in intact (stripe of nmo staining in the center of the disc). 

There is no discernable difference between expression patterns and levels although it is 

possible there is a decrease in staining in the vein primordia (L3 is indicated with an 

arrow) 





12. Somatic clones 

The second aspect of my work was to further characterize the ectopic veins seen 

in nrno loss of function mutants. While looking at germline clone containing flies, I often 

noticed ectopic veins in a mutant nrno like pattern (Figure 1B). These represented 

somatic clones of nmo; although I was selecting for germline clones of nrno using a 

sterility marker, that did not prevent somatic clones being generated in other tissue types. 

To further characterize nrno ectopic veins and nrno clones, I generated somatic clones 

using the same FRTIFLP system that I used in generating germline clones, except instead 

of using a sterility marker, I used a cell autonomous wing hair marker. The questions I 

hoped to answer were what size of clone would generate ectopic veins, whether clones 

could generate ectopic veins in other areas of the wing other then where we usually see 

them in mutants and whether we would see a more severe phenotype. 

1 3. Autonomous versus Non-autonomous 

I first generated somatic clones that would give a corresponding mwhl-marked 

twin-spot clone for every nrno clone generated. The purpose of this was to determine 

what size of clone was needed to generate ectopic veins. What I noticed was that ectopic 

veins were overlapping with the twin spot. As mwhl is an autonomous marker (Lee and 

Adler, 2002), this indicated that nrno was having a non-autonomous effect on 

neighbouring cells. 

To further characterize the somatic wing clones, I recombined nrno alleles and 

mwhl onto the same FRT-containing chromosome. This generated clones that would be 

mutant for both mwh' and nmo. Again we found nrno had a non-autonomous effect 

where ectopic veins were found outside the nmo, mwhl marked clone boundaries, 



showing that nmo is acting non-autonomously in its role in inhibiting wing veins (Figure 

16C-D). 

Concerning other characteristics of clones, I found that size and position of the clone with 

respect to the dorsallventral side did not have a significant effect on ectopic veins. 

Provided the clone was near a "susceptible area of the wing" (an area in which we 

normally see ectopic veins in a homozygous mutant), the clone may or may not result in 

an ectopic vein phenotype (Figure 16E-F, Figure 17). Also ectopic vein is not seen 

between L3 and L4, which is well illustrated in Figure 17D where the ectopic veins are 

flanking the opposite sides of L3 and L4 without crossing over. Of interest to this result, 

Net is not active between L3 and L4 as shown by the continued repression of rhomboid in 

that area in net mutants, and a lack of ectopic veins (Brentrup et al., 2000). 

14. Wing hair polarity and wing cell shape 

As nmo wings are smaller and more round then wildtype, I was interested in 

determining whether the cause of this was fewer cells in the wing itself, or whether the 

same number of cells were smaller. The first method I used to analyze this was to 

photograph wings at high magnification for wildtype and nmoDB24 mutants and count the 

hairs. Each cell on the wing blade projects one hair from its distal vertex and thus hair 

number is an accurate representation of cell number. The way I did this was to mark the 

base of the hair with a felt marker and count the hairs in a defined space. What I found 

was that nmoDB24 wings consistently had more hairs per defined area (49.2 

hairslmeasured area) then wildtype wings (38.6 hairslmeasured area) indicating that cells 

in mutant nmo wings are smaller. 

While counting cells, I noticed that the hairs in nmoDB24 mutant wings appeared to Figure 



16: nmo ectopic veins are induced non-autonomously (A) wildtype wing hairs, (B) 

multiple wing hairs (mwhl) nmoadkl homozygote. Note that in the mwh' mutant there are 

2-3 hairs forming a crown in each cell. C-F) mwhl marked nmoadkl clones (C and E) 

ventral view and (D and F) dorsal view. Ectopic veins are induced non-autonomously as 

can be seen by clone boundaries (circled). (E and F) neighbouring wildtype cells can 

rescue the phenotype of nmo clones. Note the clone is induced in an area sensitive to 

nmo yet no ectopic veins are induced. 





Fiaure 17: Somatic clone characteristics : (A) Image of a wildtype wing with dorsal side 

veins in green and ventral side veins red. (B-D) show ventral side mwh', nmoadk' clones 

on the left and the corresponding dorsal clone on the right. Gray shaded areas indicate 

the clone boundaries, and ectopic veins are in blue. Clones are observed everywhere in 

the wing however this does not always lead to ectopic veins. The PCV was the most 

sensitive region and small clones from either the dorsal or ventral side could induce 

ectopic veins (B-D). Note in (D) that the ectopic veins at L2 and L3 never cross into the 

intervein region between L2 and L3. 



Ventral Dorsal 



be a more disorganized pattern then seen in wildtype wings. In wildtype wings, wing 

hairs are organized in a linear fashion along the wing, while in the nmo mutants the 

pattern appeared to be disorganized. As nmo mutants also have a polarity phenotype in 

the wing where the hairs are not in the proper orientation (Verheyen et al., 2001), 1 

wanted to rule out seeing a visual distortion (hairs appear mis-patterned due to 

DB24 orientation), and circled the base of wing hairs in nmo mutants and wildtype wings 

and connected them to compare the patterns that emerged (Figure 18). I found that the 

nrno mutants had a consistent disruption in the pattern suggesting that the cells were 

abnormally shaped as well as being smaller (Figure 18B). 

To address whether this hair polarity phenotype was autonomous or non- 

autonomoiis, I looked at the pattern of hairs in mwh' marked clones, and analyzed the 

pattern using the "connect the hairs" method. This phenotype appears to be autonomous 

in clones, however, I cannot rule out that there may be some non-autonomous signaling 

that this method of analysis does not pick up (Figure 18C). 

15. Phalloidin staining on nmoDB2'mutants 

Next I wanted to address what was causing this phenotype, for example, were the 

hairs in nmo mutants distorted because of a misplacement of the hair, or was it due to a 

distortion in cell size andlor shape. To do this I used phalloidin staining on pupal wings 

collected at 34-36 hours after puparian formation (APF). Phalloidin is an F-actin stain 

that outlines both the cells and hairs of pupal wings. 

Wing hairs look as if they are in the right location, however, the cells appear to be 

less defined, possibly due to a problem with actin organization (Figure 19A-B, Figure 

20A and B) and also look smaller, although the shape looks regular (Figure 19C and D). 



It should be noted that the difference in the size of cells between nmo mutant and 

wildtype wings is subtle, however, combined with the wing count data, it is safe to 

interpret this phenotype. These results indicate that the wing shape and polarity defects 

we see in nmo mutants are due a change in cell size, and possibility a problem with F- 

actin organization, and not due to a misplacement of the hair. 



Figure - 18: The nmo polaritv defect appears to be autonomous (A) a wildtype wing 

showing the placement pattern of hairs distal to the PCV. The base of wing hairs were 

circled and connected giving an even and symmetrical pattern.(B) in a nmo DB24 

homozygous wing this pattern is disrupted (C) in a mwh' marked nmoadkl (red) clone the 

disruption in pattern appears to be autonomous compared to the surrounding wildtype 

area (black) 





Figure 19: F-Actin staining in wildtype and nmoadk2 pupal wings 

nmoadkz mutants show a distorted F-actin staining pattern compared to wildtype pupal 

wings. Pupal wings were dissected at 34-36 hours (A) wildtype pupal wing showing F- 

actin staining pattern, which is enriched in cell membranes and in the more densely 

packed veins (B) nmo homozygote stained with F-actin, shows a less concentrated F- 

actin staining. (C) Close up of the PCV of a wildtype wing, (D) and the PCV of an nmo 

adk2 homozygote (the PCV is indicated with an asterix) 





Figure 20: F-Actin staining in nmoadk2 pupal wings show a smallerlaltered cell s h a ~ e  

Cells appear smaller in nmo mutants: pupal wings aged 34-36 hours (A) Phalloidin 

staining in a wildtype pupal wing tip compared to (B) a corresponding region on a nmo 

adk2 homozygote shows a more dispersed F-actin staining pattern and smaller cells. L2 is 

indicated on each wing with an asterix 





111. DISCUSSION 

Genetic analysis in the wing shows that nmo appears to be interacting 

antagonistically during Tier 2 of wing development with the Eg/? pathway. Nmo is most 

likely eliciting this antagonistic relationship through interactions with the genes rho, px 

and net. The synergistic interactions seen between nmo, px and net indicate that nmo is 

acting as a third rho regulating element. These results further help to clarify how 

redundancy in the regulation of rho may be working. The enhancement of the MSlO96- 

Ga14; UAS-px phenotype by ectopic nmo indicate that the ectopic veins seen when nmo 

is over expressed could be due to a DN activity, possibly through interaction with a 

complex that includes net, px and likely other as yet unknown components. Below I 

discuss the implication of the genetic interactions I have uncovered and some of the 

unknown factors that still need to be identified and addressed. 

Plexus 

Although nmo, like Edr ,  might have a dual role during wing development, the 

interactions seen with ectopic px certainly point towards a DN role. The blisters seen in 

the co-expression experiment also point towards a dominant negative effect as this 

phenotype is likely due to a inhibition of Px's role as a promoter of the gene blistered 

(bs) (Matakatsu et al., 1999). Bs is a transcription factor that is an intervein specifying 

gene, expressed in a complementary fashion to rho. It is required for both intervein 

specification and the terminal intervein differentiation ((Fristrom et al., 1994; Montagne 

et al., 1996; Roch et al., 1998). Wings mutant for bs result in ectopic veins and wings 

that show a blistered phenotype. Px acts upstream of bs and promotes its expression 

through the inhibition of rho, which in turn inhibits bs expression. In apx mutant bs 



expression is down-regulated (Matakatsu et al., 1999). The fact that we do not see 

blistered wings whenpx is ectopically expressed on its own, but do when nmo is co- 

expressed, is further evidence that what we are seeing is a DN effect. It should also be 

taken into consideration that Egfr does not switch to promoting intervein until later in 

development and these genes are acting for the most part during Tier 2, again pointing 

towards a DN effect. 

Another question that comes up is how the mechanism for this DN interaction 

would work. A possibility is that Nemo is interacting with a complex that includes Px 

and Net and other as yet unknown components. The formation of the complex is hindered 

by ectopic Px sequestering interacting elements, and ectopic Nrno would act to enhance 

this, leading to the formation of even fewer complexes. Due to the structure of Px, its 

location at the nuclear membrane and its ability to bind to Net, it is thought that Px and 

Net would be central to this complex (Matakatsu et al., 1999), however, it is not clear 

whether Nmo would act in this complex, or upstream of this complex. For future work, a 

binding assay for Px and Nmo and Net and Nmo would help determine whether Nmo 

interacts directly with these proteins. 

Regulation of rho 

There are likely other elements besides Px and Net that are regulating rho 

expression. This is due to the discrepancy betweenpx, net double mutants and ectopic 

rho phenotypes. Ectopic rho leads to a wing that is almost entirely composed of vein 

tissue (No11 et al., 1994). As vein fate is the default state, and rho expression is the major 

limiting factor, ectopically expressed Rho can overcome the effect of inhibitors resulting 

in a wing composed of vein (Sturtevant and Bier, 1995; Sturtevant et al., 1993; 



Wasserman and Freeman, 1997, Bier et al., 1998). It would be expected then, that if all 

of the inhibiting elements of rho were removed, then we should see a wing composed of 

vein tissue. As we do not see this in apx, net double homozygote, then there must be 

other genes that are acting to inhibit rho. As we see an enhancement in the triple 

heterozygote for px, net and nmo, and see a significant enhancement of the nmoDB24 wing 

vein phenotype in apx, net/+; nrno DB24/nmODB24 wing, it will be interesting to see what 

the triple homozygotes look like. If the triple mutants show a more severe phenotype 

then the px, net mutants, then this will indicate that nmo is another rho regulating gene. 

Indeed, earlier work showed that nrno mutant pupal wings express rho ectopically in 

regions which would give rise to future ectopic veins, suggesting nrno may play a role in 

regulating-rho expression (Verheyen et al., 2001). If there is an enhancement, it will also 

address the question as to how many other rho regulating genes are left to be discovered. 

Net 

As with rho, previous work done in our lab had shown synergistic interactions 

between nrno and net (Verheyen et al., 2001). net;nmo double mutants showed an 

enhanced ectopic vein phenotype and as well net heterozygously enhances a nrno 

homozygous wing phenotype and vice versa. Results I have obtained through expansion 

of work done previously by Kristen McKnight during her honors project further support 

that these interactions are in fact due to a true interaction and not simply an additive 

effect. Particularly, the rescue of nrno ectopic veins through the ectopic expression of net 

strongly suggests that nmo is upstream of net. Also, the enhancement of loss of veins 

seen when nmo and net are co-expressed with either the 69B-Gal4 driver, or the MSlO96- 

Gal4 driver, show for the first time that nrno can elicit the loss of longitudinal veins as 



well as the PCV. 

Why can ectopic nrno enhance the ectopic loss of veins seen in ectopic net 

mutants, but not elicit loss of veins on its own? One possibility is that net is a limiting 

factor for the complex, and ectopic expression of nrno andpx on their own can not elicit 

ectopic veins for the simple fact that there is not enough Net protein available. To try and 

further determine the reason behind this, one of the experiments currently underway is 

the co-expression ofpx and net to see if a similar enhancement is obtained. This would 

also strengthen the argument that net is acting as a limiting factor in the regulation of rho. 

Egfr 

One problem with the EgfP results was the synergy seen with ectopic nrno with the 

gain of f i c t ion  Elp and r p m .  If nrno is acting antagonistically with Egfr in the wing, 

then ectopic nmo should have either suppressed or had no effect on the Elp and r p m  

phenotypes. However, if ectopic nrno has a DN effect with respect to the EgfP pathway, 

as interactions with the gene px suggest, then this result does make sense, since in that 

scenario ectopic nrno would have been expected to enhance the activity of rho. 

Another problem with the Egfr/ nrno genetic interactions was the superimposition 

of phenotypes seen with nrno and E g f r " l ~ g f i f ~ ~ .  A possible explanation for this is that 

the alleles for ~ g f r ~ ' / E g f r ~ ~ ~  are not actually affecting rho dependent vein specification. 

If this were the case then if nrno were acting in the wing to inhibit rho expression, I 

would not expect to see an interaction. A test for this would be to look at a double 

mutant for ~ g f r " / E g f i r ~ ~ ~  and net. As net inhibition of veins is solely through the 

inhibition of rho, then it would also not interact with these allele and I would see a 

similar superimposition as with nmo. At the time of thesis submission, this result was not 



yet obtained, but it is expected to shed light on this model. Another possibility is that 

nrno does not have any effect on the L4 vein due to redundancy with net andpx. In this 

scenario, the E d r  trans-allelic combination is not effecting an area that is sensitive to 

nrno activity. 

From previous experiments done in this lab we also know that in a rhove, nrno 

double mutant we see, for the most part, a rhove phenotype. Although there also appears 

to be a partial rescue of the rhove phenotype, this is also seen in a net; rhove double mutant 

(Sturtevant and Bier, 1995). Also the degree of suppression, considered with new 

information presented here concerning px and net, supports a role for nrno as an upstream 

regulator of rho. 

Apoptosis 

As my thesis started out as a study of Nmo's role in regulating apoptosis, one 

issue I need to address is that although I have provided strong evidence that nrno is 

helping to regulate Egfr during wing development, all of the interactions have been with 

genes that are not involved themselves during embryonic apoptosis. Neither Net nor Px 

have been shown to have a function during embryogenesis or apoptosis and, if nrno is 

interacting with these genes during wing development to regulate Egfr, then how would it 

regulate Egfr during embryogenesis? One possibility stems from the theory that px and 

net are working in a regulatory complex that would supposedly involve other regulatory 

genes (Matakatsu et al., 1999). I further suggest that nrno is somehow regulating this 

complex. Although net and px would not be involved during embryogenesis, other 

unidentified component interactions could be conserved with nrno during embryogenesis, 

and through these nrno could be regulating Egfr during apoptosis. 



Non-autonomy and the somatic clones 

I have also shown that the effect nrno has on vein intervein development is likely 

due to complex interactions with another signaling pathway, such as the Egj? pathway, 

due to the non-autonomous effect. As Nmo is not a secreted protein, the only way it 

could be eliciting a non-autonomous effect is through downstream components, ie gene 

expression or causing the release of a ligand. Of note, although the wing veins were 

autonomous, the effect on cell polarity (shapelsize and F-actin) appeared to be cell 

autonomous. This suggests that nrno is affecting these phenotypes through other 

pathways in a cell autonomous fashion. This also fits with the findings that nrno is 

affecting a-variety of tissues and signaling pathways (Notch, Wg) through development 

(Mirkovic et al., 2002; Verheyen et al., 2001; Zeng and Verheyen, 2004). 

Wing Shape 

The genetic interactions seen between nrno and Egfr concerning the wing shape 

also appeared to be antagonistic. However, these interactions were different from the 

antagonistic interactions seen in wing vein development as I saw a much cleaner epistatic 

relationships suggesting that nmo is acting downstream of the Egfr pathway in shape 

specification. This conclusion is from the fact that nrno shape was always specified in 

mutant allelic combinations, even when the vein phenotypes were not as clear. 

In conclusion, I believe the data presented in this thesis further expands our 

knowledge concerning how nrno is regulating wing vein development and further 

clarifies interactions with the Eg;fi. pathway, particularly with the genes rho, net andpx, 

and that this pathway can be added to the developmental signaling pathways that nrno is 



already regulating. 



IV. EXPERIMENTAL PROCEDURES: 

Drosophila handling 

Fly cultures and crosses were kept at room temperature unless otherwise 

indicated. Flies were maintained on standard corn-meal molasses media. Fly strains 

used are as follows: 

adk2 DB24 Mutants: nmoadkl, nmo , nmo , nmop, net1, pxl, rhove, Elp. E&', ~ g f S ~ ,  rll, 

rlsem, mwhl 

C5- 1 e UAS constructs: UAS-nemo , UAS-plexus (provided by S. Hayashi), UAS-net 

(provided by D. Brentrup), UAS-DNDer 

Gal4 Drivers: omb (wing pouch), apterous (dorsal cells of wing disc), MSlO96 

(wing pouch), 69B (ubiquitous expression in embryo starting at stage 9 of embryogenesis, 

and ubiquitous expression in third instar larval discs) 

Germline clones: 

Clones were made following modified protocols as stated by Chou and Perrimon 

(1 992). Heat shock (hs) Flipase (Flp); nrnoadkl, FRT 791 TM3 females were crossed to 

ovoD FRT 791 TM3 males. The FI larvae from this cross were grown at 2 5 ' ~  until third 

instar larvae could be seen at which point the vials were heat shocked for 2 hours 

consecutively for two days. Female adults with the following genotype : hs-Flpl +; 

nmoadkl FRT79 I ovoD FRT79, were collected and crossed to wildtype (white1118) males. 

Only females containing germline clones could lay eggs, due to the dominant female 

sterile ovoD mutation. 

In the case of ectopic expression of UAS-DNDer in a germline clone background, 



I used the following cross and stock: 

hs-Flp; UAS-DNDer; nmoadkl FRT79 females were crossed to ScolCyo; ovoD 

FRT79lTM3 males. FI females were crossed to 69B-Gal4 males. The same heat shock 

protocol referred to above was used to generate clones. 

Somatic clones: 

Twin Spot clones: hs-Flp; nmoudkl FRT79lTM3 females were crossed to mwh' 

FRT79 males and the Fl progeny with the genotype hs-FLPl+; nmoudk' ~ ~ ~ 7 9 1 m w h '  

FRT79 were heat shocked at 2"d-3rd larval stage in a 38' C water bath for 2-3 hours 

consecutively for 2 days. 

Marked clones: To generate nmoadkl clones marked with mwhl, nmoadkl and mwhl 

were both recombined onto an FRT79 containing chromosome. hs-Flp; mwhl, nmoadk' 

FRT791 TM3 females were crossed to FRT79 males and the F1 progeny were heat 

shocked as described above. Females were collected and wings were assayed for the 

mwh' phenotype. 

Ectopiclover expression: 

Ectopic expression of genes was done using the GAL4AJAS system as described 

by (Brand and Perrimon, 1993). 

Mounting of wings: 

Wings were dissected from adult flies, washed in 100% ethanol and mounted in 

Aquamount (BDH). Weights were placed on top of coverslips to flatten wings. 



Cuticle Preparations 

Embryos were collected overnight and aged for 24 hours at 2 5 ' ~ .  Embryos were 

then bleached in 50 % bleach solution for 5 minutes, washed, mounted in Hoyers and 

baked at 65' C for 48 hours (Wieschaus and Nusslein-Volhard, 1986). 

Antibody Staining of Imaginal discs 

Imaginal discs were collected from third instar larvae and fixed in a 4% 

formaldehydePBS solution. Antibody staining was performed as described in Zeng and 

Verheyen (2004), using a Rabbit Anti-Beta Gal antibody used at a 112000 concentration. 

An anti-rabbit FITC secondary was then used at a 1/200 dilution. 

Phalloidin Staining 

Pre-pupae (first hour after puparian formation) were collected over a 2 hour 

period and aged for 34-36 hours at 2 5 ' ~ .  Pupae were fixed in 4% formaldehydePBS and 

then pupal wings were dissected according to the Bier Lab protocol (http://www- 

bier.ucsd.edu/protocol.html). Staining with FITC-phalloidin was performed according to 

(Wong and Adler, 1993). 

Dissecting wings from pharate adults 

Several genotypes resulted in pharate adult phenotypes, precluding analysis of 

adult vein patterning. To solve this problem I determined that wings could be dissected 

from pharate adults and forced to unfold in water. 

For analysis, pharate adults were removed form the pupal case once wings were 



visible through the case and placed in a dissecting dish filled with water. The 

membranous envelopes covering the wings were carefully teased off of the wings with 

fine tweezer tips after which wings would unfold within 5 minutes. Wings were left on 

pharate adults for the purpose of scoring the full genotype. After approximately 2-5 

minutes wings could be scored, and/ or dissected and mounted. 

For mounting the inflated wings, wings were dissected while in water and 

immediately put on slides and left to dry. After they had dried, images were taken. 

Wings inflated in water do not mount well in mountant, and as such photos were taken 

immediately and wings discarded. 

count in^ Wing Cells 

Images were taken of wildtype and nmoDB24 homozygous male wings at high 

magnification and printed out. A 50 ml ependorf tube cap was traced onto the images at 

3 to 5 points, near the PCV and between L4 and L5. Wing hairs were counted within the 

traced area and recorded. In total, 17 wildtype points were used and 15 nmoDB24 points 

were used to determine an average. 



Appendix 1 : Apoptotic pathway 

In Drosophila, apoptosis is characterized by the release of cytochrome c from the 

mitochondria and DNA fragmentation. These two events are initiated by the activation of 

the caspase cascade, which consists of the effector caspases and the activator caspases. 

The activation of the caspase cascade has to be tightly regulated as it is the last step 

before apoptosis. Drosophila inhibitor of apoptosis (DIAP) targets the activator caspases 

for degradation through the ubiquitination pathway. It is through inhibition of DIAP that 

the caspases are activated. The three genes, grim, rpr and hid, are novel Drosophila 

genes that are essential for apoptosis. Theses genes act to inhibit DIAP, thereby 

activating the caspase cascade. Grim and Rpr act as general inhibitors of transcription 

and translation. As DIAP has a shorter half life then the caspases, cellular levels of DIAP 

run out whereas the caspases are still left to be activated. Hid has its own ubiquitination 

activity and inhibtis DIAP through ubiquitination and targeting to the proteosome. Hid 

itself is inhibited by the Egfr pathway through the downstream pathway components, 

pointed and rolled. Rolled is a MAPK that through phosphorylation inhibits Hid, 

whereas pointed in a transcription factor that inhibits hid expression 

reviewed in (McCall and Steller, 1997) 





Appendix 2: The E ~ f r  Pathway 

Egfr: One common route through which extracellular signals can regulate gene 

expression is via activation of the receptor tyrosine kinases (RTK). The RTKs in 

Drosophila include Sevenless (eye specific), Torso (embryonic specific), and the 

Epidermal Growth Factor RTK which is active in a myriad of developmental processes. 

The E& pathway is regulated by both negative and positive feedback loops. Two 

proteins, Argos (negative) and Rhomboid (positive), demonstrate that Egfr controls the 

expression of its own set of regulators. 

Signaling - Cassette: All RTK signaling utilizes the same downstream signaling cassette. 

The activation of p21Ras leads to the activation of a kinase cascade that involves, in 

order, Raf, MEK, and MAPK. This "universal" cassette led to the question as to how the 

RTKs could elicit different signaling outcomes through the same downstream cassette. 

This is accomplished through an assortment of ligands, accessory proteins, and tissue 

specific feedback loops. 

Linands: There are 4 ligands for Egfr in Drosophila. Spitz, Gurken and Vein, are all 

positive ligands similar to vertebrate EGFR ligand, Transforming Growth Factor (TGF). 

Spitz and Vein are dynamically expressed ligands, whereas Gurken is a locally expressed 

during oogenesis, demonstrating one level of signaling control. Argos is an inhibitory 

ligand that is proposed to bind directly to Egfr and prevent binding of other ligands. 

Rhomboid: Rho is a seven pass transmembrane protein required for embryogenesis, wing 

development, and oogenesis that is regulated by Egfr. Rho is thought to assist in 

amplifying the Egfr signal in a dose dependent fashion. Rho acts to process the 

transmembrane form of Spitz so it can act as a ligand, the trransmembrane protein 



behaves in a similar fashion to Rho and might have a function in the processing of Spitz. 

Rho is transcriptionally repressed by CF2, a zinc finger Transcription factor that is itself 

repressed by the Egfr signaling cassette. 

Net and Plexus : Net and Plexus are required during wing vein specification to restrict 

the expression and activity of Rho to the primordial veins. This step prevents the wing 

from adopting a vein cell fate as Egfr is expressed throughout the wing disc. Net is 

thought to act as transcriptional repressor for Rho, like CF2, and Plexus is a novel nuclear 

membrane associating protein that is thought to act as an anchor for a complex. reviewed 

in (Perrimon and Perkins, 1997) 
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