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ABSTRACT: 

The type 1 transmembrane receptor tyrosine kinase (RTK), Neu/ErbB2 is a 
member of the Epidermal Growth Factor Receptor (EGFR) family that functions as a 
potent mediator of normal cell-growth and development. However, the aberrant 
expression of RTKs has also been implicated in many human cancers. For example, Neu 
over-expression has been implicated in human breast and ovarian cancers, and is 
correlated with poor clinical prognosis. At least one pTyr residue in Neu, Let-23, and 
PDGFR-(3 receptor tyrosine kinase is reported to have negative signaling capability. The 
intrinsic negative signaling behaviour of any of these pTyr residues, such as pTyr at 1028 
ofNeu (NeuYA) has yet to be fully exploited with a view to better understanding ofRTK 
signaling, leading to more precise knowledge in human cancer development and disease 
treatment. 

Here we aimed to determine the role, specificity and the signaling pathway 
components of rat-NeuYA in Drosophila melanogaster. Specifically, we asked whether 
pTyr 1028 of Neu could affect signaling from heterologous RTKs. If so, what would be 
the pathway components? Are they already known or novel? Using a targeted 
misexpression system, such as the GAL4-Upstream Activating Sequence (GAL4-UAS) 
system, we generated graded phenotypes of various Neu alleles in adult Drosophila eye 
and wing tissues, suitable for dosage sensitive modifier screening. Taking the advantage 
of these graded phenotypes, we sought to identify and evaluate the signaling 
characteristics of Neu/ErbB2. NeuYA, in particular, suppressed the rough-eye phenotype 
of other 'add-back' Neu alleles, suggesting an inhibitory role in RTK signaling. The 
dosage sensitive modifier screen has also shown that the signal attenuating steps, such as 
receptor-mediated endocytosis, receptor recycling, and lysosomal degradation work in a 
YA-independent manner. To identify the components of the NeuYA signaling pathway in 
R TK signal attenuation, a genome-wide dominant modifier screen was undertaken to 
screen over 60,000 F1 progeny either for suppression or enhancement of the rough-eye 
phenotype of GMR-NeuYAE adults. Using deficiency mapping, we isolated and identified 
that one complementation group of suppressors to be alleles of lilliputian. Additionally, 
we narrowed down several groups of enhancers to certain deficiency regions, uncovering 
10-30 genes- previously not known to the receptor tyrosine kinase signaling pathways. 
Collectively, here we report several novel NeuYA_interactors in RTK signal attenuation in 
Drosophila. 
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1. Introduction 

The sophisticated developmental process that gives rise to an adult organism with 

thousands of cells, as in Caenohabditis elegans or tens of trillions of cells, as found in 

large vertebrates, simply starts with a single fertilized egg (Kalthoff, 1996). Eventually, 

this single cell gives rise to different tissues, organs, systems, and finally the whole 

organism. In order to accomplish a flawless developmental process, each and every cell 

must be able to integrate signals appropriately for growth, differentiation, survival and 

apoptosis. In other words, individual cells invariably, must be able to recogmze 

environmental cues, process multiple signals and generate appropriate responses 

(Melicharek et al., 2008; Huang and Rubin, 2000). The signaling molecules that 

accomplish this sophisticated but intricate function are of various categories: (1) 

transmembrane receptors to recognize extra-cellular cues, eg. Growth Factors, (2) 

intracellular proteins to relay and amplify these signals, and (3) effector molecules to 

convert the signals into the developmental outputs. The underlying molecular 

mechanisms of these signaling events have been used repeatedly, with context specificity 

throughout the developmental process (Huang and Rubin, 2000). Defects in signaling 

pathways have been found as the underlying mechanism of cancer and various types of 

human diseases (Ramjaun and Downward, 2007; Hunter, 2000). 

In eukaryotes, many genes encode for cell surface receptors that receive, process 

and transmit the extra-cellular cues into the cells. One large family of cell surface 

receptors has the capability of intrinsic protein tyrosine kinase activity and is 

appropriately called the Receptor Tyrosine Kinase family (RTKs). RTKs function 
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through the transfer of y-phosphate of ATP to the hydroxyl group of tyrosine on target 

proteins (reviewed by Takeuchi and Ito, 2010; Schlessinger and Lemmon, 2006; 

Schlessinger, 2000). 

The rat-Neu/ErbB2 is a type1 transmembrane receptor tyrosine kinase and a 

member of the Epidermal Growth Factor Receptor (EGFR) family. ErbB2 is a potent 

mediator of normal cell growth and development (reviewed in Baselga and Swain, 2009). 

Neu/ErbB2 amplification or over-expression has been reported in 20-30% of human 

breast cancers, as well as in subsets of patients with ovarian cancers, gastric carcinoma 

and salivary gland tumors (Vermeij et al., 2008; Owens et al., 2004; Yaziji et al., 2004; 

Slamon et al., 1987; Jaehne et al., 1992). The over-expression ofNeu is associated with 

the consequences of an excess-ErbB2-mediated signaling, which drives oncogenic cell 

survival, proliferation, migration and angiogenesis (Takeuchi and Ito, 2010; Swain and 

Baselga, 2009; Schlessinger and Lemmon, 2006). This hyper-expression has also been 

correlated with poor prognosis in both breast and gastric cancers (Swain and Baselga, 

2009; Park et al., 2006; Liu et al., 1992; Jaehne et al., 1992; Slamon et al., 1987). 

However, the precise mechanism of ErbB2 deregulations during cancer development are 

poorly understood. A clear understanding of the kinase regulation of ErbB2 will enable 

us better understand the mechanism of signal transduction in normal development and in 

carcmomas. 

3 
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1.1 Signaling by trans-membrane Receptor Tyrosine Kinase (RTK) 

The RTK family is composed of 59 related cell surface receptors and has been 

classified based on their primary structure, ligand affinity and induced biological 

responsive properties (Schlessinger, 2000; Fantl et al., 1993). These membrane spanning 

cell surface RTKs fall into several subfamilies or categories: (1) the Epidermal Growth 

Factor Receptors (EGFRs or ErbBs), (2) the Fibroblast Growth Factor Receptors 

(FGFRs), (3) the Insulin and the Insulin-like Growth Factor Receptors (IRs or IGFR), (4) 

the Platelet-derived Growth Factor Receptors (PDGFRs), (5) the Vascular Endothelial 

Growth Factor Receptors (VEGFRs), (6) the Hepatocyte Growth Factor Receptors 

(HGFRs), and (7) the Nerve Growth Factor Receptors (NGFRs) (Stuttfeld and Ballmer, 

2009; Cotton et al., 2008; Mukherjee et al., 2006). 

All RTKs are structurally similar and contain 4 domains: (1) an extra-cellular 

ligand binding domain, (2) a single-pass transmembrane domain, (3) a conserved tyrosine 

kinase domain, and (4) a regulatory carboxyl-terminal tail harboring several tyrosine 

autophosphorylation or transphosphorylation sites (Hynes and Stern, 1994). Small 

organic molecules, such as lipids, carbohydrates, peptides and proteins act as the ligands 

for RTKs (Swain and Baselga, 2009; Schlessinger and Lemmon, 2006; Schlessinger, 

2000). Upon ligand binding, RTKs become active through a lateral dimerization in the 

plasma membrane (Schlessinger, 2000). The R TK transmembrane dimer interface 

contains the critical structural information that positions the catalytic domains in such a 

way that they can phosphorylate each other (Li and Hristova, 2006). The phosphorylated 

RTKs catalyze the transfer of y-phosphate of ATP to hydroxyl groups of tyrosines on 
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target proteins to activate and relay the signals (Fig. 1.1 ). In the dimer, the kinase domain 

interaction is asymmetrical, with the amino-terminal lobe of one tyrosine kinase 

interacting with the carboxyl-terminal lobe of the other (Kuriyan et al., 2006). Apart from 

the insulin and the insulin-like growth factor receptors, all RTKs exist in monomer-dimer 

equilibrium in normal, non-malignant cells (Li and Hristova, 2006). 

1.2 RTK signaling specificity 

The signal competent RTKs contain multiple pTyr residues in the carboxyl 

terminal to bind specific second messenger or adaptor proteins containing the modular 

Src homology 2 (SH2) or protein tyrosine binding (PTB) domains (Liu et al., 2006; 

Schlessinger and Lemmon, 2006; Pawson and Nash, 2000). Second messenger proteins, 

including kinases, phosphatases or phospholipases induce the signaling 'cascades' and 

transduce a growth or differentiating signal to the nucleus. Adaptor proteins, on the other 

hand, act as intermediates linking the activated RTKs with the second messenger proteins 

(Bradshaw and Waksman, 2002; Schlessinger, 2000). For example, in the Ras-Raf­

MAPKinase signaling cascade, adaptor proteins, such as Grb-2 or She, associate with 

activated RTKs through their SH2 domains and further recruit the second messenger 

protein-guanine nucleotide exchange factor, Son of Sevenless (Sos), through its SH3 

domain. 

5 
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Figure 1.1: Signal Transduction through Receptor Tyrosine Kinases (RTKs). Upon 

ligand binding, receptor tyrosine kinases aggregate and undergo autophosphorylation. 

Once a receptor is phosphorylated at tyrosine residues on the cytosolic tail, proteins with 

SH2 domains such as phospholipase C (PLC) and GRB2 bind to the receptor. The 

binding of adaptor protein, GRB2 causes the activation of Sos, a guanine-nucleotide 

release protein to which it binds. The second messenger molecule, Sos then causes the 

activation of the Ras protein by converting it to the Ras-GTP state from the Ras-GDP 

state. Activated Ras initiates a cascade of events that ultimately results in the activation 

of the transcription factors needed for cell growth and metabolism. (Permission of Garret 

and Grisham, 1998). 

6 
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Recep'lor tyrosine kinase (RTK) """"*" 
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1.2.1 Site specific signaling 

A large number of cytoplasmic or membrane bound SH2 domain-containing 

proteins possess intrinsic enzymatic activities. These activities include Protein Tyrosine 

Kinase- PTK activity (Src kinase), Protein Tyrosine Phosphatase-PTP activity (Shp2), 

Phospholipase C activity (PLC-y), and Ras-GTPase activity (Ras-GAP) (Schlessinger, 

2000). The multiple signaling outputs of RTKs primarily depend on their binding 

capabilities with different SH2-containing signaling and adaptor molecules at different 

phosphotyrosines (pTyr) on the RTK sites. For example, a site directed mutagenesis 

study with the platelet-derived growth factor receptor-f3 (PDGFR-f3) found that the 

tyrosine residue at 1021 (Y1021) and at 740/751 (Y740/751) bind to PLC-y and 

phosphatidylinositol-3-0H-kinase (PI-3K) respectively. These sites promote chemotaxis, 

whereas the tyrosine residue at 771 (Y771) that binds to GTPase activating protein 

(GAP) mediates suppression of migration (Kundra et al., 1994 ). In the fibroblast growth 

factor receptor (FGFR), the site that binds PLC-y is required for phosphatidylinositol 

turnover and Ca2
+ flux but not for mitogenesis (Mohammadi et al., 2002; Peters et al., 

1992). Another study with the Caenorhabditis elegans epidermal growth factor receptor 

(EGFR) homologue, LET -23 found that six out of eight potential SH2-binding sites 

function for viability, vulval differentiation and fertility in vivo (Lesa and Sternberg, 

1997). Three out of six sites were involved in viability and vulval differentiation. The 4th 

site induced wild-type fertility, while the 5th one mediated all three above-mentioned 

LET -23 functions. However, the 6th site mediated tissue specific negative regulation. 

8 
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Taken together, all these data suggest that the putative SH2 binding sites function in non­

equivalent manner in vivo. 

1.2.2 Tissue and context specific signaling 

RTK tissue specificity is regulated by at least two independent factors in vivo: (1) 

by tissue specific effectors and (2) by tissue specific regulators. Depending on the cellular 

contexts or developmental stages, these effectors and regulators are thought to trigger 

either activation or repression of gene expression to initiate and control distinct signaling 

pathways, resulting in different cellular responses (Swain and Baselga, 2009; Roch et al, 

2002; Simon, 2002; Schlessinger and Ullrich, 1992). For example, during early 

embryonic development, FGFR1 is required for cell migration in mesodermal patterning 

and gastrulation (Sahni et al., 1999). On the other hand, FGFR1 is required for cell 

proliferation in fibroblasts and for cell survival and differentiation in neuronal cells. 

Moreover, a novel direct RTK signaling pathway is involved in several types of human 

cancers and primary tumor cells. For instance, the activated EGF-EGFR complex 

translocates to the nucleus through the signal transducers and activators of transcription 

(STAT). A higher level of EGFR was found in the nuclei of cancer and primary tumor 

cells of skin, breast, bladder, cervix, adrenocorticord, thyroid and oral cavity (Lo et al., 

2005; Bourguignon et al., 2002; Marti et al., 2001; Lin et al., 2001; Lipponen and 

Eskelinen, 1994; Kamio et al., 1990). 
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1.3 Vertebrate family ofEGF receptors (EGFRs) 

The vertebrate Epidermal Growth Factor Receptor subfamily has four members: 

(1) EGFR/ErbB-1, (2) ErbB2/Neu, (3) ErbB3, and (4) ErbB4. These ErbB members share 

a single-pass transmembrane helix flanked by an extracellular ligand binding domain and 

a cytoplasmic C-terminal domain that harbours a conserved but not equally functional 

tyrosine kinase domain (Schlessinger, 2000). The ligands for these ErbB receptors share 

an EGF-like domain of approximately 60 amino acids and are required and sufficient for 

the ErbB activation (Barbacci et al., 1995). The ligands that bind to ErbB1/EGFR are: 

Epidermal Growth Factor (EGF), Heparin binding EGF-like growth factor (HB-EGF), 

transforming growth factor-a (TGF-a), epiregulin, amphiregulin and betacellulin 

(reviewed by Ranson, 2004). Neuregulins (NRG) are the ligands for ErbB3 and ErbB4 

(Stove and Bracke, 2004). Interestingly, ErbB2 has no reported ligand and ErbB3 lacks 

intrinsic kinase activity (Fig. 1.2). The functionally distinct ErbB2 and ErbB3 receptors 

are the preferred heterodimeric partners for other ErbB receptors (Beerli et al., 1995). 

ErbB receptors have been implicated in many, perhaps in all, of the fundamental 

developmental processes, including cell-growth, proliferation, differentiation, survival 

and migration. The loss of ErbB result in deleterious effects in the embryos of 'knock­

out' mice (Riethmacher et al., 1997). For example, ErbB2/ErbB3-deficient mice resulted 

in a hypoplastic development of the sympathetic nervous system, while ErbB2/ErbB4-

deficient mice have malformation of cardiac ventricular trabecules (Britsch et al., 1998; 

Gassmann et al., 1995; Lee et al., 1995). 

10 
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Figure 1.2: Key-signaling pathways activated by the ErbB2-ErbB3 hetero­

dimers in human cancers. The most widely known and best-characterized Ras signaling 

pathways include MAPK-ERK, the MAPK-JNK and p38 pathways. Ras-MAPKinase 

signaling promotes proliferation, while signaling through the PI3K-Akt pathway leads to 

several cellular end points, such as cell-survival and anti-apoptosis. The kinase domain 

interaction is asymmetrical. The amino-terminal lobe of one tyrosine kinase interacts with 

the Carboxyl-terminal of the other. GSK3, glycogen synthase kinase3; NF-B, nuclear 

factor-B; PDKl, pyruvate dehydrogenase kinase 1; PIP2, phosphatidylinositol 

biphosphate; PIP3, phosphatidylinositol triphosphate. (Permission of Swain and Baselga, 

2009). 
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1.4 Signaling by ErbB2/Neu 

All RTKs comprise with 4 highly conserved domains (Hynes and Stem, 1994). 

The deregulated functions of each of these conserved domains have been implicated in 

various types of cancers, including human breast, lung, and ovarian cancers (Kuriyan et 

al., 2006; Li and Hristova, 2006). Therefore, in order to better understand the roles of 

ErbB2 in human carcinomas, it is of prime importance to better understand the structural 

and functional characteristics of each of these domains. 

1.4.1 The extra-cellular domain 

Crystal structure analysis has revealed an 'auto-inhibited' domain in the extra­

cellular region in EGFR!ErbB 1, ErbB3 and ErbB4. In contrast, the oncogenic version of 

ErbB2, even without a ligand, can transform cells when simply over-expressed (Di Fiore 

et al, 1987). Four domains (I- IV) in the extra-cellular region, are believed to render this 

orphan receptor an 'auto-activated' configuration. This constitutive conformation enables 

the receptor to form signaling-competent hetero or homo-dimers (Citri et al., 2003). 

Recently, crystal structure analysis revealed that the extra-cellular region of human 

ErbB2 resembles the extended form of ligand bound Drosophila-EGFR (DER) (Alvarado 

et al., 2009). 

1.4.2 The transmembrane span 

The transmembrane (TM) domain plays critical roles in RTK activation and in 

disease development (Li and Hristova, 2006). It is believed that the RTK TM dimer 
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interface contains the critical structural information that positions the catalytic domains in 

such a way that they can phosphorylate each other. Therefore, the substitution of the TM 

Table 1: Pathogenic/Constitutive active ErbB2 TM Domain Mutations 

Rat-ErbB2 Vai664Giu Overactivation of Schechter et al., 1984 
Receptor Bargmann et al., 1986 

Rat-ErbB2 Vai664Gin Overactivation of Bargmann and Weinberg, 1998 
Receptor 

Rat-ErbB2 Vai659Gin Overactivation of Fleishman and Schessinger, 2002 
Receptor. Oncogenic 
When introduced into 
Human ErbB2 

Human ErbB2 lle654Val Ina-eased risk of Frank etal., 2005. 
Breast cancers 

domain of one RTK into another RTK produces an active receptor. For instance, the 

insertion of the TM domain of activated Neu (NeuT) into the PDGFR-13 receptor led to 

constitutive activation ofthe chimeric receptor (Bell et al., 2000; Petti et al., 1998). 

Mutations in the TM domains are believed to cause receptor over-activation by 

stabilizing the RTK dimer (Webster and Donoghue, 1996). A point mutation was found 

in the oncogenic version of the rat homologue of ErbB2 (NeuT). Over activation of this 

oncogenic receptor was found to be the result of a Val664Glu mutation in its TM domain 

(Bargmann et al., 1986; Schechter et al., 1984). Several other point mutations in the TM 

domain were reported to have various oncogenic properties (Table 1). Specially, the 

Ile654Val mutation in ErbB2 is associated with an increased risk ofbreast cancers (Frank 

et al., 2005). 

14 



PhD Thesis- Noor Hossain Biology-McMaster University 

1.4.3 The cytoplasmic domain 

The C-terminus docking domain of ErbB2/Neu contains five individual tyrosine 

(Tyr) phosphorylation sites. Four of these Tyr in rat-NeuT contributed to cell 

transformation with cultured ratl fibroblasts (Dankort et al., 1997). The transforming 

ability was attributed to the phosphotyrosines (pTyr) binding with either GRB2 or She. 

However, in vivo experiments with genetically modified mice showed that signaling 

through Grb-2 alone result higher rate of metastasis than signaling through She alone 

(Dankort et al., 2001). 

1.5 ErbB2 in tumorigenesis 

The downstream signaling pathways and ultimate signaling outputs of the ErbB 

receptor tyrosine kinases mostly depend on the activating ligand and the hetero-dimer 

partner (Yarden and Sliwkowski, 2001). The signaling potency of the hetero-dimers is 

regarded to be stronger than that of homo-dimers. The ErbB hetero-dimers comprising 

from EGFR, ErbB2 and ErbB3 have been implicated in the development and progression 

of cancer. However, the role ofErbB4 (HER4) in oncogenesis remains less well defined. 

Recent studies suggest that this receptor might be involved in signaling for cell growth 

inhibition rather than proliferation (Feng et al., 2007). The over-expression of ErbB 

hetero-dimers have been reported in various human cancers, including breast, ovarian, 

lung and prostrate cancer (reviewed in Baselga and Swain, 2009). However, the ErbB2-

ErbB3 hetero-dimers are classified as the most potent oncogenic signaling unit with 

respect to interaction-strength, ligand-induced tyrosine phosphorylation and downstream 
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signaling with the combined mitogenic and anti-apoptotic cues (Citri et al., 2003; Tzahar 

et al., 1996; Pinkas-Kraamarski et al., 1996). In human breast cancer, for instance, the 

expression of ERBB2 molecules of tumor cells exceeds than that of the normal cells by at 

least 100 fold and facilitates the formation of hetero-dimers and homo-dimers that 

ultimately results in tumor cell survival and proliferation (Perez and Baweja, 2008; 

Yarden and Sliwkwoski, 2001). 

The hetero-dimers of the ErbB receptor tyrosine kinases signal through canonical 

Ras-Raf-MAPK cassettes for tumor cell proliferation and through the PBK-Akt/PKB 

pathway for tumor cell survival, apoptosis and programmed cell death suppression 

(reviewed in Baselga and Swain, 2009; Kuriyan et al., 2006; Li and Hristova, 2006). In 

normal cells, Akt activation is inhibited by the tumor suppressor PTEN phosphatase, 

which dephosphorylates Phospatidylinositol-3,4,5-triphosphate (PI3-K). In tumor cells, 

on the other hand, the activation and phosphorylation of ErbB3 facilitates the 

transformation of Phosphatidylinositol-4,5-bisphosphate (PIP2) to Phosphatidylinositol 

3,4,5-triphosphate (PIP3). PIP3 then recruits the serine-threonine kinase, Akt to the 

plasma membrane through its Plekstrin homology (PH) domain. Upon phosphorylation 

by pyruvate dehydrogenase kinase1 (PDK1), the activated Akt directly phosphorylates 

critical regulators of the cell cycle progression and apoptosis, including P21, P27 and 

MDM2 (Kumar and Hung, 2005; Li et al., 2002; Zhou et al., 2001). 

Akt promotes tumor cell survival by removing cell cycle checkpoints and 

apoptosis. De-regulated PBK-Akt pathway contributes to an aggressive type of human 

breast cancers. Specifically, the phosphorylation of Thr145 of p21, a potent inhibitor 
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CDK2 (Cyclin dependent Kinase 2) and ofThr157 ofp27, another negative G1 regulator, 

results in p27 cytoplasmic retention and nuclear export. In human breast cancers, 

cytoplasmic phosphorylated p21 has been associated with anti-apoptotic function, 

enhanced tumor survival and poor clinical outcomes (Xia et al., 2004; Clark, 2003; 

Huang et al., 2003; Liang et al., 2002; Shin et al., 2002; Viglietto et al., 2002; Winterset 

al., 2001; Zhou et al, 2001). Moreover, Akt negatively regulates the tumor suppressor, 

p53 by phosphorylating at Ser 166/186 of MDM2, which associates with p300 and 

ultimately degrades p53 (Zhou et al., 200 I; Rossig et al., 200 I). On the other hand, it has 

been shown that the failure of RTKs to be appropriately deactivated may be a cause of 

neoplastic growth (Dikic and Giordano, 2003). 

1.6 RTK down regulation 

In order to maintain an appropriate level of developmental signaling, the activity 

of each R TK must be tightly regulated for appropriate attenuation and termination of 

RTK-mediated signal. The mechanisms through which cells accomplish RTK attenuation 

include: (1) autoinhibition mediated by the extra-cellular or the catalytic domains, (2) 

antagonistic ligands, (3) hetero-oligomerization with kinase inactive mutant receptors, (4) 

inhibition by phosphatases, (5) receptor endocytosis and degradation (Schlessinger, 2003, 

2000). Among all, the key mechanism of RTK signal termination represents the 

involvement of endocytosis and lysosomal degradation (Dikic, 2003). 
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1.6.1 Endocytosis and RTKs downregulation 

Endocytosis controls the amount of receptors available in the plasma membrane, 

whereas the activated receptor signaling controls endocytosis (Sorkin and von Zastrow, 

2009). Endocytosis is stimulated by ligand-induced activation leading to the capture of 

ligand bound transmembrane proteins into cytoplasmic vesicles (Sadowski et al., 2008; 

von Zastrow and Sorkin, 2007; Mukherjee et al., 2006). Endocytosis is mediated either 

by clathrin-dependent (CDE) or clathrin-independent (CIE) mechanism. In clathrin­

dependent endocytosis, receptors are recruited to clathrin-coated pits by directly 

interacting with the clathrin coat adaptor complex, AP2 or by binding to other adaptor 

proteins, such as Epsin, epidermal growth factor receptor substrate 15 (Eps 15) and 

Dishevelled (Yu et al., 2007; Brett and Traub 2006; Sorkin, 2004). However, during this 

internalization process, many signaling receptors, such as EGFR and PDGFR are 

themselves modified by ubiquitylation (Oved et al., 2006; Marmor and Yaden, 2004). 

The E3 ubiquitin ligases, such as Casitas B lineage lymphoma (CBL ), are recruited to the 

activated receptor directly or through an intermediate adaptor, such as GRB2 in case of 

EGFR and MET receptor (Borgne et al., 2005). 

The Clathrin-coated pits invaginate inwards and pinch off from the plasma 

membrane (Fig. 1.3). The formation of cytoplasmic pits requires the GTPase dynamin, 

such as Shibire and Expanded, and Endophilin (Chen et al., 2002; Di Camilli et al., 

1995). The shredded Clathrin coat is recycled for another round of transport, while the 

uncoated vesicles fuse together to form new endosomes, or fuse with pre-existing early 

endosomes (EE), called sorting endosomes. The formation of EE requires the small 
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Figure 1.3: Mechanism of endocytotic downregulation of RTKs. The figure shows 

that after internalization clathrin pits are recycled for another round of transport, the 

uncoated vesicles fuse together to form new endosomes, or fuse with pre-existing early 

(sorting) endosomes, a process that is partly controlled by the small GTPase Rab5 and its 

effectors. At the early endosomes, the ubiquitinated RTK is sorted into a 'bilayered' 

clathrin coat, probably by associating with ubiquitin-binding proteins such as Hrs and 

STAM. From here receptor-bound ligands are then transported to and degraded in the 

Rab7 present late endosomes or lysosomes. Intraluminal vesicles with their content are 

then degraded by lysosomal hydrolases. (Permission of Gould and Lippincott-Schwartz, 

2009). 
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GTPase, such as Rab5 and its effectors, including Rabaptin-5 and EEA1 (Zerial and 

McBride, 2001). Internalized receptors either rapidly recycle back to the plasma 

membrane or remain in the endosome, which mature into multivesicularbodies (MVBs) 

and late endosomes (LE). At the early endosomes, the ubiquitylated RTK is sorted into a 

'bilayered' clathrin coat, probably by associating with ubiquitin-binding proteins such as 

Hsr and STAM (Raiborg et al., 2009; Bache et al., 2003; Kanazawa et al., 2003; 

Katzmann et al., 2002). 

The recyclable receptors rapidly traffic to the Rab 11 containing compartment and 

recycle back to the plasma membrane in a Rab4 dependent manner (reviewed in Raiborg 

and Stenmark, 2009; Nickerson et al., 2007). The remaining portions of RTKs are then 

sorted into intraluminal vesicles of the endosome, in a process mediated by endosomal 

sorting complex required for transport (ESCRT) (reviewed in Hanson et al., 2009; 

Raiborg and Stenmark, 2009; Nickerson et al., 2007). The receptor-bound ligands present 

in the sorting endosomes are then transported to and degraded in the Rab 7 containing late 

endosomes or lysosomes. The intraluminal vesicles, with their contents, are then 

degraded by lysosomal hydrolases (Bright et al., 2005; Gruenberg and Stenmark, 2004). 

Recent studies provide evidence that the endocytic machinery is disrupted in 

certain types of cancer (Ande et al., 2009). There is a growing list of regulators of RTK 

downregulation associated with cancers (See Table 2.1 in Result section). For example, 

mutations in Hip1 (End4/Sla2), c-Cbl and Tsg101 (Subunit of mammalian ESCRT-1) 

have been identified in human cancers (Gruenberg and Stenmark, 2004; Hyun and Ross, 

2004; Shtiegman and Yarden, 2003; Peschard and Park, 2003; Dikic and Giordano, 2003 
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and Li and Cohen, 1996). Moreover, genes encoding some of the proteins that participate 

directly in the clathrin-coat formation, during the initial steps of endocytosis, have been 

identified as targets of chromosomal rearrangements in human haematopoietic 

malignancies. For example, Eps15 and Endophilin-2 (SH3p8) were fused to ALL1/HRX 

genes due to chromosomal translocation (Floyd and De Camilli, 1998). 

However, there has been very little effort in evaluating these endocytotic 

components in vivo. Drosophila is a good model to genetically evaluate the interaction of 

various endocytotic components and DER, the EGFR homolog required for multiple roles 

during eye development. 

1. 7 Roles of DEgfr during the Drosophila development 

Drosophila EGFR (DER) functions in almost all fundamental biological processes, 

such as cell proliferation, differentiation, survival, and apoptosis-suppression (Shilo, 

2003). Although humans have 4 ErbB receptor tyrosine kinases, Drosophila and C. 

elegans have only one EGF receptor. The Drosophila epidermal receptor tyrosine kinase, 

DER was isolated and cloned in a screen to identify homolog of chicken v-ErbB in the 

Drosophila genome (Livneh et al., 1985). Later, DER was shown to be sufficient to 

induce ectopic differentiation in the developing eye (Doroquez and Rebay, 2006; 

Rodrigues et al., 2005; Shilo, 2003; Kumar et al., 2003; Yang an Baker, 2003; Kumar and 

Moses, 2001; Lesokhin et al., 1999; Kumar et al., 1998). Four activating and one 

inhibiting ligand have been identified for DER. These ligands include: (1) the 

Neuregulin: Vein, (2) the TGF-ligands: Spitz, Karen and Gurken, and (3) the repressive 
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ligand: Argos (Shilo, 2003; Reich and Shilo, 2002; Riese and Stem, 1998; Sawamoto et 

al., 1996; Schnepp et al., 1996; Schweitzer et al., 1995; Kumar et al., 1995; Freeman, 

1994; Sawamoto et al.,1994; Neuman-Silberberg and Schupbach, 1993; Rutledge et al., 

1992; Freeman et al., 1992). 

DER is reiteratively used throughout the entire developmental process ranging from 

the adult abdominal dorsoventral patterning, wing vein determination and oogenesis 

(Shilo, 2005; Shilo, 2003). Vein is necessary for the patterning of the ventral ectoderm 

and specification of muscle precursors during embryogenesis (Shilo, 2003). The primary 

DER ligand, Spitz (Spi) is responsible for the DER activation in almost all tissues. For 

example, Spitz plays roles during the oogenesis, eye development and adult male 

spermatogenesis (Shilo, 2003). Moreover, DER suppresses apoptosis of midline glia 

(MG) cell lineages (Settle et al, 2003; Sonnenfeld and Jacobs, 1994) and provides cell 

proliferation and cell differentiation during eye development (Raz et al., 1991). 

1.8 DER in Drosophila eye development 

The Drosophila compound eye is composed of approximately 800-850 repetitive 

subunits called ommatidia. The ommatidia are arranged symmetrically with respect to the 

horizontal equator line to form a precise neurocrystalline lattice. Each ommatidium is 

composed of eight photoreceptors (R1-R8), four lens secreting cone cells, two primary 

(1 °) pigment cells, and a hexagonal lattice of secondary (2°) and tertiary (3°) pigment 

cells and bristle cells shared by ommatidia (Fig. 1.4) (Wolff and Ready, 1993; 
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Figure 1.4: The Drosophila eye. (A) Scanning electron micrograph of the adult 

compound eye. (B) Tangential section and cartoon of the adult eye showing the 

hexagonal ommatidia and regular pigment cell lattice. The dark-stained light-sensing 

photoreceptor organelles, or rhabdomeres, are arranged in a trapezoidal pattern. Rl-7 are 

shown in this section; R8 is located at lower section levels. (B, C) Ommatidia are 

arranged symmetrically with respect to the equator, such that R3 points up in the dorsal 

half, and points down in the ventral half. (Permission of Doroquez and Rebay, 2006). 
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Higashijima et al., 1992; Ready et al., 1976). The adult eye structure arises from 

columnar epithelial primordia, known as the eye-antennal imaginal disc. The disc 

undergoes extensive proliferation and patterning during larval and pupal stages (Cohen, 

1993). 

During early larval stages, the disc grows through unpattemed and asynchronous 

cell division (Wolff and Ready, 1993 ). At this stage, eye field specification occurs 

through the action of the retinal determination gene network (RDGN). The components 

of the RDGN function as master regulators and belong to a group of transcription factors, 

such as Twin of eyeless (Toy), Eyeless (Ey), Sine Oculis (So), Eyes absent (Eya), 

Eyegone (Eyg) and Dachshund (Dac) (Silver and Rebay, 2005; Dominguez and Casares, 

2005; Pappu and Mardon, 2004). DER was initially thought to be involved in eye field 

specification. However, a DER independent hypothesis has been proposed (Kenyone et 

al., 2003). Following eye field specification, cell fate determination and differentiation 

occurs in a dramatic regulated fashion across the eye imaginal disc. During the late 3rd 

instar larval stage, an indentation in the eye imaginal disc, called the morphogenetic 

furrow (MF), is initiated and travels towards the anterior of the disc resulting in waves of 

cell specification in its wake (Wolff and Ready, 1993). 

Cells anterior to the MF proliferate randomly, whereas specified and 

differentiated cells that comprise the ommatidium are recruited to the posterior of the MF 

(Wolff and Ready, 1993). In the differentiating cells, DER activates the basic helix-loop­

helix (bHLH) transcription factor, Atonal (Ato) (Greenwood and Struhl, 1999; Baker et 

al., 1996; Jarman et al., 1995; 1994). DER is required (1) before initiation of the MF and 
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(2) for propagation of new ommatidia! columns along the lateral margins of the disc 

(Kumar and Moses, 2001 ). A to expression is then refined at the posterior of the MF to a 

single cell that gives rise the R8 founder cell (Baker, 2001; Baker et al., 1996; Dokucu et 

al., 1996; Jarman et al., 1994, 1995;). Ato refinement and restoration to the R8 cell are 

thought to occur through lateral inhibition by the concerted activities of Notch and the 

fibrinogen-related dimeric secreted glycoprotein Scabrous (Sea) (Lee et al., 1995; Baker 

and Zitron, 1995; Baker et al., 1990; Mlodzic et al., 1990). 

Initially, DER was proposed to play a role in the specification of R8, as the 

hypermorphic DER Ellipse mutant (Elp) allele showed dramatic changes in ommatidia! 

pre-cluster formation and loss of R8 differentiation (Baker and Rubin, 1989). However, 

the experiment with the mitotic clones showed that DER null homozygous clones, in 

comparison with the wildtype one, yielded very small clones but still having some R8 

cells developed. This DER independent R8 cell development suggested that DER is 

required in cell proliferation and/or survival but not in R8 specification (Yang and Baker, 

2003; Baonza et al., 2001; Lesokhin et al., 1999; Dominguez et al., 1998; Xu and Rubin, 

1993). Following R8 specification or founder cell formation, the pair-wise recruitment of 

R2/5 and R3/4 is initiated (Ready et al., 1976). The undifferentiated cells that lie between 

the already differentiated photoreceptors cell clusters (R8, R2/5 and R3/4) return to the 

cell cycle for a synchronous and terminal cell division, called second mitotic wave 

(SMW). At this stage, the DER pathway with the cooperation of the cdc25 phosphatase, 

String (Stg) initiates G2/M transitions and give rise to Rl/6, R7, cone and pigment cells 

(Baker and Yu 2001). 
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After Second Mitotic Wave, the R 7 photoreceptor is the last photoreceptor to be 

recruited to the ommatidium. It develops through the orchestrated signaling by DER, the 

Sevenless (Sev) receptor tyrosine kinase and Notch (N). In brief, the R8 photoreceptor 

cell expresses the membrane bound ligand Bride-of-Sevenless (Boss) that binds to Sev 

and is transendocytosed into the R7 cell (Cagan et al., 1992; Krammer et al., 1991). This 

ligand-receptor interaction leads to RTK activation via trans and auto-phosphorylation on 

tyrosine residues and employs the Ras/MAPK cassettes to control the Sev-mediated R 7 

development (Gebelein et al., 2004; Rebay and Rubin, 1995; Biggs et al., 1994; Brunner 

et al., 1994; Olivier et al., 1993; Simonet al., 1993; Dickson et al., 1992; Fortini et al., 

1992; Simon et al., 1991 ). The combined activity of DER and Sev dismantle the repressor 

activity of the transcription repressor factor- Tramtrack88 (Ttk88) and Yan over the 

homeodomain transcription factor Prospero (pros), ultimately inducing R7 cell fate (Xu et 

al., 2000; Kauffmann et al., 1996). The RTK pathway effectors, Pointed (Pnt) and the Ets 

transcription factor Lozenge (Lz), activate the expression of prospero in the R7 

determining cell (Xu et al., 2000). The other remaining 4 cells in the cluster take the cone 

cell fate, which is induced by the Drosophila homolog of the vertebrate Pax2 gene, dPax2 

through a combinatorial effect of the DER and Notch signaling pathways (Flores et al., 

2000; Daga et al., 1996). 

Following the R cell and cone cell determination, the pigment and sensory bristles 

are determined from the pool of undifferentiated cells in the Drosophila eye discs. This 

final stage of ommatidia! patterning involves the tight coordination of signaling between 

cell survival and apoptosis, the programmed cell death (PCD) (Twomey and McCarthy, 
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2005; Hay et al., 2004; Brachmann and Cagan, 2003; Rusconi et al., 2000; Steller and 

Grether, 1994). Finally, pigment cells differentiate during the late stage of pupal 

development. The remaining interommatidial undifferentiated cells then undergo PCD 

through a combinatorial action of DER and Notch signaling pathway (Hay et al., 1994; 

Wolff and Ready, 1991; Ready et al., 1976). Failure ofPCD results in unnecessary cells 

that perturb the ommatidiallattice structure leading to a malformed adult eye (Baker et 

al, 2001; Rusconi et al., 2000). In another set of experiments, the temperature sensitive 

Notch (N15
) allele, in restrictive temperature, resulted in supernumerary 2° cells due to the 

loss ofPCD (Cagan and Ready, 1989). DER activation leads to MAPK phosphorylation 

and downregulation of pro-apoptotic protein Head Involution defective (Hid) and thereby 

preventing PCD (Bergmann et al., 1998; Kurada and White, 1998). Similarly, loss of 

DER activity in the interommatidial precursor cell (IPC) resulted in the loss of 2°/3° 

pigment cells and increased cell death (Miller and Cagan, 1998; Freeman, 1996). 

It has been shown that expression of rat-Neu!ErbB2 renders effects similar to the 

activated Drosophila-DER eye phenotype (Settle et al., 2003), suggesting that this 

vertebrate RTK co-opts endogenous second messengers. Therefore, Drosophila eye 

development is a suitable genetic model system for studying rat-Neu signaling in vivo. 

1.9 Previous studies with the transgenic N eu 

The identification of pTyr outputs of the ErbB receptors is largely established by 

the data from peptide inhibition, phosphotyrosine labeling and protein co­

immunoprecipitation experiments in vitro (reviewed by Lemmon 2009; Schlessinger, 
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2002; Pawson and Nash, 2000). The data from these in vitro experiments, therefore, must 

be validated by functional assessment in vivo. In vivo experiments reveal more functional 

distinctions of different pTyr outputs (Sundaram, 2006; Dankort et al., 2001; Lesa and 

Sternberg, 1997). The structure and function of many SH2/PTB proteins in signaling is 

conserved in model organisms like Caenorhabditis elegans and Drosophila. For example, 

human GRB2 (Growth factor Receptor Binding 2) and C. elegans SEM-5 share an 

identical architecture of SH2 and SH3 domains and 58% amino acid sequence identity 

(Moghal and Sternberg, 2003; Worby and Margolis, 2000; Stern et al., 1993). It has also 

been shown that human GRB2 and Drosophila Drk (downstream of receptor kinase) can 

rescue sem-5 function in C. elegans (Olivier et al., 1993; Simonet al., 1993). Moreover, 

the PTB and SH2 binding properties of Drosophila-She (Dshc) and mammalian-She are 

highly conserved (Guy et al., 2002; Lai et at., 1995). 

The Drosophila epidermal growth factor receptor (DEgfr or DER) shares an 

overall 56% amino acid similarity with the rat-Neu!ErbB2. Sequence analysis between 

these two R TK receptors have shown that the highly conserved kinase domains account 

79%, while the lowest conserved, C-terminal domains, contain 39% amino acid similarity 

(Settle et al., 2003). A conserved NPEYL motif (Neu-YC and <j>-DEgfr) was found both 

in DER and Neu!ErbB2. Moreover, there is sequence conservation surrounding the pTyr 

at 1028 ofErbB2 (NeurA) and 1261 ofDER (DEgfr-b) (Fig. 1.5). 

A number of studies have taken the advantage of the well-characterized signal 

transduction pathways in Drosophila to screen for proteins that interact with vertebrate 
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Figure 1.5: Structural comparison of rat Neu and the DEgfr. Neu and the DEgfr show 

an overall 56% sequence similarity. However, the kinase domain showed the highest 79% 

amino acid sequence similarity while the docking domain has the least 31% amino acid 

sequence similarity. Further sequence analysis showed that DEgfr shares an NPEYL 

sequence with Neurc (Y1201) and NeuYE (Y1253). The other two protein binding sites 

have a high degree of conservation (compare DEg:fr-6 and NeuYA). (This figure is adapted 

from Dr. J.R. Jacobs). 
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transgenes (Jackson et al., 2002; Kazantsev et al., 2002; Rubinsztein, 2002; Bhandari and 

Shashindra, 2001 ). For example, human Adenomatous polyposis coli (hAPC) was 

successfully expressed in transgenic Drosophila and screened two components of 

Wnt!Wg signaling pathway (Bhandari and Shashindra, 2001). Apart from signaling 

conservations among model organisms, fly models have extensively been used not only 

to study human diseases, such as Alzheimer's, Parkinson's and Huntington but also to 

discover drugs, including ones targeting human heart diseases (Doumnis et al., 2009; 

Botella et al., 2009; Iijima and Iijima, 2009; Moloney et al., 2009; Akasaka and Ocorr, 

2009; Ocorr et al., 2007; Bier and Bodmer, 2004). Moreover, the targeted misexpression 

system in Drosophila, using the GAL4-upstream activating sequence (GAL4-UAS) has 

made this organism more attractive to the geneticists and developmental biologists 

(Johnston, 2002; Brand and Perrimon, 1993). Using the appropriate 'enhancer-trap' 

GAL4 line, the misexpression of any particular gene can be done in cell and tissue 

specific manner (Brand and Perrimon, 1993). 

Drosophila is genetically amenable and powerful model organism for efficient 

identification of signaling pathways in vivo. We previously showed that the adaptor 

binding sites of a vertebrate RTK, such as rat-Neu could successfully signal through the 

adaptor proteins in Drosophila (Settle et al., 2003). We found that activated Neu 

expression in the midline glia suppressed apoptosis, a similar phenotype seen with the 

activated Drosophila EGFR expression. For this study, a constitutively active Neu allele 

(neuNT) was generated by a Val664Glu mutation at the transmembrane region of the 

wildtype Neu/ErbB2. By substituting Phenylalanine for Tyrosine at the all known C-
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terminal Phosphorylation sites (on NeuNT background), a Neu Tyrosine Phosphorylation 

Deficient (Ne.j!YP~' was made to evaluate the roles of pTyrs in the docking domain 

(Dankort et al., 1997). By adding back a single Tyr to each position, multiple Neu 'add­

back' alleles were created to functionally identify the outputs of individual pTyr (Fig. 

1.6) (Settle et al., 2003; Dankort et al., 1997). Using rat fibroblast as a model, Dankort et 

al. (1997) showed that four tyrosine-autophosphorylation sites (YB, YC, YD and YE) in 

the cytoplasmic tail ofNeu!ErbB2 could transduce Neu-transforming signals in vitro. 

Specifically, each functional autophosphorylation site on a constitutively active 

background, induced by a point mutation at the transmembrane domain, was sufficient to 

mediate Neu-dependent transformation in vitro. Using eye and wing tissues, we have 

previously shown that the pTyr residues ('add-back' alleles) generated graded 

phenotypes- suitable for dosage sensitive modifier screen (Settle et al., 2003). By 

suppressing the ErbB2/Neu induced phenotypes in tissues haplo-sufficient for genes 

encoding for second messengers and adaptor proteins, we showed that YB, YC and YD 

required Grb2, Crk and She respectively. The requirement of distinct adaptor proteins for 

distinct pTyr suggested multiple effector pathways to promote transformation in vitro 

(Dankort et al., 1997). 

NeuYA, on the other hand, lacked the transforming ability in rat1 fibroblast 

(Dankort et al., 1997). Another study with 'knock-in mice' showed that YA (Erbb2-

Y1 028F) mutant could rescue the perinatal lethality in the hemizygous Erbb2 animals 

and suggested that Y A might provide an inhibitory role in ErbB2 signaling (Chan et al., 
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Figure 1.6: Schematic representation ofNeu receptor tyrosine kinase alleles. A point 

mutation (V664E) at the transmembrane domain was induced to generate the constitutive 

active, NeuNT_ Replacing all the tyrosine~ )residues with phenylalanine (I) generated the 

Neu phosphorylation deficient, NeuNYPD. In a NYPD background, the restoration of a 

single tyrosine at a particular residue generated the 'add-back' alleles: NeuYA (1028), 

NeurB (1144), Neurc (1201), NeuYD (1226/1227), and NeurE (1253). 
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Extracellular Domain TM Kinase Autophosphorylation sites 
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2004). During my M.Sc. studies I found that while expressed in the Drosophila eye, 

NeuYA showed a less strong phenotype than that of NeuNYPD suggesting that NeuYA might 

have an inhibitory role upon NeuNYPD. Additionally, NeuYA was able to attenuate the 

signaling outputs from other pTyrs ofNeu!ErbB2 (Hossain, 2005: Msc. Thesis). 

Therefore, we hypothesized that NeuYA might have an inhibitory role in RTK 

signaling and may interact with RTK signal attenuating pathways, such as Receptor 

mediated endocytosis and degradation. The Misexpression of Neu 'add-back' alleles 

generates graded phenotype and is suitable for dosage sensitive modifier genetics. For 

example, a genetic screen in tissues haplo-sufficient for genes encoding various 

components of receptor endocytosis and degradation pathways would verify the role of 

NeurA or others ('add-back' alleles) in these processes. Moreover, a genome wide 

modifier screen of 'double add-back' allele, such as NeuYAE would serve to identify 

gene(s) required for NeurA, NeuYE and NeuNYPD as well as in signaling in Drosophila. 

Taken together, the candidate gene(s) will not only allow us to verify the role of NeuYA 

signaling in Drosophila but also to decipher the pathways of NeurA, NeuYE and Ne~PD 

function in vivo. 

1.10 Large scale genetic screening 

The short generation time and large number of progeny have made Drosophila 

melanogaster one of the best model systems for perfonning large-scale genetic screening 

for mutations that affect a given process. The large-scale genetic screening of N euYA 

would identify potentially all the candidates required for NeuYA function in Drosophila. 
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The candidates could therefore, be used to reveal their mammalian homologues and 

orthologues. Dominant modifier screening is the most commonly used, as it allows the 

identification of the candidate genes by virtue of enhancement or suppression of the 

control phenotype in the F 1 generation. In this screen, the modifiers specific to only 

NeuYA will be identified either as the suppressors or enhancers. The Y A-specific 

suppressors and enhancers can be categorized as the positive and negative regulators 

respectively. In fact, dominant modifier screens were undertaken to identify the novel 

components of several signal transduction pathways, such as the Ras-MAPKinase 

'cascades' and Sevenless signaling components (Dickson et al., 1996; Simon et al., 

1993). 

On the other hand, the classic screens, involving mutations affecting the genes of 

a given process, have been used to identify the regulators of various development 

processes. For instance, forward genetics revealed the genes that control embryo 

segmentation and nervous system development (Seeger et al., 1993; Nusslein-Volhard 

and Wieschaus, 1980). Moreover, it is now possible to screen for mutant phenotypes in 

virtually any cell and at any developmental stage by performing a mosaic clonal screen 

using the yeast Flp/FRT recombination system to generate mitotic clones. These clonal 

cells are homozygous for a particular mutagenized chromosome arm (Xu and Rubin, 

1993). This scheme is very useful to screen for potential lethal interactions. 

The most common mutagens used in Drosophila are P-elements and chemicals, 

such as Ethyl Methanesulfonate (EMS). P-elements are transposable elements that 

generate mutations by inserting themselves into the genes (Mullins et al., 1989; O'Hare 
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and Rubin, 1983). However, they are inefficient mutagens due to the fact that the 

majority of Drosophila genes are predicted to be 'cold spots' for P-element insertion. 

This property makes P-elements relatively poor mutagens for saturation screens that set 

out to identify most of the genes required for a particular process (Spralding et al., 1999; 

Ashburner et al., 1999). In contrast, chemical mutagens can generate mutations more 

efficiently and have no bias in causing mutations in different loci (reviewed in Martinet 

al., 2001). However, it has been estimated that over 66% of Drosophila genes are 

phenotypically silent when mutated to a loss of function and hence would not be possible 

to be identified in conventional genetic screens (Miklos and Rubin, 1996). 

EMS, a mono functional alkylating agent and the mostly used chemical mutagen, 

produces point mutations by attacking ( ethylation) the 0-6 position of guanine and the 0-

4 position of thymine. This mutation allows mis-pairing with thymine and guanine 

resulting in G:C to A:T and T:A to C:G transitions respectively (Kreig, 1963). EMS also 

produces small deletions and occasionally other rearrangements as well. This mutagen 

works in a concentration dependent manner, meaning that the higher EMS concentration 

the higher the mutation rate. A higher mutation rate in the X-chromosome would result 

with higher X-linked lethality. It is established that approximately 30% of X-linked 

lethality indicates one hit per autosome on average or one hit in 2000 to 5000 for most 

loci (Roberts, DB, 2003, Drosophila, 2nd edition, Oxford University press, pp 56-57). 

Primarily, a single hit mutation is aimed to assess the consequences caused by a single 

gene at a time. 
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The mutations can be mapped molecularly either by Restriction Fragment Length 

Polymorphism (RFLP) or Single Nucleotide Polymorphism (SNP) (Jakubowski and 

Kornfeld, 1999; Saiki et al., 1985). RFLP can map the mutations by the variation of DNA 

fragment after restriction digestion and is slow and cumbersome as it requires a large 

amount of sample DNA, probe labeling, DNA fragmentation, electrophoresis, blotting, 

hybridization, washing, and autoradiography. On the other hand, SNP mapping requires 

both genetic and molecular techniques to determine the position of the mutations in the 

recombinant chromosome (Jakubowaski and Kornfeld, 1999). SNP mapping is relatively 

faster than that of RFLP but is too expensive to be afforded by the most generously 

funded fly labs. Another approach, called shotgun sequencing had been used by the 

Human Genome Project (Venter et al., 1996). In brief, DNA is randomly broken into 

small segments ( 1 00 to 1 000/2000 bp) and is cloned and sequenced using the chain 

termination method to obtain the 'reads'. Multiple overlapping reads, obtained from 

several round of fragmentation and sequencing, are fed into the computer program to 

assemble them into a continuous sequence (Venter et al., 1996). Shotgun DNA 

sequencing is may result in some gaps between contigs, as DNA fragment is made 

randomly. This DNA sequencing is suitable for genome wide sequencing. 

However, two complementary approaches have been standard in mapping the 

point mutations: ( 1) mapping by meiotic recombination and (2) mapping by deletion 

mapping. Meiotic recombination involves the recombination of a mutant between two 

visible markers and can only give a statistical estimate of its position. Deletion mapping, 

on the other hand, positions the mutation by failing to complement with a particular 
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deficiency. Various other approaches have been available to refine the location of the 

gene, such as P-mediated male recombination (Chen et al., 1998), and the meiotic 

recombination between two P-elements that flank the region containing the mutation. The 

existing deficiency kits available at the Bloomington and Harvard stock centre cover 

almost 85% of the Drosophila genome and have made it possible to identify the 

candidates within a range of 10/20 gene spans. The single gene mutation can finally be 

verified with the available single gene mutant stocks or RNAi stocks available publicly. 

1.11 Thesis objectives and outline 

In this study, our specific aim is to determine the role and specificity of NeuYA 

over RTKs and to identify the signaling pathways through which NeuYA renders it 

functional entity. Specifically, we asked whether NeuYA could attenuate RTK signaling in 

Drosophila. To test this hypothesis, we genetically tested the NeuYA interactions with 

several UAS and mutant receptor alleles, including Drosophila-EGFR and Sevenless 

receptor tyrosine kinases. Our data shows that the pTyr at 1028 (Y A) partially suppressed 

the eye phenotypes of DER gain-of-function, ElpB1 mutant, Sev-Torso chimera and all 

the Neu 'add-back' alleles, suggesting an inhibitory role in RTK attenuation. Moreover, a 

dosage sensitive modifier screen of NeuYA for various components of R TK attenuating 

pathways, such as receptor-mediated endocytosis and lysosomal degradation, was 

undertaken to understand the potential RTK signaling down regulating mechanisms. 

Finally, a dominant modifier screen of 'double add-back' NeuYAE allele was 

undertaken to reveal the YA specific RTK attenuating components in Drosophila. EMS 
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treated flies were crossed with the GMR-NeuYAE' TM3/D virgins. We screened over 

60,000 Fl progeny either for suppression or enhancement of the rough eye phenotype as 

compared to control flies. We isolated and mapped several groups of suppressors and 

enhancers from a pool of 24 complementation groups spanning both the 2nd and 3rd 

chromosome. Here, we report the result of the genetic screen with first of a kind 'double 

add-back' Neu allele and the identification of the known gene lilliputian and several 

novel NeuYA and NeuNYPD_interactors in RTK signal attenuation in Drosophila. 
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CHAPTER 2: GENETIC IDENTIFICATION OF NOVEL COMPONENTS OF 

RECEPTOR TYROSINE KINASE DOWN-REGULATION PATHWAYS IN 

DROSOPHILA MELANOGASTER. 
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2.1 Introduction: 

Neu/ErbB2, the type 1 transmembrane receptor tyrosine kinase (RTK), is a 

member of the epidermal growth factor receptor (EGFR) family that functions as a potent 

mediator of normal cell growth and development (reviewed in Takeuchi and Ito, 2010; 

Swain and Baselga, 2009; Schlessinger and Lemmon, 2006; Schlessinger, 2000). 

However, Neu/ErbB2 is also amplified and over-expressed in significant fraction of many 

human carcinomas, including breast and ovarian cancers, gastric carcinoma and salivary 

gland tumors (Vermeij et al., 2008; Owens et al., 2004; Yaziji et al., 2004; Jaehne et al., 

1992; Salmon et al., 1987). ErbB2 amplification is implicated in during early stages of 

human breast cancers and overexpression is directly correlated with poor disease 

prognosis in both breast and gastric cancers (Swain and Baselga, 2009; Park et al., 2006; 

Liu et al., 1992; Yarden and Sliwkowaski, 2001). 

Currently, several drugs targeting ErbB2 deregulated signaling in various stages 

of human cancers, have been in clinical trial either as single or as conjugate drugs (Kiewe 

et al., 2006; Spector et al., 2005; Franklin et al., 2004; Le et al., 2003; Cho et al., 2003; 

Izumi et al., 2002; Lane et al., 2002; Citri et al., 2002 and Munster et al., 2002). 

However, the clinical success has been moderate and also associated with drugs 

resistance, and side effects, including cardiac dysfunctions with the reduction of the left 

ventricular ejection fraction (Portera et al., 2008). Therefore, a clear understanding of the 

signal regulation or deregulation of the receptor molecule, such as ErbB2 is not only 

important for understanding the mechanism of signal transduction in normal growth and 

development but also for better drug development. 
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The vertebrate EGFR family consists of four members: EGFR/ErbB1, 

ErbB2/Neu, ErbB3 and ErbB4. These ErbB receptors share a common structure with (a) 

an extra-cellular domain for binding ligands or forming dimers with other ErbB partners, 

(b) the single-pass transmembrane domain that facilitates stable dimer and multiple 

phosphotyrosine (pTyr) residues for binding to the second messenger or adaptor 

molecules through their Src Homology 2 (SH2) or Protein Tyrosine binding (PTB) 

domains (Schlessinger and Lemmon, 2006; Schlessinger, 2000). 

Human EGFR has several known ligands, such as epidermal growth factor (EGF), 

Heparin binding EGF-like growth factor (HB-EGF), transforming growth factor-a (TGF­

a), epiregulin, amphiregulin and betacellulin (reviewed by Stuttfeld and Ballmer, 2009; 

Cotton et al., 2008; Mukherjee et al., 2006; Rawson, 2004). Neuregulins (NGR), on the 

other hand, are ligands for ErbB3 and ErbB4 (Stove and Bracke, 2004). However, there is 

no reported ligand for ErbB2, whereas ErbB3 lacks intrinsic kinase activity. Even without 

any reported ligand, the X-ray crystal structure analysis of the extra-cellular region of 

human ErbB2 revealed the resemblance of an extended form of ligand bound, active 

Drosophila-EGFR (DER) (Alvardo et al., 2009). These two functionally distinct 

receptors, ErbB2 and ErbB3 are the preferred heterodimeric partner for other ErbB 

receptors (Beerli et al., 1995). In fact, ErbB2-ErbB3 heterodimers are classified as the 

most potent oncogenic signaling unit with respect to the strength of interaction, ligand 

induced tyrosine phosphorylation and downstream signaling with combined mitogenic 

and anti-apoptotic cues (Citri el al., 2003; Tzahar et al., 1996). 
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So far, currently available drugs targeting ErbB receptors have been designed to 

attack one or the multiples of the following criteria: (1) inhibition of ligand binding, (2) 

inhibition of dimer formation, (3) inhibition of kinase activity, ( 4) destabilization of the 

receptor itself, and (5) inhibition of downstream signaling components. There has been 

little effort in exploring and manipulating the potential intrinsic negative signaling of the 

individual pTyr residue during human cancer development and diseases treatment. It was 

reported that at least one pTyr residue has negative signaling capability in rat-Neu!ErbB2, 

in the C. elegans homolog of epidermal growth factor receptor- Let-23, and in the platelet 

derived growth factor receptor-13 (PDGFR-j3) (Chan et al., 2004; Lesa and Sternberg, 

1997; Dankort et al., 1997). In a study with the rat fibroblast, Dankort et al. ( 1997) 

showed that the pTyr residue at 1028 of rat-Neu!ErbB2 suppressed the transforming 

ability of other pTyr residues in trans. 

A further study with the 'knock-in mice' showed that Y A (Erbb2-Y028F) mutant 

could rescue the perinatal lethality in the hemizygous ErbB2 animals and suggested that 

Y A might play a role in ErbB2 signaling (Chan et al., 2004). Moreover, Lesa and 

Sternberg et al. (1997) found that pTyr 1225 ofLet-23 mediated tissue specific negative 

regulation, suggesting potential inhibitory signaling by this pTyr residue. Moreover, the 

intrinsic negative signaling behaviour of any of these pTyr residues, such as pTyr at 1028 

ofNeu, can effectively be exploited in downregulating the intrinsic signaling capabilities 

of the receptors. 

Apart from the intrinsic negative signaling capability of the certain pTyr residues, 

RTK attenuation can also be accomplished any of the followings: (1) autoinhibition 
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mediated by the extra-cellular or the catalytic domains, (2) antagonistic ligands, (3) 

hetero-oligomerization with kinase inactive mutant receptors, ( 4) inhibition by 

phosphatases, (5) receptor endocytosis and degradation (Schlessinger, 2003, 2000). The 

key mechanism ofRTK signal termination represents the involvement of endocytosis and 

Lysosomal degradation (Dikic, 2003). Recent studies provide evidence that the 

endocytotic machinery is disrupted in certain types of cancer (Ande et al., 2009). 

This is the first genetic study to explore the potential signaling downregulation of 

the pTyr residue at 1028 of the oncogenic Neu/ErbB2 using transgenic Drosophila as a 

model. Here we have chosen the Drosophila compound eye as a model system to 

determine the signaling characteristics ofpTyr at 1028 (NeuYA) ofrat-Neu and evaluate 

the genetic interactions of known components of RTK signal attenuating pathways, 

including receptor mediated endocytosis and lysosomal degradation, through which 

NeuYA might function. Drosophila eyes are dispensable and known to require the 

activation of the only fly homolog of epidermal growth factor receptor, DEgfr or DER. 

During eye development, DER plays important roles in propagation of the morphogenetic 

furrow (MF) of the eye imaginal disc, in fate determination of photoreceptor cells (R1-

R8) and in apoptosis of undifferentiated cells during final stages of eye development 

(reviewed in Doroquez and Rebay, 2006). 

Using the targeted misexpression system, the GAL4-Upstream Activating 

Sequence (GAL4-UAS) (Brand and Perrimon, 1993), our lab has shown that individual 

pTyr residue of rat-ErbB2 can signal through the Drosophila adaptor proteins and can 

generate graded phenotypes (Settle et al., 2003). These graded phenotypes were used to 
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identify the genetic interactions of various downstream signaling components in an 

unbiased nature (Settle et al., 2003). Exploiting the advantages of the Drosophila model, 

we sought to determine and evaluate the signaling characteristics of Neu!ErbB2 and the 

possible mode of function. We evaluated the genetic interactions of various 'add-back' 

Neu and several UAS and mutant receptor alleles, including Drosophila-EGFR and 

Sevenless receptor tyrosine kinases. Specifically, we asked whether pTyr 1028 could 

affect signaling from heterologous RTKs. We also verified the genetic interactions of 

various known components of R TK signal attenuating pathways, including receptor 

mediated endocytosis and lysosomal degradation, through which NeuYA might function. 

Our data shows that the pTyr at 1028 of Neu (NeuYA) partially suppressed the eye 

phenotypes ofDER Ellipse, ElpB1 mutant, Sev-Torso chimera and all the Neu 'add-back' 

alleles, suggesting a non-autonomous and inhibitory role in R TK attenuation. Phenotypic 

suppression of various components of receptor mediated endocytosis and lysosomal 

degradation suggests that NeuYA renders it signal-attenuating capability, at least partially, 

through the receptor-mediated endocytosis and lysosomal degradation. However, YA is 

not required for RTK endocytosis. Therefore, pioneering data from this study sheds light 

on potential RTK signaling down regulating mechanisms for better drug development 

against many human cancers, including breast, gastric and ovarian cancers. 
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2.2 Materials and Methods: 

2.2.1 Drosophila fly socks 

Biology-McMaster University 

Unless otherwise indicated, Drosophila melanogaster fly strains were obtained 

from Bloomington Stock Centre. All fly lines were stored and crosses were done at room 

temperature (22-25°C). The wild type Oregon R strain was used in all controls. The 

following UAS-DER lines have been used in this study: UAS-DERwildtype (11-9) (Source: 

N. Baker), UAS-DE.JtCT (Baker and Rubin, 1989), UAS-DEit887r (12-4) (Lesokhin et al., 

1999), UAS-DERDN (Freeman, 1996). The mutants used in this study are as follows: 

DERwr, DERA887r, DERETpBJ' DERDN' Alpha-adaptin, Au~128, Eps-15EP2SJ3, ExK12913, 

Chc1, Epsin-like03685, Mer4, Rab5K08232, Hr~28, Rab112JDJ, Hk, Ep(, Eff, UbaF3484, 

UbaF3484, CbzKGOJoso, ScribbleKG04161, Avl, Vpl5, Lgcf8, 14-3-3 epsilon8"696, Dor8, 

dr~0626, Kekl, Px, Sty5, Ebf88
-
6, Src42A, and Src64B. P[UAS-Neuj expression was 

regulated by p[GAL4] strains, GMR-GAL4 (Hay et al., 1997) and C96 (Gustafson and 

Boulianne, 1996; Stewart et al., 2001). Crosses withp[GMR-GAL4] were conducted at 

18 oc in order to suppress a weak ommatidia! defect, which is intrinsic to the stock. On 

the other hand crosses with C96 were always conducted at 25°C. 

2.2.2 Transgenes: Single 'add-back' alleles 

A constitutively active rat-ErbB2 (Ne~) was generated by a E664V point 

mutation in the transmembrane domain (Dankort et al., 1997). Upon the NeuNT 

background, the generation of Neu phosphorylation deficient allele or NeuNYPD was done 

by the tyrosine to phenylalanine transition at 1028, 1144, 1201, 122611227 and 1253 
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Tyrosine residues. 'Add-back' alleles were generated upon the NYPD background by 

restoring tyrosine residue at 1028 (YA), 1144 (YB), 1201(YC), 1226/1227(YD) and 1253 

amino acid position (Dankort et al. (1997). By using the Site-Directed (SD) mutagenesis 

technique (Nickoloff and Deng, 1992), we generated the NeuYE allele by restoring the 

tyrosine at the 1253 position on the NeuNYPD background. The SD mutagenesis was done 

according to the manufacturers protocol (Quick-Change XL Site-Directed mutagenesis 

kit, Stratagene). The UAS-NeuNYPD plasmid was amplified by using the mutagenic 

oligonucleotide pair 5'GCAGAGAACCCTGAGTACCTAGGCCTGGATGTACC3' 

(forward, ML1977) and 5'GGTACATCCAGGCCTAGGTACTCAGGGTTCTCTGC3' 

(Backward, ML1978), which will restore tyrosine at the site E (1253). Nucleotides that 

differ from the Ne~PD sequence are in bold and underlined. The PCR amplification was 

performed for 14 cycles of 60s at 94 °C, 1 min 40s at 60°C and 30 mins at 68°C. The PCR 

product was then treated with 1~-tL Dpn I endonuclease and incubated at 37°C for 1 hour 

to digest the parental DNA template and to select for mutation containing synthesized 

DNA. 2 ~-tL of the digested product was then used to transform 50 ~-tL of XL 1 0-Gold 

ultracompetent cells provided with the Mutagenesis kit. 100 ~-tL of the transformed cells 

(in NZT broth, see Stratagene's instruction manual, cat# 200517) was spread on the LB 

Ampicillin agar plate and allowed to grow at 37°C for 16-18 hours. Several well distant 

colonies were picked up and grown overnight in 14 ml falcon tubes (Corning) 

supplemented with LB Ampicillin broth medium. The plasmid was prepared separately 

from all the bacterial samples using the Plasmid Minipreps kit (Qiagen). All the plasmid 

preparations were then restriction mapped with Xhol (Invitrogen, cat# 15231-012) and 
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EcoRI (Roche, cat# 703737) restriction enzymes and only a few of the chosen samples 

which have the right band size revealing proper length and orientation as well, were sent 

to the Mobix Lab (McMaster University) for sequencing. The sequences were then 

aligned with Rat mRNA for Neu oncogene (pi85) encoding an epidermal growth factor 

receptor-related protein (Accession# X03362, Version X03362.1 gi# 56745). The result 

was then analyzed and only that sample was considered, which does not have any 

mutation but the expected tyrosine restoration at the site E (1253). 

2.2.3 Sub cloning of eDNA 

The generated NeuYE eDNA was subcloned into a fresh pUAST vector. 2.4 f,tg of 

plasmid DNA and 2.4 f,tg ofpUAST vector were digested separately with l.5f.tl ofEcoRI 

at 37°C for 1.5 hours. The digested product from the plasmid DNA was electrophoresed 

on a I% agarose gel and 4 kb band was excised and purified using Gel extraction kit 

(Qiagen, cat.#2002I). On the other hand, 2.5 f.tl of Shrimp Alkaline phosphatase, SAP, 

(Boheringer, Germany) along with 1 OX buffer was added to the pUAST digestion product 

for I hour at 37°C. Following incubation, SAP was inactivated at 65°C for 15 minutes 

and the reaction mix was kept in room temperature for additional 30 mins. The 

concentration of linearized pUAST and purified NeuYE eDNA were measured using 

spectrophotometer at 260 nm. In order to ligate the insert into pUAST (Brand and 

Perrimon, 1993), 500 ng of insert DNA and 100 ng ofpUASTDNA were mixed along 

with 3 f.tl of 5X ligation buffer, 1 f,tl of T4 ligase (Invitrogen) to make the final volume of 

19 f.tl. The reaction was kept at I4°C overnight. 4f,tl of ligation mix was used to transform 
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50~-tl of DH5-a competent cells according to the manufacturer's specification. Colonies 

were screened using Mini preps (Qiagen) and EcoRI (Roche). Clones with positive inserts 

were further digested with Xhoi (Invitrogen) to reveal the orientation. 

2.2.4 Preparation of DNA constructs for microinjection 

DNA extractions were done individually using the endo free plasmid maxi kits 

(Qiagen). The prepared plasmid DNA size was compared with the High Mass DNA 

ladder prior to make a 30 J.lg of sample for microinjection. This sample contains the 

pGMR and helper vector p in a ratio of 5:1. The volume of the sample was then made 

1 00 J.I.L with distilled water followed by precipitation by adding additional 1 OJ.I.L of 3M 

sodium acetate. After precipitation, 250J.1.L of absolute cold ethanol was added and kept 

in -80°C for 15 minutes before spinning at 13000 rpm for 15 minutes at 4°C. Following a 

rewash with 70% ethanol, the pellet was dried for 10-15 minutes in room temperature and 

resuspended in 50J.1.L of injection buffer (10mm Tris-Hcl [ph7.5], 0.1 mm EDTA, 100 

mm NaCl, 30J.1.M spermine and 70J.1.M spermidine). 

2.2.5 DNA microinjection 

Except for Neur8
, Zhong Xiao-Li of Dr. Campos Lab, McMaster University, did 

all other microinjections according to the standard protocol as described by (Spradling, 

1986). Microinjection of pUAST constructs was performed on yw- embryos. The 

embryos were collected on an apple juice agar plate attached to a fly house made of 100 

ml plastic beaker (Nalgene) with tiny holes to allow airflow. In order to encourage the 
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flies to lay eggs, a bit of yeast paste was added onto the solidified apple juice agar plates. 

Fly houses were set up and maintained at 25°C and the plates were changed at every 

thirty minutes so that early stages embryos can be collected and injected before the pole 

cell formation. After 5 minutes decorionation with 50% bleach solution, embryos were 

collected in a nitex sieve chamber. Then approximately 30-35 embryos were lined up on 

a double-sided adhesive tape attached on a standard glass slide within a 20 minutes time 

limit. The embryos were then placed on Anhydrous Calcium Sulfate bed (W.A. 

Hammond Company product# 23001) in a desiccator. After appropriate desiccation, 

embryos were covered with a thick layer of halocarbon oil (Halocarbon®). Injection was 

performed under a Leica inverted microscope (Leica, Germany). Needles were pulled 

from 100X1 mm Borosil glass capillary tubes (FHC) and were broken by gently touching 

the side of the glass slide. Approximately 2-3 J.!L of the desired DNA construct was 

loaded into the glass needle using a Hamilton 26 gauge needle (Fisher Scientific, cat.# 

14-813-1). A tiny amount (a barely visible bubble) of DNA construct was injected into 

the posterior of the embryos. Injected embryos were kept in a Petri dish containing a wet 

paper towel to provide necessary moisture to the embryos. The embryos were then kept at 

18°C for 48 hours and the surviving embryos (usually crawled out from the oil) were 

transferred to yeast agar food vials at 25°C until they eclosed. Individual flies were then 

crossed with yw- adults and the F 1 generation was screened for eye pigmentation. Flies 

with the eye pigmentation were crossed again withyw- adults and the purified stocks were 

balanced and p-element insertion was mapped by crossing (individual stock) with various 

marked balancers. 
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2.2.6 Wings mounting and light microscopy 

Flies were anesthetized by keeping them at -20°C for 5-10 minutes. The 

anesthetized flies were then dehydrated in ethanol gradient (50%, 70%, 90%, 95% and 

100%). Wings were clipped by using a wing clippers scissor (F.S.T 91500-09, Germany) 

and were kept in methyl salicylate prior to mounting. Wings were then mounted in D.P.X 

Neutral mounting medium (Aldrich) on frosted glass slides (Coming) using 24X24 mm 

cover slips. The slides were then stored or photographed through a Nikon SMZ1500 

microscope and a Nikon digital camera (Nikon Coolpix990). The photographs were then 

stored directly on a Mac OS X (version 1 0.2.8) computer and prepared for figures by 

Adobe Photoshop® version7.0. 

2.2. 7 Immunohistochemistry and Confocal microscopy 

Embryos of particular stages of development from appropriate crosses set in a 1 00 

ml plastic beaker (Nalgene) covered with solidified apple juice agar and tiny bit of yeast 

paste were collected, decorinated and fixed. Standard immunohistochemistry techniques, 

as described by Patel (1994), were followed. In brief, the fixed embryos were incubated 

in primary antibody and 10% normal goat serum (NGS). The primary monoclonal 

antibody, such as anti-GFP and anti-phosphotyrosine (Upstate, NY) were used at 1: 600 

and 1: 300 dilutions respectively. After primary staining, embryos were incubated in 

fluorescent secondary antibody (Alexa 488 and Alexa 594: Molecular Probes) at a 

dilution of 1:300. Embryos were visualized by Leica SP5 Confocal microscope and 

images of single sections or projections were processed using ImageJ and Photoshop. 
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Intensity of pTyr immunofluoresence was calculated with Photoshop, as averaged 

intensity from randomly selected cells (Supplement 2.9). 

2.2.8 Environmental electron microscopy: 

Adult flies, from the appropriate crosses, were anesthetized by keeping them at -

20·C for at least 5 minutes. At least 5 adult females from the appropriate genotype were 

mounted on the centre of the stand covered with homogenously mixed white glue and 

charcoal. The fly eyes were viewed, photographed at 1 OOX, 150X, and 300X or sometime 

at X800 at 3.0 Torr of a Philips Environmental Scanning Electron Microscope and 

images were saved in the Hard disk of a Philips computer as TIF files. The images were 

finally processed with Adobe Photoshop® Version 7. 
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2.3 Results: 

2.3.1 NeuYA suppressed eye phenotypes rendered by other 'add-back' Neu 

alleles. 

NeuYA lacks transforming ability in ratl fibroblast cell cultures and reduces 

transforming potential of other Neu alleles in cis, suggesting a negative role in RTK 

signaling (Dankort et al., 1997). We have previously shown that the adaptor binding sites 

of rat-Neu/ErbB2 oncogene could successfully signal through the adaptor proteins in 

Drosophila (Settle et al., 2003). Using several 'add-back' alleles, we also showed that 

Neu misexpression resulted in ectopic veins and wing deltas formation and wing margin 

loss (Hossain, 2005: MSc. Thesis; Supplement 2.1). Having these graded phenotypes 

handy, we asked whether the suggested negative role of NeuYA could be verified in vivo. 

Specifically, can NeuYA suppress the phenotypes induced by other 'add-back' Neu alleles? 

To test this hypothesis, we used the Drosophila eye tissue specific GMR-GAL4 driven 

misexpression system. 

GMR-GAL4 driven misexpression of NeuYA resulted in a nearly wild type eye 

surface with usual ommatidia! size, shape and arrangement. The bristles were uniformly 

distributed on the eye surface (Fig. 2.1 A). In contrast, the Neu phosphorylation deficient 

allele-lacking all pTyr, NeuNYPD showed a weak phenotype in regards to ommatidia! size, 

shape and bristle arrangement. A flattened ommatidia! outer surface was characteristic to 

NeuNYPD (Fig. 2.1 C). We examined whether NeuYA could suppress the NeuNYPD eye 

phenotypes in vivo. Co-expression of both NeuYA and NeuNYPD was closer to wildtype in 

regards to ommatidia! size and shape, bristles arrangement, and eye roughness (Fig. 2.1 
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Figure 2.1: NeuYA suppresses eye phenotypes induced by other Neu alleles. (A-D) 

The p[GMR-GAL4} driven misexpression system at l8°C. The bristles and ommatidia! 

facets in control, p{GMR-GAL4} flies are regularly arranged and spaced with smooth 

outer eye surface appearance (A). NeuYA shows a mild eye surface-roughness phenotype 

(B). NeuNYPD shows irregularly spaced bristles with randomly distributed groups of2 or 3 

bristles. Variation in ommatidia! size makes the outer eye surface coarse (C). However, 

co-expression of NeuNYPD and NeuYA shows more uniform ommatidia! sizes and bristles 

distribution making the outer eye surface smoother and similar to control flies (D). (E-P) 

Mis-expression of various Neu alleles was accomplished by using the p[sev-GAL4} 

driver. Mild eye roughness phenotypes were observed in NeuYA (F). Double dosages of 

VAS-sequence, in UAS-NeurA,sev-GAL4/UAS-GFP adults, have little or no effect on the 

rough-eye phenotypes (Compare E and F). However, Neu 'add-back' alleles, in trans 

with NeurA, showed a range of suppression of eye phenotypes of the particular allele 

(compare G and H for NeurB, I and J for Neurc, K and L NeuYD, M and N for NeuYE and 0 

and P for NeuNr). 

All images were taken at X300 magnification on an Environmental Scanning 

Electron Microscope (ESEM). Transgenes are indicated at the top right of each panel. 

Scale bar indicates 150 !J.m. 
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D). The misexpression data with the Drosophila wing tissues also showed a phenotypic 

suppression of NeuNYPD by co-expression of NeuYA (Supplement 2.2, Panel I and J). 

We then asked whether N euYA could suppress the phenotypes rendered by the 

other 'add-back' Neu alleles. Since the p[GMR-GAL4] driver has intrinsic phenotypes at 

room temperature and the misexpression is associated with lethality of Neurc and Net!'r 

alleles (Supplement 2.3), we used the p[sev-GAL4] driven misexpression. NeuYA partially 

suppressed the eye phenotypes of other alleles in trans (Fig. 2.1 E-P). However, a 

complete suppression of eye phenotypes of any of the Neu alleles was not seen. 

2.3.2 NeuYA attenuates signaling from the endogenous Drosophila-EGFR 

(DER): 

The experiments with Neu 'add-back' alleles establish that NeuYA can act in trans, 

but doesn't establish whether this action is restricted to Neu. Since DER is the only 

known vertebrate orthologue of ErbB family member in Drosophila we asked whether 

NeuYA might suppress DER misexpression phenotypes. To test this hypothesis, we mis­

expressed several UAS-DER alleles, including a wildtype DER (DERWT), two gain-of­

function DE~887r and DE~cr, and a dominant negative DERDN allele in Drosophila eye 

tissue using sev-GAL4 driver. Mis-expression of these DER alleles resulted with rough­

eye phenotypes (Fig. 2.2 I). The DE~N resulted in significantly reduced eye size with 

severely rough-eye surface and dense bristles (Fig. 2.2 G). NeuYA, in trans, partially 

restored the wildtype eye size of the DERDN allele (Fig. 2.2 H). On the other hand, NeuYA 

showed a mild or no suppression of rough eye phenotypes with the gain-of-function 
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Figure 2.2: NeuYA selectively suppresses the UAS-DER (DEgfr)- induced eye 

phenotypes. Expression of wild type Drosophila-EGF receptor (DERWT) in the eye with 

p[sev-GAL4] driver resulted in a rough eye with reduced ommatidia! facet and bristles 

(A). The rough eye phenotypes were unchanged in UAS-DERWT/ UAS-NeuYA,sev-GAL4 

(A, B), in UAS-DE~cr; UAS-NeurA, sev-GAL4 (C, D) and UAS-DE~887r/ UAS­

NeurA,sev-GAL4 (E, F). However, NeuYA shows a partial rescue of wildtype eye sizes 

with increased ommatidia! number in both DE~cr and DERDN (H). Images were taken at 

X150 magnifications on an ESEM. Transgenes are indicated on the top right of each 

panel. Bar indicates 300 !lm. 

The bar graphs show the total ommatidia! counts in the respective genotype (1). 

The ommatidia! numbers have been averaged at least from 3 adult female eyes of each 

genotype. Standard error bars are shown. The paired t-test results {p-values) are shown in 

Supplement 2.5 and Supplement 2.6. 
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alleles, DE~CT (2.2 C, D) and DE~887T (Fig. 2.2 D and F). 

However, the ommatidia} count in DE JtCT/NeuYA heterozygote increased 

significantly (p-value 0.0245) (Fig. 2.2 1). A higher number of smaller ommatidia! facets 

accounted for the increased ommatidia} count in the heterozygote. Here we hypothesize 

that NeuYA might reduce the hyperactive DER signaling closer to a normal level, which is 

required for proper cell proliferation and survival (Lesokhin et al., 1999; Dominiguez et 

al., 1998; Baker and Rubin, 1989). 

It is believed that the R TK TM dimer interface contains the critical structural 

information that positions the catalytic domains in such a way that they can 

phosphorylate each other. A point mutation was found in the oncogenic version of this 

domain in rat-ErbB2 (NeuNT) (Bargmann et al., 1986; Schechter et al., 1984). Over 

activity of this oncogenic receptor was attributed to a Val664Glu transformation in the 

TM domain. Since all the 'add-back' Neu alleles- used in this study, contain a point 

mutation at the transmembrane region, NeuYA might exerts its suppressive role by forming 

a heterodimer with the other Neu alleles, and reducing it activity. The point mutation 

(A887T) at the intracellular kinase domain of DEJtCT allele was accounted for increased 

activity due to increased homo-dimerization (Lesokhin et al., 1999). NeuYA may prevent 

DE~cT from forming homo-dimers, resulting in reduced activity and increased 

ommatidia! count. On the other hand, the hypoactive DERDN contains a normal 

extracellular and transmembrane domain and a truncated C-terminal domain. Y A could 

prevent DE~N from dimerizing with endogenous DER or clear it from cell surface. 

63 



PhD Thesis- Noor Hossain Biology-McMaster University 

2.3.3 NeuYA attenuates the signaling from other Receptor Tyrosine Kinases 

(RTKs) in vivo. 

Next, we asked whether the NeuYA suppression was only observed with GAL4 

mediated over expression or not. To test this hypothesis, we tested the genetic 

interactions of NeuYA with several RTK alleles, including EGFR gain-of function allele, 

ElpB1 and a Sevenless-Torso chimera. The Sev-Torso chimeric proteins comprised of the 

extracellular domain of Sevenless (sev) and cytoplasmic domain of Torso gene and was 

placed under the control of sev-enhancer/promoter, creating p[sev-Sev-Torso] flies. The 

sev-enhancer/promoter expresses the chimera in the presumptive R7 cell and four non­

neuronal cone-cells that ultimately take the R7-cell fate. The production of ectopic R7 

cells disrupts the interior eye morphology and causes rough eyes in appearance (Karim et 

al., 1993 ). In a study with cultured COS-7 cell lines and transgenic Drosophila, it has 

been demonstrated that Torso RTK activates Extracellular signal Regulated Kinase (Erk) 

signaling through a small G protein, Rapl in a Ras-independent manner (Mirsha et al., 

2005). The sev-GAL4 driven misexpressed NeuYA significantly rescued the eye sizes and 

ommatidia} counts of p[sev-Sev-Torso] in trans, suggesting reduced signaling from the 

chimera (Fig. 2.3). 

The gain-of-function DER mutant allele, ElpB1 is a spontaneous point mutation at 

the intracellular kinase domain, which results in a lower ommatidia! count and rough eye 

phenotype (Fig. 2.3). However, superimposed expression of NeuYA in ElpB1/UAS-NeurA, 

sev-GAL4 flies partially rescued the ommatidia! number (Fig. 2.3 I). This partial rescue of 

ommatidia} count was also seen with the UAS-DEJtCT allele (Fig. 2.2). Together, these 
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Figure 2.3: NeuYA suppresses eye phenotypes induced by two unrelated Receptor 

Tyrosine Kinases (RTKs). (A-C) The genetic interaction of NeuYA with the gain-of­

function DER Ellipse-mutant, ElpBJ. In control, p[sev-GAL4] flies, the bristles and 

ommatidia are regularly spaced and arranged, resulting in a smooth eye surface (A). ElpB1 

shows smaller eye with relatively coarse eye surface phenotypes (B). However, the eye 

rough-eye phenotypes were unchanged in E/~1/NeuYA adults (C). NeuYA on the other 

hand, significantly (p value 0.0082) increased ommatidia! counts in ElpB1 in trans (1). (D­

F) The genetic interaction of the Sevenless-Torso (Sev-Torso) chimeric protein. The 

chimera was expressed under the control of sevenless promoter/enhancer (sev) resulting 

in rough-eye surface with smaller eye size possibly due to fewer cluster formation at the 

posterior of morphogenetic furrow, where sevenless is first expressed during Drosophila 

eye development (D). However, NeurA, in trans, significantly {p-value 0.0062) increased 

the ommatidia! counts in the chimera (compare D and F). Images were taken at X150 

magnifications on an ESEM. Transgenes are indicated on the top right of each panel. Bar 

indicates 300 ~-tm. 

The bar graphs show the total ommatidia! counts in the respective genotype (G). 

The ommatidia! numbers have been averaged at least from 3 adult female eyes of each 

genotype. Standard error bars are shown. The paired t-test results {p-values) are shown in 

Supplement 2. 7 and Supplement 2.8. 
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results demonstrated that the signal attenuating capability of NeuYA is not specific to 

misexpression experiments alone. NeuYA attenuates signaling at least from two unrelated 

Receptor Tyrosine kinases, such as EGFR and Sevenless. 

2.3.4 NeuYA attenuates the phosphorylation levels in vivo. 

Next, we hypothesized that the N e urA receptor tyrosine kinase might 

downregulate the other N e u alleles or the other R TKs by reducing tyrosine 

phosphorylation levels. In order to test this hypothesis, we examined the phosphorylation 

levels of various Neu 'add-back' alleles either with I-76-D-GAL4 (GAL4 in epidermal 

Stripes) or Twist-GAL4 driver. Twist-GAL4 driver expresses the genes of interest in the 

presumptive mesoderm, in ventral region during the stage 5-6 of the developing embryos, 

while Stripe-GAL4 expresses the particular gene of interest in ectodermal stripes during 

the late (Stage 12-13) embryonic development (Chen et al., 1998). Phosphorylation levels 

were then assessed using the anti-pTyr antibody (Fig. 2.4) (Ganguli et al., 2005). In 

NeurE, most of the cells at the dorso-ventral epidermis showed higher level of 

phosphorylation. On the other hand, in NeurA most of the cells had minimal level of 

phosphorylation (Fig. 2.4; Supplement 2.9). 

This phosphorylation level corresponds to the phenotypic levels as seen in adult 

animals. For example, the higher level of phosphorylation resulted in more severe eye 

phenotype in N e urE adults (Fig. 2.1 ). However, the N e urA adults showed lower 

phosphorylation level and relatively milder eye phenotype as seen in Fig. 2.1. 

Expectedly, NeurA reduced the phosphorylation in NeuYE /NeurA heterozygote, suggesting 
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Figure 2.4: NeuYA downregulates the phosphorylation level of the other 'add-back' 

Neu alleles. The I-76-D GAL4 driver (GAL4 in epidermal Stripes) expresses the gene of 

interest (UAS-GFP) as a transversal stripe in the ectoderm during the stage 13-14 of 

developing embryos. A number of cells of the epidermis show higher, while the others 

(surrounding cells) show minimal level of GFP expression (A). The phosphorylation 

level in control (wild type) embryo is at a minimal level (B). The mis-expressed NeuYE 

embryos show higher levels of phosphorylation in many of the epidermal cells at the 

ventral boundary (C), while only a few cells show similar level of phosphorylation in 

NeuYA (D). However, a reduced level of phosphorylation is evident in NeuYE/NeuYA 

heterozygote (E). Finally, a higher phosphorylation level than that of NeuYA is seen in 

NeuNYPD (F). 

All Images were taken at 63X lens and 5.62X magnification on a Leica confocal 

microscopy. Scale bar indicates 5 j..tm. (See Supplement 2.9 for signaling intensity and 

Supplement 2.10 for data with another driver, Twist-GAL4). 
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a reduced phosphorylation as the mechanism of signal attenuation. This result is 

consistent with the data from the mammary cell lines, where YA mutant (having all the 

pTyr sites, except YA) showed higher phosphorylation levels than that of either YE­

mutant or YE 'add-back' alleles (only YE present) (Kim et al., 2005). Moreover, a higher 

level of phosphorylation in NYPD verifies our hypothesis that NeuYA might have an 

inhibitory role upon the NeuNYPD background as suggested by our phenotypic data (Fig. 

2.1). 

2.3.5 Partial suppression of NeuYA signaling through receptor mediated 

endocytosis. 

Receptor endocytosis controls the number of receptors available in the plasma 

membrane, and RTK signaling can regulate endocytosis (Sorkin and Zastrow, 2009). 

When not binding ligand, most EGFRs reside on the cell surface while basal levels of 

receptors are internalized by endocytosis (Herbs et al., 1994). If endocytosis attenuates 

receptor signaling, during impaired endocytosis the cell will accumulate NeurA, resulting 

in increased rough-eye phenotype. To address this, we verified the genetic interactions of 

NeurA, NeurE, Neurc, and NeuYAE with various loss-of-function alleles of endocytosis 

pathway (Fig. 2.5 and Table-2.1). To our surprise, mutations in most ofthe endocytosis 

pathway components, including alpha-adaptin, Epidermal Growth factor Receptor 

Substrate clone 15 (Epsl5), and Clathrin Heavy Chain (Chc) enhanced signaling from 

Neu alleles without requiring the presence of NeuYA (Table-2.1 ). All these above­

mentioned endocytosis pathway components also enhanced the rough-eye phenotype of 
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Figure 2.5: N e uYA plays a positive role in receptor recycling and lysosomal 

degradation. NeurA, mis-expressed with the sev-GAL4 driver, shows variation of 

ommatidial sizes and randomly distributed pair of bristles resulting in mild rough-eye 

surface phenotypes (A). A single copy of an amorphic allele of the endocytotic pathway 

component, expanded (ex) almost completely suppressed the rough-eye phenotype of 

NeuYA in trans (compare A and B). However, the ubiquitylation pathway components, 

Casitas B-Lineage Lymphoma (cbl) enhanced the rough-eye phenotype induced by NeuYA 

(C). The negative RTK regulator, Sprouty (Spry) partially suppressed the rough-eye 

phenotype of NeurA (D). 

Images were taken at X300 magnification on an ESEM and genotypes are 

indicated on the top right of each panel. Bar indicates 150 f.tm. See Supplement 2.11 for 

other R TK regulators' data. 
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Table 2.1: The summary of the dosage sensitive modifier screen. The 

interactions of the amorphic alleles of the genes that act in endocytosis, receptor 

recycling, receptor trafficking and lysosomal degradation were evaluated with various 

Neu alleles. All haplosufficiencies enhanced phenotypes generated NeurE, Neurc, and 

NeuYAE in a Y A-independent manner. However, haplosufficiencies of genes involved in 

receptor recycling and lysosomal targeting suppressed NeuYA phenotype, suggesting a 

positive role in receptor recycling and receptor trafficking to the lysosomal degradation 

pathway. NeuYAE was expressed under control of Glass Multimer Reporter (GMR), while 

all other Neu alleles were mis-expressed with sev-GAL4 driver. E- enhancement, S­

suppression, N/S- No or weak suppression. See Supplement 2.11 for other RTK 

regulators' data. 
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Table 2.1: Summary data of NeuYA Interactions with various components of receptor mediated endocytotlc pathway. 

Alleles Neu Modification Roles In RTKs Regulation Mammalian relatives References 
YA ~ YA 

Endocytosis: 
Alpha-adaptin Alpha-adaptin N E E Formation of intracellular transport Alpha-adaptin 2 (AP2) Boehm and 

vesicle and/or Selection of cargo for Bonificiano, 
entry into vesicle. 2001. 

Eps-15EP2513 Epidermal Growth N E E Link signaling receptors to a clathrin Eps-15 Brett and Traub, 
Factor Receptor coat. Plays role in the assembly of 2006. 
Substrate Clone 15 clathrin-coated pits. 

ExK'29'3 Expanded s E s Expanded functions cooperatively Expanded Boedigheimer, MJ 
with Merlin to modulate receptor et al., 1997. 
Endocytosis. 

Chc' Clathrin Heavy N E E Formation of invaginated pits on the Bazinet et al., 1993. 
chain plasma membrane and subsequent 

Mer• 
budding of vesicles. 

Merlin E E E Merlin and Expanded function Neurofibromatosis 2 Maitra S et al. , 
cooperatively to modulate receptor (NF2) 2006. 
endocytosis and signaling. 

Recyclin!r 
Rab5K0823 Rab5 s E E Small GTPase that plays a key role in Rab5 Zerial M. and 

the early endocytotic pathway. McBride H, 2001 . 
Hrso2s Hepatocyte Growth N/S E E Hrs regulates endosome membrane Hrs Lloyd TEet al ., 

Factor regulated invagination. Plays role in receptors 2002. 
tyrosine kinase sorting in intraluminal vescicles. 
substrate 

Rab11 2JDI Rab11 s E E Small GTPase that plays a key role Rab11 Sonnichsen, 2000. 
In the early endocytotic pathway 
regulation. Rab11 regulates recycling 
through the pericentriolar recycling 
endosome. 

Ubiquitylation: 
Eff Effet N E E Functions as E1 Ubiquitin protein E1 ubiquitin Protein Flauvarque et al. , 

2001 . 
Uba1 °5642 Ubiquitin Activating E N E Encodes Ubiquitin Activating Enzyme, Ubiquitin Activating Lee TV, 2008. 

enzyme. E1 . Controls Apoptosis autonomously enzyme (E1 enzyme) 

Uba1 83484 Ubiquitin Activating N E E 
and Tissue growth non-autonomously. 
Encodes Ubiquitin Activating Enzyme, Ubiquitin Activating Lee TV, 2008. 

enzyme. E1. Controls Apoptosis autonomously enzyme (E1 enzyme) 

CbiKG03080 
and Tissue growth non-autonomously. 

Casitas 8-Lineage E E E Functions as an E3 ligase, and Cbl Traub, 2006. 
Lymphoma catalyse the formation of a covalent 

bond between ubiquitin and Cbl's 
protein substrates- typically a 

ScribKG04161 
receptor tyrosine kinase. 

Scribble E E E Functions in Ubiquitin-mediated hScribble Takizawa Setal. , 
degradation. 2006. 

Lysosomal degradation: 
Vps25 Vacuolar Protein s E E Involved in Golgi to Lysosome Sec1p Pevsner J et al., 

Sorting trafficking. 1999. 
Ept2 Erupted N/S E E Encodes components of Endosomal Giebel and Wodarz 

sorting complex required for et al. , 2006. 
transport (ESCRT). 
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NeuYAE, suggesting a YA-independent mechanism. Moreover, Expanded (ex) suppressed 

the rough-eye phenotype of NeurA and NeuYAE, yet enhanced the eye phenotype of Neurc. 

The receptor recycling pathway components, such as Hepatocyte Growth Factor 

Regulated tyrosine kinase substrate (Hrs), Rab5 and Rabll and the lysosomal 

degradation pathway components, including Vacuolar Protein Sorting (vps) and Erupted 

(Ept) suppressed the rough-eye phenotype of NeurA, while enhanced the eye phenotypes 

of both NeuYE and NeuYAE (Table 2.1). The enhancement of NeuYE and NeuYAE rough-eye 

phenotypes suggest a YA-independent mechanism in receptor recycling and lysosomal 

degradation. However, the suppression of NeuYA rough-eye phenotype indicates that 

during impaired receptor recycling and/or lysosomal degradation, cells may up-regulate a 

novel mechanism in attenuating signaling from a negative RTK potential, such as NeurA. 

As protein degradation attenuates signaling, it was expected that the loss-of­

function alleles of the ubiquitylation pathways would enhance the phenotypes of NeuYA 

allele. Indeed, all the ubiquitylation pathway components, including Effet (eff), Ubiquitin 

activating enzyme (uba), Cbl and Scrib enhanced the phenotypes of NeuYA, NeurE, Neurc, 

and NeuYAE (Table 2.1). We also verified the genetic interactions of various known 

positive and negative regulators of RTK signaling components with various Neu alleles, 

including NeurA, NeuYE and NeuYAE. However, a haplosufficiency for Sprouty, encoding 

the membrane bound phosphoprotein that inhibits growth factor signaling, partially 

suppressed the NeuYA rough-eye phenotype (Fig. 5D), while enhanced the eye phenotype 

of all other tested Neu alleles. The partial phenotypic suppression of NeuYA by Sprouty 

suggests that these two molecules work in a similar pathway to attenuate R TK signaling 
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in Drosophila (Supplement 2.11 ). 

2.3.6 NeuYA is insensitive to altered function of Jun/STAT and AKT/PKB 

pathway. 

In various human carcinomas, such as breast cancer, the hyperactive receptor 

heterodimers, such as EGFR and ErbB2 receptors employ the canonical Ras-Raf-MAPK 

cassettes for tumor cells proliferation. The deregulated PBK-Akt/PKB pathway is 

employed for tumor cell survival, suppression of apoptosis and programmed cell death. 

On the other hand, deregulated JAK/ST AT pathway has been reported for novel direct 

translocation of the receptors to the nucleus (Craven et al., 2003; Baselga and Norton, 

2002; Bromberg et al., 1999; Bacus et al., 1996; Sporn and Todaro, 1980). We showed 

earlier that NeuYA inhibits RTK signaling in vivo. Therefore, we hypothesized that the 

pTyr residue at 1028 or NeuYA would be insensitive to the context specific signaling 

pathways, such as PI3K-Akt and JAK-STAT. 

In order to address this, we verified the genetic interactions of several components 

of both PI3K-Akt and JAK-STAT pathways with various Neu alleles, including NeurA, 

Neur8
, NeurE, and NeuYAE. NeuYA was insensitive to a haplosufficiency in amorphic alleles 

of the Akt, hopscotch (HOP), Janus kinase (JAK) and STAT pathways (Fig. 2.6). 

However, these pathway components enhanced the eye phenotypes in by both NeuYE (Fig. 

2.6) and NeuYB (data not shown). These data suggest that the individual pTyr residue 

employs multiple signaling pathways depending on the context specific manners. In other 

words, a particular pTyr residue signals through a specific cascade during normal growth 

77 



PhD Thesis- Noor Hossain Biology-McMaster University 

Figure 2.6. NeuYA function is insensitive to altered function of Jun/STAT and 

AKT/PKB pathways. The sev-GAL4 driven misexpression of NeuYA resulted in mild eye 

roughness phenotypes due to variation in sizes and bristle distribution (A). NeuYE also 

showed similar level of eye roughness phenotype with reduced number of bristles (F). 

Neu rA revealed no genetic interaction with various altered alleles of AKT/PKB pathway 

components, including AKrEY10012 (B) and Hopscotch (C). Moreover, the Jun/STAT 

pathway components, such as Janus kinase (D) and STA'fl6346 (E) had no genetic effect 

(suppression or enhancement) on the NeurA eye phenotype. However, the eye phenotype 

of NeuYE was significantly enhanced in AKrEY10012 (G), Hopscotch (H), Janus kinase (I) 

and STA'fl6346 (J). 

Images were taken at X800 magnification on an ESEM and genotypes are 

indicated on the top right of each panel. Bar indicates 50 ~-tm. 
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and development, whereas the same pTyr residue may employ additional signaling 

pathways during cancer development and metastasis. 
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2.4 Discussion: 

Dankort et al. (1997) showed that a single amino acid substitution from tyrosine 

to phenylalanine at the 1028 site (Yl 028F) of a constitutively active Neu allele showed 

consistent increase in transforming ability. However, restoration of the tyrosine residue at 

the 1028 site (Y1028) of a tyrosine phosphorylation deficient (NYPD) mutant blocked 

transformation of cultured fibroblasts. The other four out of five individual pTyr of 

activated Neu, the rat homologue of ErbB2, contributed individually to transform 

cultured fibroblasts indicating that tyrosine the 1028 site negatively modulates ErbB2 

activity. In a genetic study with LET-23, a C. elegans EGFR homologue (Lesa and 

Sternberg, 1997) and in another site-directed mutagenesis study with Drosophila Torso 

(Tor) receptor tyrosine kinase (Perrimon et al., 1985) have found at least one specific 

phosphorylation site that was responsible for negative or down regulation of RTK 

signaling. 

Misexpression of Neu/ErbB2 in Drosophila using various GAL4 drivers showed 

the convincing result that the specific phosphorylation sites could act positively and 

negatively (Hossain, 2005: Masters thesis). We showed that NeuNYPD mis-expression in 

the wings resulted in a thicker mass of wing vein deltas than that of NeuYA (Supplement 

2.1 ). The reduced level of phenotypes in N e uYA signaling may reflect the inhibitory 

feedback of Y A upon the NYPD signal. All of these data tempted us to determine the role 

and specificity of Neu YA over other RTKs and to identify the signaling pathways through 

which Neu rA renders it functional entity. 
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It has been previously shown that activated mammalian Neu/ErbB2 generates 

phenotypes in transgenic Drosophila comparable to overactivation of endogenous DEgfr 

pathway (Settle et al. , 2003). For example, Neu suppresses apoptosis in the MG lineage, 

generates rough eye phenotypes and expands the domains of wing veins, all characterized 

by DEgfr (DER) hypermorphic alleles (Settle et al. , 2003; Lanoue and Jacobs, 1999; 

Sturtevant and Bier, 1995; Baker and Rubin, 1989). In vivo experiments reveal more 

functional distinctions of different pTyr outputs and genetic analysis is an efficient means 

of identifying signaling pathways (Bhandari and Shashindra, 2001 ; Dankort et al., 2001 ; 

Lesa and Sternberg, 1997). In fact, due to the conserved structural and functional nature 

of RTK signaling in metazoans, the mammalian rat-Neu (ErbB2) could successfully 

signal through the adaptor proteins in Drosophila (Settle et al., 2003). Therefore, 

Drosophila is a suitable genetic model organism to decipher the role and mechanism of 

Neu YA in RTK signaling downregulation in vivo. This study is significant for better 

understanding of RTKs down regulation, a possible targeting mechanism for developing 

future cancer therapeutics. 

2.4.1 NeuYA renders inhibitory role in RTK signaling 

In order to understand Neu signaling in Drosophila, we mis-expressed various 

' add-back ' Neu alleles in both wing and eye tissues. This mis-expression system 

generated a range of phenotypes both in wing and eye tissues and NeuNT proved to be the 

most responsive (Fig. 1 and supplement 2.1 ). Our data is consistent, as NeuNT also 

resulted in the highest transforming ability in Rat1 fibroblasts cell cultures (Dankort et 
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al. , 1997). Moreover, our lab previously showed that NeuYD and NeuNT are the most 

penetrant in both Midline Glia (MG) and wing tissues (Settle et al., 2003). Although it 

lacks all Tyr phosphorylation sites, NeuNYPD generated both wing and eye phenotypes 

(Fig. 2.1 and Supplement 2.1 , Supplement 2.3) and retained transforming potential in 

mammals (Dankort et al. , 2001). It has been demonstrated that in NeuNYPD a pTyr residue 

in the kinase domain can transmit signal through binding with the mediator of ErbB2-

driven cell motility, Memo (Marone et al., 2004). 

While verifying the fmdings of Settle et al. (2003), NeuYA misexpression generated 

both eye and wing phenotypes but milder than that of NeuNYPD (Fig. 2.1 ; Supplement 2.3). 

Neu YA also showed less phenotypic penetrance in the wing tissues than that of eye tissues 

(compare Fig. 2.1 and Supplement 2.1 ). In a cell culture study, Dankort el al. (1997) 

showed that Neu YA lacked transforming potential, suggesting an inhibitory role in RTK 

signaling (Dankort et al. , 2001 ; Dankort et al., 1997). The reduced level of phenotypes in 

NeuYA signaling may reflect the inhibitory feedback of YAupon the NYPD signal. Using 

'knock-in' mouse as a model, Chan et al. (2004) found that a single amino acid 

substitution at the 1028 (Y A) site (ErbB2-Y1 028F) of Neu resulted in increased ErbB2 

protein expression levels as compared to the level of proteins in embryos expressing the 

ErbB2 eDNA, the Y1144F (YB site) eDNA or the Y1227F (YD site) eDNA alleles. This 

elevated ErbB2 protein expression by Yl 028F mutant suggests that the tyrosine at 1028 

(Y1 028) has inhibitory roles in ErbB levels, possibly affecting lifetime of the proteins. 

Therefore, a suppression of other RTK phenotypes while in trans with NeuYA may reflect 

similar negative regulation. 
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While mis-expressed, NeurA significantly suppressed the phenotypes induced by 

the other 'add-back' Neu alleles both in the eye (Fig. 2.1) and wing tissues in trans 

(Supplement 2.3). Experiments with the Ratl fibroblast showed that addition of site A to 

the NT- YB allele (YAB) virtually abolished the transforming activity (Dankort et al., 

1997). However, the complete suppression of phenotypes of the other alleles in trans 

with the NeuYA was neither seen in the eye nor in the wing tissues. This could be due to 

the involvement of different adaptor signaling pathway with different signaling strength 

of these p Tyr residues, where Y A may correspond to the weakest signaling profile. 

2.4.2 NeuYA may inhibit RTK during normal growth and development and 

cancer metastasis 

In a mouse model, Chan et al. (2004) found that the ErbB2 Y1028F allele resulted 

with increased ErbB2 protein levels. Elevated ErbB2 level modestly affected the EGFR 

protein levels. However, the protein expression level of other ErbB members, such as 

ErbB3 and ErbB4, were unaffected. This could be due to the lacking of kinase domain in 

ErbB3 and differential requirement of ligand for ErbB4. Since DER is the only known 

ErbB family member in Drosophila, we thought that NeuYA might affect DER expression 

level. In the developing eye, DER is required for late ommatidia! development. DER 

plays important roles in R8-photoreceptor maintenance, induction of all cells following 

the R8/founder cell, cell-proliferation, survival and ommatidia! rotation (Roignant and 

Triesman, 2009; Braid and Verheyen, 2008; Rodriguez et al., 2005). 

DERmis-expression resulted in eye phenotypes ranging from a rough eye surface 
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to a severely reduced eye size in an allele specific manner (Fig. 2.2). Therefore, if there 

was an inhibitory role in RTK signaling, NeuYA would reduce the DER protein expression 

level in Drosophila and eventually suppress these allele specific phenotypes in trans. 

NeuYA expression resulted in suppression of reduced-eye phenotypes in the UAS­

DERDN/NeuYA adults. Furthermore, a moderate increase of ommatidia! count was 

observed with either UAS-DE~cT or Ellipse mutant, Elpn1 alleles in trans with NeurA. 

The hypermorphic UAS-DE~cT or Ellipse B1 mutant, ElpB1 is the type1 protein 

characterized with a single substitution of Ala887Thr in the intracellular kinase domain 

(Lesokhin et al., 1999). This A887T mutation showed increased ligand-independent 

autophosphorylation and MAP kinase activation in Drosophila cells, resulting in 

increased RTK activity (Lesokhin et al., 1999). On the other hand, the transmembrane 

region of Neu receptors have revealed a conserved, site-specific Val-Glu-Gly tri-peptide 

(VEG) domain and is responsible for transformation and signal transduction ofwildtype 

Neu Receptor (Burke et al., 1997). Loss or mis-localization of this domain greatly 

reduces the tendency for Neu receptors to dimerize. It is possible that NeuYA forms 

heterodimers with the DER alleles, at least with UAS-DE~cT and UAS-DERDN alleles. 

This physical interaction can be verified by co-expressing the DE~N allele with the 

chimera having the above-mentioned domains from the DE~N plus the intracellular 

NeuYA kinase domain could test this hypothesis. Similarly, a chimera with extracellular 

and transmembrane Neu with the intracellular DE~cT allele will generate phenotypes 

similar to DERAcT, which could be suppressed by the co-expression with NeuYA. 

Surprisingly, NeuYA did neither suppress the rough-eye phenotypes nor the total 
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ommatidia! counts in either UAS-DE~887r or DE~887r mutant alleles. A similar lack of 

suppression was found in heterozygotes of NeuYA and UAS-DE~887r when mis-expressed 

in the wing tissue (data not shown). However, NeuYA partially rescued the total 

ommatidia! number in E/[11 mutants (Fig. 2.3 I). Taken together, it is possible that NeurA 

works in heterodimers in independent manner. 

2.4.3 NeuYA may favour receptor recycling and degradation 

In recent years, RTK signal attenuating steps, such as receptor dephosphorylation 

and degradation, effector/substrate depletion, ligand stimulation and endocytotic 

trafficking have seen much attention (Sorkin and Zastrow, 2009; Wiley, 2003). In resting 

state, most EGFRs reside on the cell surface while a basal level of receptors is 

internalized by endocytosis (Herbst et al., 1994). Ligand stimulation enhances the 

internalization of activated receptors through the clathrin-coated pits. Depending on the 

cell type, the internalized EGFRs may be trafficked to the plasma membrane or to be 

transported to the endoplasmic reticulum and Golgi for reprocessing or to the late 

endosome and then onto lysosome for degradation (Ceresa, 2006). It is increasingly clear 

that receptor signaling regulates the endocytosis and endocytosis has many effects on 

signal transduction (Sorkin and Zastrow, 2009). Therefore, it is understandable that 

during endocytosis, the recycling of the receptors to the plasma membrane or the 

degradation by lysosomes can be signal-attenuating factors in receptor activity. 

The dosage sensitive modifier screen showed the involvement of receptor­

mediated endocytosis, receptor recycling to the plasma membrane and lysosomal 
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degradation in a YA-independent mechanism. On the other hand, among all the tested 

RTK modulators, only Sprouty mutant suppressed the NeuYA rough-eye phenotype (Fig. 

2.5, Supplement 2.11). The negative feed back regulator of RTK signaling, Sprouty, in 

association with hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs), 

interferes with the trafficking of activated receptor tyrosine kinase specifically at the step 

of progression from early to late endosome (Kim et al., 2007). As endocytic trafficking is 

also being regarded as the means of intracellular signal propagation (Sorkin et al., 2002), 

the impediment of RTKs at the early endosome would attenuate their signaling. On the 

other hand, among the Neu alleles, only the NeuYA rough-eye phenotype was suppressed 

by the receptor recycling pathway components, such as Hrs, Rab5 and Rabll and the 

lysosomal degradation pathway components, including vps and Ept (Table 2.1, Fig. 2.5, 

Supplement 2.11 ). 

The study with C2C12 murine myoblasts and MIAPaCa-2 human pancreatic 

tumor cells found that in presence of human Sprouty 2 (hSpry2), almost 60-70% of the 

ligand-bound EGFR remained localized to the early endosome, within 2 hour of EGF 

stimulation (Kim et al., 2007). In contrast, in absence of hSpry2, 60-70 % of the EGFR 

were found at the late endosome, as early as within 30 min of EGF stimulation. Taken 

together, it is possible that if endocytosis, receptor recycling, or lysosomal degradation is 

impaired or endosomal trafficking from early-to-late endosome is blocked, cells may up­

regulate a Y A-attenuating signaling mechanism that requires the involvement of Sprouty 

and Hrs, at least partially. During impaired endocytosis or blocked endosomal trafficking, 

NeuYA may attenuate the RTK signaling by facilitating the removal of the internalized 
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signal-competent receptors from the early endosome to the plasma membrane in a rab 11 

dependent mechanism or by facilitating lysosomal degradation of the already internalized 

(in late endosome) receptors. 

2.4.4 NeuYA may not take part in cancer metastasis and in drug resistance 

EGFR signaling pathways have been implicated in human tumorigenesis, tumor 

proliferation, progression and therapeutic resistance (Carven et al., 2003; Baselga and 

Norton, 2002; Bromberg et al., 1999; Bacus et al., 1996; Sporn and Torado, 1980). The 

ultimate signaling outputs and downstream signaling pathways of the ErbB2 receptor 

tyrosine kinases mostly depend on the activating ligand and the heterodimer partner 

(Y arden and Sliwkowski, 2001 ). The over-expression of ErbB heterodimers have been 

reported in various human cancers, including breast, ovarian, lung and prostrate cancer 

(reviewed in Baselga and Swain, 2009). In human breast cancer, for instance, the tumor 

cells exceed at least by 100 fold the expression of ERBB2 molecules over that of normal 

cells. This increased expression facilitates the formation ofheterodimers and homodimers 

that ultimately results in tumor cell survival and proliferation (Perez and Baweja, 2008; 

Y arden and Sliwkwoski, 2001 ). The heterodimers of the ErbB receptor tyrosine kinases 

signal through the canonical Ras-Raf-MAPK cassettes for tumor cell proliferation and 

through deregulated PI3K-Akt/PKB pathway for tumor cell survival, apoptosis and 

programmed cell death suppression (Li et al., 2002). 

In normal breast cells, Akt signaling is hypoactive due to low expression levels of 

EGFR/HER2 and/or existence of functional PTEN, the tumor suppressor phosphatase 

88 



PhD Thesis- Noor Hossain Biology-McMaster University 

that dephosphorylates the Phospatidylinositol-3,4,5-triphosphate (PB-K). However, in 

tumor cells, the activation and phosphorylation of the heterodimeric partner, such as 

ErbB3, facilitates the recruitment of the Phosphatidyl-inositol 3' kinase (PI3-K). The 

recruitment occurs directly or indirectly through the adaptor proteins, such as Grb-Sos 

(son of sevenless)-Ras complexes. Ultimately these events recruit the serine-threonine 

kinase, Akt to the plasma membrane through its Plekstrin homology (PH) domain 

(Sergina and Moasser, 2007). 

Upon phosphorylation by pyruvate dehydrogenase kinase! (PDKI), the activated 

Akt directly phosphorylates critical regulators of the cell cycle progression and apoptosis 

(Kumar and Hung, 2005; Li et al., 2002; Zho et al., 2001, 2001). Akt promotes tumor cell 

survival by removing cell cycle checkpoints and apoptosis. Specifically, the 

phosphorylation of Thr157 of p27, another negative G1 regulator, results in p27 

cytoplasmic retention and nuclear export (Xia et al., 2004; Clark, 2003; Huang et al., 

2003; Liang et al., 2002; Shin et al., 2002; Viglietto et al., 2002; Zho et al, 2001; Winters 

et al., 2001). Moreover, Akt negatively regulates the tumor suppressor gene p53 by 

phosphorylating at Ser 166/186 of MDM2, which associates with p300 and ultimately 

degrades p53 (Zhou et al., 2001; Rossig et al., 2001). Together, de-regulated PBK-Akt 

and JAK/STAT pathways contributed to an aggressive type ofhuman breast cancers. It is 

possible that most of the pTyr residues (YB, YC, YD and YE) ofNeu!ErbB2 play some 

roles during cancer metastasis and drug resistance. However, the pTyr residue at the 1028 

of oncogenic rat-Neu/ErbB2 is likely to be insensitive to cancer metastasis and drug 

resistance, as none of the JAK/STAT and PB'K/PKB pathway components were 

89 



PhD Thesis- Noor Hossain Biology-McMaster University 

sensitive to NeuYA. 

2.5 Conclusion: 

This is the first detailed genetic study revealing the mechanistic system of any 

particular signal attenuating pTyr residue of receptor tyrosine kinase in vivo. Our 

misexpression data shows that NeuYA suppressed the rough-eye phenotypes of all other 

'add-back' Neu alleles. This phenotypic suppression may be due to the signal attenuating 

capability of NeuYA by forming a heterodimer with other alleles. The data with the various 

mis-expressed and mutants DER alleles suggest that NeuYA may prevent DER, at least, 

DER0
N allele from forming dimers with the endogenous DER or may remove them from 

the cell surface through an unknown mechanism. The genetics suggest that for signal 

attenuation, Neu requires endocytosis but do not act in a YA-dependent manner. 

Furthermore, the dosage sensitive modifier screen suggests that during impaired 

endocytosis, receptor recycling, and/or lysosomal degradation, cells may up-regulate a 

novel mechanism in attenuating YA-signaling that involves the negative RTK regulator, 

Sprouty and the hepatocyte growth factor regulated tyrosine kinase substrate, Hrs. 

2.6 Future research: 

A better understanding of the signal attenuation mechanism of NeuYA will help us 

better understand human cancer, which is caused by the overactivation of RTKs. The 

identification of novel components of Y A signaling pathway may lead us to design better 

drugs with better clinical success. The double 'add-back' Neu allele, particularly NeuYAE 
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will allow us to study them in homozygous in various tissues, such as wings, eyes and 

MG cells. A genome wide large-scale genetic screen of NeuYAE, for instance, will serve 

multiple purposes in this regard. Specifically, this screen will identify mutants that not 

only enhance or suppress NeuYA phenotypes but also other 'add-back' Neu alleles, such as 

NeuYE and NeuNYPD immediately. The NeuYA specific candidates will reveal genes 

required for the repression of RTK signaling in Drosophila. Afterwards, the mammalian 

ortholog of these candidates will help reveal the signaling pathways that can be utilized 

for targeting better drug development with a view to attaining higher clinical success in 

cancer treatment. 
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CHAPTER 3: GENETIC IDENTIFICATION OF NOVEL COMPONENTS OF 
RECEPTOR TYROSINE KINASE DOWN-REGULATION PATHWAYS IN 
DROSOPHILA MELANOGASTER. 
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3.1 Introduction: 

The type 1 transmembrane receptor tyrosine kinase (RTK), Neu/ErbB2 is a 

member of the Epidermal Growth Factor Receptor (EGFR) family that functions as a 

potent mediator of normal cell growth and development (reviewed in Takeuchi and Ito, 

2010; Swain and Baselga, 2009; Schlessinger and Lemmon, 2006). However, Neu 

amplification is implicated in the early stages of human breast and ovarian cancers and its 

overexpression is directly correlated with poor disease prognosis in several human 

cancers, including breast and ovarian cancers, gastric carcinoma and salivary gland 

tumors (Swain and Baselga, 2009; Vermeij et al., 2008; Park et al., 2006; Owens et al., 

2004; Yaziji et al., 2004). At least one pTyr residue in Neu, Let-23 and PDGFR-~ 

receptor tyrosine kinase was reported to have negative signaling capability (Chan et al., 

2004; Lesa and Sternberg, 1997 and Dankort et al., 1997). The intrinsic negative 

signaling behavior of any of these pTyr residues, such as pTyr at 1028 ofNeu (neuYA) has 

yet to be fully exploited with a view to identifying novel targets for better cancer 

treatment. 

Using the targeted misexpression system, the GAL4-Upstream Activating 

Sequence (GAL4-UAS) (Brand and Perrimon, 1993), our lab has shown that individual 

pTyr residues of rat-ErbB2 can signal through the Drosophila adaptor proteins and can 

generate graded phenotypes (Settle et al., 2003). These graded phenotypes were used to 

identify the genetic interactions of various downstream signaling components in an 

unbiased nature (Settle et al., 2003). In chapter 2, we genetically explored the potential 

signaling downregulation of the pTyr residue at 1028 of the oncogenic Neu/ErbB2. Using 
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Drosophila compound eye as a model, we determined the signaling characteristics of 

pTyr at 1028 (NeuYA) of rat-Neu and examined the genetic interactions of known 

components of RTK signal attenuating pathways, including receptor mediated 

endocytosis, receptor recycling to the plasma membrane, and lysosomal degradation, 

through which NeurA might function. Our data suggests that the pTyr at 1028 of Neu 

renders it signal-attenuating capability, at least partially, through the trafficking­

dependent alteration in early or late endosomal compartment, and through lysosomal 

degradation. Our additional genetic data showed that NeurA, unlike all other Tyr 

phosphorylation residues in the C-terminus domain of rat-Neu/ErbB2, is possibly 

regulated by the Sprouty, a negative feedback regulator of RTK signaling pathway. 

Collectively, NeurA may involve a novel RTK-signal attenuation pathway, at least in 

Drosophila. 

To identify components of the NeuYA in RTK signaling attenuation pathway, a 

genome-wide dominant modifier screen was undertaken. EMS treated flies were crossed 

with the GMR-NeuYAE,TM3/D virgins and over 60,000 Fl progeny were screened either 

for suppression or enhancement of the rough-eye phenotype as compared to control flies. 

We isolated and mapped several groups of suppressors and enhancers from a pool of 24 

complementation groups spanning both the 2nd and 3rd chromosome. One 

complementation group of suppressors was identified as the known gene lilliputian. 

Additionally, using deficiency mapping several other complementation groups of 

enhancers were narrowed down to certain regions uncovering 10-30 genes, not previously 
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known to the receptor tyrosine kinase signaling pathways. Collectively, here we report 

several novel neuYA interactors in RTK signal attenuation in Drosophila. 
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3.2 Materials and Methods: 

3.2.1 Drosophila Fly Socks 

Biology-McMaster University 

All fly strains were obtained either from the Bloomington Stock Centre (for 

mutants and Deficiency stocks) or Vienna Stock center (RNAi lines). Flies were stored at 

room temperature (22-25°C) in polypropylene shell vials (Fisher Scientific, AS 519) and 

the crosses were done in16X100 mm glass culture tubes (Fisher Scientific) supplemented 

with a sucrose-yeast agar food medium and capped with rayon rope (Fisher Scientific, 

APS205). The wild type Oregon R strain was used in all control experiments. 

Microinjection of p[UAS] and p[GMR] element was performed on yellow white- (yw-) or 

on the embryos from the yw-; +/+; +I+ X yw-; Sco/CyO; DITM3 crosses respectively 

(see below). p[UAS-neu] expression was regulated by p[GAL4] strains, GMR-GAL4 

(Hay et al., 1997) and sev-GAL4. 

3.2.2 Transgenes: 

'Single Add-Back' Alleles 

The generation of constitutively active rat ErbB2 (NetfT}, a mutant form of the 

neu gene, has a E664V point mutation in the transmembrane domain (Dankort et al., 

1997). Upon the NeuNT background, the generation of Neu phosphorylation deficient 

allele or NeuNYPD was done by a tyrosine to phenylalanine transition at Y1028, Y1144, 

Y1201, Y1227 and Y1253 amino acid residues. The 'add-back' alleles were made by 

restoring tyrosine residue at the1028 (YA), 1144 (YB), 1201(YC) and 1227(YD) amino 

acid position of NeuNYPD (Dankort et al., 1997). 
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'Double Add-Back' Alleles 

'Double add-back' alleles were generated using the Site-Directed Mutagenesis 

technique (Nickoloff and Deng, 1992). We used the Quick-Change XL Site-Directed 

mutagenesis kit (Stratagene) according to the manufacturers protocol. In brief, we 

restored the tyrosine at the 1028 position upon the Neurs, Neurc, NeuYD and NeuYE to 

generate NeuYAB, NeurAc, NeurAD and NeuYAE respectively. The mutagenic oligonucleotide 

primer pair was 5'GGTAGACGCTGAAGAGTATCTGGTGCCCCAG3' (Forward, ML 

2538) and 5'CTGGGGCACCAGATACTCTTCAGCGTCTACC3' (Backward, ML 

2539). The nucleotide that has been changed to restore tyrosine at the 1028 position (YA) 

is shown bold and underlined. The PCR amplification was performed for 14 cycles of 60s 

at 94°C, 1 min 40 sec at 60°C and 30 mins at 68°C. The PCR product was then treated 

with 1~-tL Dpn I endonuclease and incubated at 37°C for 1 hour to digest the parental 

DNA template and to select for mutation containing synthesized DNA. 2 ~-tL of the 

digested product was then used to transform 50 ~-tL of XL 1 0-Gold ultracompetent cells 

provided with the Mutagenesis kit. 100 ~-tL of the transformed cells in Nzy+ broth was 

spread on the LB Ampicillin agar plate and allowed to grow at 37°C for 16-18 hours. 

Several well distant colonies were picked up and grown overnight in 14 ml falcon tubes 

(Coming) supplemented with LB Ampicillin broth medium. The plasmid was prepared 

separately from all the bacterial samples using the Plasmid Minipreps kit (Qiagen). All 

the plasmid preparations were then restriction mapped with Xhoi (Invitrogen) an EcoRI 

(Roche) restriction enzymes to identify clones with the right band size to reveal the 

proper length and orientation. These plasmids were sent to the Mobix Lab (McMaster 

98 



PhD Thesis- Noor Hossain Biology-McMaster University 

University) for sequencing. The sequences were then aligned with Rat mRNA for Neu 

oncogene (p 185) encoding an epidermal growth factor receptor-related protein 

(Accession# X03362, Version- X03362.1 gi # 56745). 

3.2.3 Sub Cloning of eDNA 

The newly made 'double add-back' alleles were subcloned into a fresh pGMR 

vector (A gift from Dr. Therrien). 2.4 !J.g of plasmid DNA and 2.4 !J.g of pGMR vector 

were digested separately with 1.5~-tl ofEcoRI at 37°C for 1.5 hours. The digested product 

from the plasmid DNA was electrophoresed on a 1% agarose gel and 4 KB band was 

excised and purified using Gel extraction kit (Qiagen). On the other hand, 2.5 ~-tl of 

Shrimp Alkaline phosphatase, SAP, (Boheringer, Germany) along with lOX buffer was 

added to the pGMR digestion product for 1 hour at 37°C. Following incubation, SAP was 

inactivated at 65°C for 15 minutes and the reaction mix was kept in room temperature for 

additional30 mins. The concentration oflinearizedpGMR and purified Neu (double add­

back alleles) eDNA were measured using spectrophotometer at 260 nm. 

In order to ligate the insert into pGMR vector, 500 ng of insert DNA and 100 ng 

of pGMR DNA were mixed along with 3 ~-tl of 5X ligation buffer, 1 ~-tl of T4 ligase 

(Invitrogen) to make the final volume of 19 ~-tl. The reaction was kept at 14°C overnight. 

4~-tl of ligation mix was used to transform 50~-tl of DH5a competent cells according to the 

manufacturer's specification. Colonies were screened using Minipreps (Qiagen) and 

EcoRI (Roche) for proper band size. Clones with positive inserts were further digested 
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with Xhol (Invitrogen) to reveal the orientation. For this study we only generated the 

NeuYAE transgenic Drosophila as follows. 

3.2.4 Preparation of DNA Constructs For Micro injection 

DNA extraction was done individually using the endo free plasmid maxi kits 

(Qiagen). The prepared plasmid DNA size was compared with the High Mass DNA 

ladder prior to make a 30 J.lg of sample for microinjection. This sample contains the 

pGMR and helper vector p in a ratio of 5:1. The volume of the sample was then made 

100 J.lL with distilled water followed by precipitation by adding additional 1 OJ.1L of 3M 

sodium acetate. After precipitation, 250J.1L of absolute and cold ethanol was added and 

kept in -80°C for 15 minutes before spinning at 13000 rpm for 15 minutes at 4°C. 

Following a rewash with 70% ethanol, the pellet was dried for 10-15 minutes in room 

temperature and resuspended in 50J.1L of injection buffer (1 OmM Tris-Hcl [pH7.5], 0.1 

mM EDTA, 100 mM NaCl, 30J.1M spermine and 70J.1M spermidine). 

3.2.5 DNA Microinjection 

Microinjection of pGMR constructs was performed on the embryos from the yw· ; 

+/+; +/+ X yw·; Sco/CyO; DITM3 crosses according to the standard protocol as described 

by Spradling (1986). The embryos were collected on an apple juice agar plate attached to 

a fly house made of 100 ml plastic beaker (Nalgene) with tiny holes to allow airflow. In 

order to encourage the flies to lay eggs, a bit of yeast paste was added onto the solidified 

apple juice agar plates. Fly houses were set up and maintained at 25°C and the plates 
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were changed at every thirty minutes so that early stages embryos can be collected and 

injected before the pole cell formation. After 5 minutes decorionation with 50% bleach 

solution, embryos were collected in a nitex sieve chamber. Then approximately 30-35 

embryos were lined up on a double-sided adhesive tape attached on a standard glass slide 

within a 20 minute time limit. The embryos were then placed on Anhydrous Calcium 

Sulfate bed (W.A. Hammond Company) in a dessicator. After appropriate dessication, 

embryos were covered with a thick layer of halocarbon oil (Halocarbon®). Injection was 

performed under a Leica inverted microscope (Leica, Germany). Needles were pulled 

from lOOXl mm Borosil glass capillary tubes (FHC) and were broken by gently touching 

the side of the glass slide. Approximately 2-3 J..LL of the desired DNA construct was 

loaded into the glass needle using a Hamilton 26 gauge needle (Fisher Scientific). A tiny 

amount (approximately 1/lOth volume of the embryo) of DNA construct was injected into 

the posterior of the embryos. Injected embryos were kept in a Petri dish containing a wet 

paper towel to provide necessary moisture to the embryos. The embryos were then kept at 

l8°C for 48 hours and the surviving embryos (usually crawled out from the oil) were 

transferred to yeast agar food vials at 25°C until they eclosed. Individual flies were then 

crossed with yw- adults and the Fl generation was screened for eye pigmentation. Flies 

with the eye pigmentation were crossed again withyw- adults and the purified stocks were 

balanced and p-element insertion was mapped by crossing (individual stock) with various 

marked balancers. Specifically, for this study the working stocks were made with the flies 

with genotypes of (a) yw-; GMR-NeuYAE/+; +/+(b) yw-; +!+; GMR-NeuYAE/+ (c) yw-; 

+/CyO,GMR-NeuYAE; +/+and (d)yw-; +/+; +ITM3,GMR-NeuYAE. 
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3.2.6 Large-Scale Genetic Screening: 

EMS Mutagenesis 

For the large-scale mutagenesis study, we used the 2nd and 3rd chromosome 

isogenized wiltype Oregon R males and followed the standard EMS mutagenesis scheme 

(Lewis and Bacher, 1968). In brief, approximately 150 males of 3-4 days old were 

collected in each of at least 4 empty polystyrene vials (Fisher Scientific) at 12 pm and 

were starved for 5 hours to make them thirsty. At 4:30pm of the same day, a neutralizing 

solution was made in a plastic container by adding 0.5 gm ofthioglycolic acid (Sigma) in 

a 100 ml of 4% NaOH solution. In addition a 25 ml of 1% sucrose solution was made in a 

50 ml centrifuge tube (Corning). In the mean time, 2 pieces of 7Xl.5 em of no.1 

whatman filter paper (Whatman®, cat.# 1001-125), were attached separately to the inside 

walls of each vial with adhesive tape. The vial was then properly capped with rayon rope 

(Fisher Scientific). From this point all the preparations were done into the fume hood 

assigned for EMS uses. At 5 pm 66 J.l.L of Ethyl methane sulfonate (EMS) (Sigma, EC # 

200-536-7) was gently dispensed into the sucrose solution by using a 1-c.c syringe 

(Becton Dickinson & CO. cat.# 309604) with 22-gauge needle (Becton Dickinson & Co., 

cat. #. 305156). The needle was then immediately filled with neutralizing solution and 

discarded into that plastic container containing neutralizing solutions. By using another 

10 c.c syringe with 22-gauge needle, EMS and sucrose solution was mixed gently but 

thoroughly for 6-7 times. This syringe was also neutralized and discarded into the 

neutralizing solution containing plastic container. Afterwards, 0.5 ml of EMS mix was 
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added onto the two filter paper stripes attached to the inside walls of the capped 

polystyrene vial by using another fresh 1 cc syringe with 22 g needle. Then the thirsty 

flies were transferred to the vials treated with EMS and kept in the fume hood for 

overnight. At 11 am the next morning the EMS fed flies were transferred to vials 

containing yeast sucrose agar fly food. At least 3 times oftransfer at 1-hour interval were 

done to make sure that no EMS was left on the vials that would be carried to the fly 

pushing room. All the vials including the EMS treated and the one with fly food were 

neutralized and discarded as mentioned earlier. Approximately 100 out of the initially 

started 150 males were available for the crosses. Then 4-5 EMS treated males were 

crossed with 10-15 virgins of p[GMR-neuYAE],TM3/D flies in each polystyrene vial 

containing standard fly food supplemented with a tiny yeast paste labeled numerically. In 

order to obtain the maximum numbers of progeny, the flies from each numerically 

labeled vial were transferred to a new vial with food at least 2 times for the next two days 

and 3 times for the 3rd and 4th days. At this time each vial was labeled alphabetically and 

starting with the numerical number assigned earlier. For example, each transfer from the 

original vial number 1 and 2 were labeled as 1a, lb, lc, 1d .... and 2a, 2b, 2c and 2d .... 

respectively. 

3.2. 7 Modifier Screening And Linkage Analysis 

The progeny from these crosses (F1) were observed to score the eye phenotype 

enhancement or suppression (Fig. 3.1). Individual F1 progeny that either suppressed or 

enhanced the rough eye phenotypes of the both eyes as compared to the G M R-
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neuYAE, TM3/D flies, were backcrossed to GMR-neuYAE' TM3/D parental flies. The F2 

progeny was rescored for suppression and enhancement for both eyes. Individual F2 

progeny (usually males) were mated pair-wise to yw-; +/+; GMR-neuYAE,TM3/D andyw-; 

GMR-neuYAE,CyO/Sco; +/+ flies. Ifthe F3 generation shows modifiers only in females, 

the modifier mutation was thought to have linkage to the X-Chromosome. On the other 

hand, if half of CyO flies in F3 generation carried modifiers, they were assigned to have 

linkage to the 2nd chromosome. However, if all the stubble {TM3) flies in the F3 

generation carried modifiers, they were mapped to the 3rd chromosome. Using of GMR­

neuYAE,CyO/Sco or GMR-neuYAE,TM3/D flies in F2 crosses will ease balancing the stock 

if the mutation is linked to the 2nd or in the 3rd chromosome respectively. The 

homozygous lethal modifiers were always maintained the stocks as a heterozygote with 

the CyO, GMR-NeuYAE or TM3, GMR-NeuYAE balancer chromosome. 

3.2.8 Neu Specificity And Lethal Complementation Tests 

The balanced modifiers were tested for the genetic interactions with various Neu 

alleles, including NeurA, Neurs and NeurE. The modifiers, usually males were crossed 

with the UAS-NeurA,sev-GAL4/Cy0, UAS-Neur8,sev-GAL4/Cy0 and UAS-NeurE,sev-

GAL4/Cy0 female in pair-wise. The progeny were tested for the enhancement, 

suppression or non-modification of the rough eye phenotypes in the CyO+ flies and were 

documented. On the other hand, the complementation test was carried out by crossing 

each modifier to the every other of the same chromosome in pair-wise. For example, the 

balanced 2nd chromosome modifier, 2EOJ(modifierl)/CyO,GMR-NeuYAEwas crossed with 
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2E02(modifier2)/CyO,GMR-NeuYAE fly. The modifiers were assigned allelic ifthey failed 

to complement each other for lethality. 

3.2.9 Meiotic Recombination And Deficiency Mapping 

The modifiers were initially mapped by the meiotic recombination mapping for 

the 2nd and 3rd chromosome. A female heterozygous for the chromosome bearing the 

mutation and for the marker chromosome, such as a/[1] dp[ovl} b[l} pr[l] c[J] px[l] 

sp[J} and ru[l] h[l] th[l] st[l] cu[l] sr[J] e[s] ca[l] for the second and third 

chromosome respectively was generated. This heterozygote female was then crossed en 

masse with the a/[1] dp{ovl] b[l] pr{J] Bl[J] c{J] px[l] sp{J]!CyO and ru{J] h{J] 

th[J] st{l] cu[l} sr[J] e{s] Pr[J] ca{l]/TM6B, Bri[J] for 2nd and 3rd chromosome 

recombination respectively. The flies from each cross were changed to a new vial at least 

2 times for the first two days and at least 3 times for the 3rd and 4th day after setting the 

crosses to get the maximum number of progeny. The flies from a single recombination 

were crossed back to the control, D/TM3, GMR-NeuYAE flies for the presence of modifiers 

in that particular recombinant. A relative position of the mutation between two adjacent 

markers was determination after calculating the recombination rates and proportion of 

different recombinants with a progeny size of approximately 1500 flies. 

After determining the relative position of the modifiers between two adjacent 

markers, we employed the deficiency mapping to gain a more precise mapping of the 

mutation. A deficiency chromosome must fail to complement the lethality of the modifier 

to be considered to uncover the cytological position of the mutation. 
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3.2.10 Gene Mapping And Verifications 

After mapping the mutation with the smallest deficiency spanning only 10 to 20 

genes, we verified the mutations with the entire gene or the selective gene mutations of 

the deficiency-uncovering region. However, for the deficiency regions with unavailable 

single gene mutation in the publicly available stock centres, we employed the RNAi 

technique for the 'knock down' of a particular gene to be verified with particular 

modifiers. The identified genes were then verified at least for Neu and DER specificity. 

For example, the NeuYA specific candidates were crossed as UAS-RNAi (candidate gene) X 

UAS- NeurA, sev-GAL4. 

3.2.11 Environmental Electron Microscopy 

Adult flies, from the appropriate crosses, were anesthetized by keeping them at 

the freezer chamber for at least 5 minutes. At least 5 female adult flies from the 

appropriate genotypes were mounted on the centre of the stand covered with 

homogenously mixed white glue and charcoal. The fly eyes were viewed, photographed 

at150X, 300X and occasionally at X800 at 3.0 Torr of a Philips Environmental Scanning 

Electron Microscope and images were saved in the Hard disk of a Philips computer as 

TIF files. The images were finally processed with Adobe Photoshop® Version 7.5. 
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3.3 Results: 

3.3.1 Isolation of dominant modifiers (suppressors and enhancers) of GMR­
NeuYAE 

Drosophila EGFR is the ortholog of mammalian Neu/ErbB2. We considered that 

genes encoding the general factors involved in DER or transgenic Neu/ErbB2 signal 

transduction are expected to function during multiple signaling events (as redundant 

genes) at various stages of development. Mutations in these genes are expected to be 

homozygous lethal and would not be recovered in a conventional F2 eye phenotype 

screen. Therefore, in order to identify the components of the mammalian ErbB2 signal 

transduction pathway in Drosophila, we carried out an Fl screen for dominant 

suppressors and enhancers of an activated NeuYAE allele. This activated Neu allele was 

introduced into flies by p-element mediated transformation and was expressed under the 

control of the Glass Multimer Reporter (GMR)-enhancer/promoter (GMR-NeuYAE). The 

p[GMR} expression vector contains a pentamer of binding sites for the GLASS 

transcription factor derived from the Rhl promoter and TATA box sequences from the 

Drosophila hsp70 promoter (Hay et al., 1997). Sequences placed downstream of these 

sites are transcribed in a similar pattern to glass expression, in and posterior to the 

morphogenetic furrow (MF) during larval and pupal eye development (Ellis et al., 1993). 

At this stage the ommatidia! formation begins and the cells in the imaginal discs respond 

to differentiate, proliferate, or die (Wolff and Ready, 1993). Therefore, the severely 

reduced and rough-eye phonotype of GMR-NeuYAE flies is likely due to the combination 

of malfunctioning differentiation, proliferation and cell death. At the cellular level, the 

rough-eye phenotype may be attributed by improper number of photoreceptor and cone 
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cells. This phenotype is suitable for the identification of both suppressor and enhancer 

mutations and provides a suitable sensitized background for a genetic modifier screen 

(Bach et al., 2003; Therrien et al., 2000; Simonet al., 1991). 

A mutation induced by the EMS in one of the two copies present in the diploid 

genome, should alter the signaling strength and modify the rough-eye phenotype of 

GMR- NEUYAE either positively or negatively. For example, a mutation in one copy of a 

positively acting downstream gene should reduce signaling strength sufficiently to 

suppress the GMR-NeuYAE rough-eye phenotype. In contrast, a mutation in one copy of 

the negatively acting downstream gene is expected to increase the signaling strength and 

therefore, should enhance the GMR-NeuYAE rough eye phenotype. In other words, a 

mutation in a Y A specific (but not NYPD or YE) positive regulator will suppress the 

NeuYA rough-eye phenotypes; where as mutations in negative regulator will enhance the 

rough-eye phenotypes. However, The identification of these mutations in the F1 

generation is critical, as many of these genes will be required at earlier stages of 

development and loss of both copies or homozygous mutation is expected to cause 

lethality. 

Based on the scheme outlined in Fig. 3.1, we screened 61,241 progeny in the F1 

generation to score the enhancement or suppression of the GMR-NeuYAE rough-eye 

phenotype. A total of 856 (1.39%) modifiers were isolated in the F1 generation and 195 

(22.8%) of them bred to the F2 generation (Table 3.1). The suppressors were scored by 

looking for reduced blistering and ommatidia! fusions, as well as the reappearance of the 
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Figure 3.1: Mutagenesis Scheme for the enhancers and suppressors of the GMR­

NeuYAE eye phenotype. A cross scheme is shown for the screen of the sex chromosome 

and autosomes for dominant modifiers of the GMR-NeuYAE rough eye phenotype. EMS 

treated OregonR males, isogenized for the 2nd and 3rd chromosomes were mated to +/+; 

+/+; TM3[sb}, GMR-NeuYAEID flies. The Fl male and female TM3[sb] progeny were 

scored for altered eye roughness as compared to the parental flies. The individual 

modifier (either male of female) was backcrossed to the parental flies and was rescored 

for suppression and enhancement for both eyes. Males from this F2 progeny were mated 

pair-wise to yw-; +/+; GMR-NeuYAE,TM3/D andyw-; +/+; GMR-NeuYAE,CyO/Sco; +/+ 

flies. If the F3 generation shows modifiers only in females, the modifier mutation was 

thought to have linkage to the X-Chromosome. On the other hand, if half of CyO or all 

TM3 [sb] flies in the F3 generation carried modifiers were thought to have linkage to the 

2nd and 3rd chromosome respectively. See materials and methods for information about 

the transgenic allele construction and subsequent Neu verification, complementation tests 

and gene mapping. 
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Table 3.1 : Summary of mutagenesis screening. 

Total Fl Fl Modifiers F2 Modifiers Y A/YE Specificity 
Progeny 
Screened Enhancer Suppressor Total Enhancer Suppressor Total Specific Non-specific 

61,241 498 348 856 105 90 195 60 135 

------ -------------· - --- J 
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Figure 3.2: Isolating dominant modifiers. We have performed a genetic screen to 

isolate modifiers of the GMR-NeuYAE, TM3 rough eye phenotype (A, B). EMS treated 

OregonR males (A) were crossed with GMR-NeuYAE, TM3/D virgins (B). The Fl progeny 

were screened either for suppression (C) or enhancement (D) compared to the rough eye 

phenotype in control flies (B). In order to identify the modifiers specific to either NeuYA 

or NeuYE or to both, all modifiers were tested against NeurA, NeuYB and NeurE. Modifiers 

showing any genetic interaction with NeuYB (either by suppression or enhancement) 

didn't comprise our screening criteria and were discarded (Data not shown). On the other 

hand, modifiers specific to either NeuYA or NeuYE or to both were studied further. For 

example, the suppressor, 3S05 was NeuYA specific as the modifiers specifically 

suppressed the rough-eye phenotype induced by the NeuYA (compare E, F and H, I). 

However, the 3E03 enhancer was identified specific to NeurE, as it specifically enhanced 

the rough-eye phenotypes induced by the NeuYE only (compare E, G and H, J). The 

photographs were taken at X150 (A-D) and X800 (E-J) magnification using an ESEM. 

The genotypes are indicated at the top right of each panel. Bar indicated 50 ~m. Also see 

Supplement 3.3, Supplement 3.4 for more modifiers and Supplement 3.5, and 

Supplement 3.6 for complete Neu-allele verification. 
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straight ommatidia! rows and eye sizes. Enhancers were scored by looking for an 

increased in eye roughness or reduced eye size (Fig. 3.2). The modifiers showed a wide 

range of eye-phenotypes either as a suppressor or as an enhancer (Supplement 3.5 and 

Supplement 3.6). Depending on the genetic interaction with various 'add-back' Neu 

alleles, these modifiers were categorized based on the Neu specificity (see Materials and 

methods). Out of the 195 dominant modifiers in the F2 generation, 60 (30.8%) were 

specific to either NeuYA or NeuYE or to both (Table 3.2). As predicted many of the 

dominant modifier genes were recessive lethal, a significant number of enhancers and a 

few suppressors were homozygous viable with no apparent phenotypes. For this study we 

continued characterizing only the homozygous lethal modifiers specific either to NeuYA or 

NeuYE only. The chromosomal linkage of these dominant modifiers were performed as 

outlined in Fig. 3.1 and balanced stocks were established as the modifiers (m) 

/CyO,GMR-NeuYAE or modifiers (m)/TM3, GMR-NeuYAE. 

3.3.2 Neu specific modifiers comprised 24 complementation groups 

A lethal complementation test was used to identify possible allelism between the 

modifiers. The complementation test was carried out by performing pair-wise crosses of 

all the Neu specific mutants on a particular chromosome. Most of the Drosophila genes 

(almost 60%) are considered to be redundant and will not result in an obvious phenotype 

or of lethality even though genes were 'knocked-out' (Adams et al., 2000). We expected 

that many ofthe Neu specific modifiers, were unlikely to result in a homozygous mutant 
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Table 3.2: Complementation groups phenotypically linked to VA or VE. 

All alleles 

Modifier Homozygous Lethal and Homozygous Linkage to Chromosome All Complementation Groups 
Neu Specificity VIable 

VA VE VAlVE VA VE VAlVE 

Suppressors 4 2 3 6 2"" Chromosome 
Enhancers 5 3 5 7 

13 7 4 
Suppressors 3 2 4 1 3'" Chromosome 
Enhancers 8 4 3 0 

Total 20 11 15 14 I 24 

Data based on total60 Neu-specific modifiers reported in Table 3.1 . 



Table 3.3: Summary of the genetic interactions of the 2nd chromosome modifers. 

Complementation Members/alleles Approximate cytological Neu Modification/Specificity 
Group location VA VB VE 

--
Enhancers: 
2E01 2E01,2E11,2E12 47E3;48B2 -10 0 0 
2E02 2E02 3885-89;5203-07 -- 0 0 
2E03 2E03 55A1;55C3 -- 0 0 
2E04 2E04 24F4-25A1 ;3401-01 -- 0 0 
2E05 2E05 3885-89;5203-07 0 0 ++ 
2E07 2E07 24F4-25A1 ;3401-01 + 0 ++ 
2E09 2E09,2E10 55A1;55C3 + 0 ++ 
2E13 2E13 3885-89;5203-07 + 0 0 
2E14 2E14 3885-89;5203-07 + 0 0 
Suppressors: 
2S02 2S02,2S04,2S05,2S06,2S07 23C1-2;23E1-2 - 0 0 
2803 2803 3885-89;5203-07 0 0 
2808 2808 3885-89;5203-07 0 0 + 
2810 2S10 3885-89;5203-07 0 0 0 

+: Enhancement,-: Suppression, 0: Non-interaction, Modifiers in bold have been studied further. Data based on 20 out of total22 2nct 
chromosome modifiers reported in table 3.2. 



Table 3.4: Summary of the genetic interactions of the 3rd chromosome modlfers. 

Complementation 
Group 

Enhancers: 
3E01 
3E04 
3E06 
3E08 
Suppressors: 
3502 
3503 
3504 
3506 
3509 
3510 
3513 

Members/alleles 

3E01,3E03,3E10 
3E04,3E05 
3E06 
3E08 

3502 
3S03,3S05, 3S11 , 3S12 
3504 
3506 
3509 
3510 
3513 

Approximate cytological 
location 

75A4;75A5 
75A6-7;76C1-2 
7482;7402 
93C7-D1 ;99C2-C2 

86D3-D4;90E4-F1 
66010-01 0;7201-01 
75A6-7;76C1-2 
75A6-7;76C1-2 
86D3-D4;90E4-F1 
7201 -01 ;73A1-A3 
7201-01 ;73A1-A3 

Neu Modification/Specificity 
VA VB VE 

-- 0 ++ 
- 0 0 
- 0 0 
-- 0 0 

0 0 
-- 0 0 
++ 0 0 
++ 0 0 
+ 0 + 
0 0 ++ 
0 0 

-: Suppression, +: Enhancement, 0: Non-interaction, Modifiers in bold have been studied further. Data based on 17 out of total 24 3rd 
chromosome modifiers reported in table 3.2. 
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phenotype. Although these redundant genes can be of interest in Neu/ErbB2 signaling, it 

may be very difficult to identify and study their functions. For this reason, we decided to 

pursue only those genes corresponding to the complementation groups that could be 

identified in a timely manner. Therefore, we tested each modifier-containing 

chromosome for homozygous lethality in an otherwise wildtype background. Basically, if 

the homozygous lethality is due to the modifier, the members of the same 

complementation group will be allelic. As such, the modifiers, which failed to 

complement each other for lethality, were assigned in the same group. A total of 24 

complementation groups were isolated from the Neu specific alleles (Table 3.2, 3.3, 3.4; 

Supplement 3.5 and Supplement 3.6). The 2nd chromosome modifiers constituted three 

larger complementation groups having at least 3 members in the same group. All these 

Neu specific modifiers were mapped individually by employing meiotic recombination 

mapping for the 2nd and 3rd chromosome depending on the chromosomal linkage analysis 

done earlier. 

Meiotic recombination mapping identified the modifiers spanning the entire 

chromosomal arms of both the 2nd and the 3rd chromosome (Fig. 3.3). However, the 

largest complementation group comprised of five suppressors (2S02, 2S04, 2S05, 2S06 

and 2S07) mapped between the recessive marker a/ and dp or between the cytological 

region of 21Cl and 24F4 (Fig. 3.3; Panel Al). The 2E01 enhancer complementation 

group (2E01, 2Ell and 2E12) mapped between the marker pr (38B5-B9) and c (5203-

07), while the 2E09 complementation group (2E09 and 2E10) mapped between the 

marker c (5203-07) andpx (58E4-E8). On the 3rd chromosome 17 modifiers (enhancers 
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Figure 3.3: Schematic representation of the relative mapping positions of the 

modifiers. The positions of the modifiers were determined by the meiotic recombination 

followed by large chromosomal deficiency mapping. For this study, our efforts were 

concentrated mapping only the allelic enhancers (multiple members in the same 

complementation group). However, an allelic group of five suppressors in the 2nd 

chromosome was also mapped for the validation of the mapping scheme. The map 

position of the allelic groups was also determined the non-complement for lethality of the 

modifiers with the deleted chromosome region uncovering the estimated region. The 

cytological locations of several non-complementing deficiencies are shown. Panel A1 

shows the 2nd chromosome modifiers spanning both chromosomal arms. Out of 12 

complementation groups, we selected only one allelic group from the suppressors (2S02, 

2S04, 2S05, 2S06 and 2S07) and two allelic groups from enhancers (2E01, 2E11, 2E12 

and 2E09, 2E10) to map out. On the other hand, Panel B1 shows the relative positions of 

the 3rd chromosome modifiers. Here out of 12, only 3 enhancer groups have been selected 

for further mapping. See text for detail description. Supplement 3.7 shows the standard 

calculation methods for the determination of a rough position of a modifier between two 

visible markers. 
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Al: Meiotic recombination mapping of 2nd Chromosome modifiers (not to the scale). 
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B1: Meiotic recombination mapping of 3n1 Chromosome modifiers (not to the scale). 

3805 3803 3811 3812 3810 3813 3804 3806 3802 3809 
. ...-,.oe."'! 

~~; lo"(·~ ··~ 

61Fl-F8 86D3-D 90£4-Fl 

ru h cu sr 
3L: 1,370,620-1 ,387,435 3L: 8,668,859-8,672,339 3R: 7,026,138-7,034,357 3R: 13,916,525-1 3,959,47 1 

3E:.8 _ 5 _6x 1 OS bp 



PhD Thesis- Noor Hossain Biology-McMaster University 

and suppressors) comprised 12 complementation groups, three of them having at least 2 

members in them (Fig. 3.3; Panel Bl). The largest complementation group comprised 

with 3 enhancers (3E01, 3E03, and 3E10) mapped between the markers st (73A3-A3) and 

cu (86D3-D4). On the other hand, one complementation group containing 4 suppressors 

(3S03, 3S04, 3Sll and 3S12) mapped between h (66D10-D10) and th (72Dl-Dl). In this 

study, we continued further mapping of the 3-enhancer group mapped between the st 

(73A3-A3) and cu (86D3-D4) markers. In this study, we report the mapping of the 2S02, 

2E01 and 3E01 complementation group. However, the homozygous viable modifiers 

(enhancers or suppressors) were not studied further in this report. Even though almost 

500 deficiency lines were used, I did not find a Df for 2S03, 2S08, 2S 10, 2E02, 2E04, 

2E05,2E13,2E14,3S02,3S03,3S04,3S05,3S06,3S09,3Sll,3Sl2,3Sl3,and3E08. 

3.3.3 Meiotic recombination and deficiency mapping showed relative map 

position of the modifiers 

As mentioned earlier, here we only continued mapping the complementation 

groups constituting of at least two modifiers. In other word, we only mapped the 

modifiers with more than 1 allele. After determining the relative position of the modifiers 

between two adjacent markers by using meiotic recombination mapping as shown earlier, 

we employed deficiency mapping to gain a more precise position of the mutations. The 

map position of the complementation groups was determined by the non-complement for 

lethality of the group members of the modifiers in trans with deleted chromosomal region 

uncovering the region. On the 2nd chromosome, deficiency mapping identified the 
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complementation group 2802, 2EO 1 and 2E09 to be non-complemented by Df(2L )J8 17, 

Df(2R)en-A and Df(2R)Pcl11B respectively (Fig. 3.3, Panel AI). 

On the 3rd chromosome the 3E01, 3E04 and 3E06 complementation groups were 

identified to be non-complemented by Df(3L)B8C415, Df(3L)W10, and Df(3L)Exel6132 

and respectively (Fig. 3.3, Panel Bl). Due to having required Dfstock, we mapped the 3rd 

chromosome complementation group, 3E06 even though it has a single member in them 

(Fig. 3 .3 Panel B 1 ). After mapping the mutations with larger deleted segment, for more 

precise mapping, we used smaller deficiencies, uncovering the entire deleted regions 

identified earlier. The smaller deficiency usually uncovered regions ranging froml0-30 

predicted genes. 

3.3.4 Identification of the 2od chromosome 2802 suppressor group as 
lilliputian 

The 2802 complementation group has 5 members. These allelic mutants initially 

failed to complement for lethality with the Deficiencies Df(2L)C144, Df(2L)J817 and 

Df(2L)Lil/i[K05431] respectively. On the other hand, this group was complemented for 

lethality (viable over) with Df(2L)N6, Rbp9[B], Df(2L)Rrpl and Df(2L)CG9643 (Fig. 

3.4). Therefore, we postulated that these modifiers are to be allelic to Lilliputian. Iilli is a 

gene within Df(2L)Cl44 and has been identified as a dominant suppressor of ectopic 

phenotypes in at least 10 screens (Anderson et al. 2005; Luschnig et al. 2004; Li and Li 

2003; 8u et al. 2001; Li et al. 2000; Rebay et al. 2000; Greaves et al. 1999; Neufeld et al. 

1998; Dickson et al. 1996; Perrimon et al. 1996). A study done by 8u et al. (200 1) 

identified the Lilliputian gene in the 23Cl segment by failing to complement the 
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Figure 3.4: Deficiency mapping of the 2S02 complementation group. Schematic 

representation of the cytological region 23C-D. The cytological locations of several 

deficiencies are shown. The deficiency lines indicated by the red lines denote the non­

complementation for lethality with the modifiers of the 2S02 complementation group. A 

lillt17
-
2 mutation also non-complemented for the lethality verifying the 2S02 suppressors 

are to be Lilliputian. 
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mutations with the same deleted region used in our study. Lilliputian was also identified 

in two other screens for Ras/Mitogen-activated protein kinase (MAPK) signal 

transduction pathway components. First, Lilliputian was identified as a suppressor of 

gain-of-function phenotypes of seven in absentia (SS2-1; Newfeld et al., 1998). 

Secondly, a screen for gain-of-function phenotypes of yan also identified Lilli as a 

suppressor (SY2-1; Rebay et al., 2000). 

The complementation tests showed that all of our modifiers failed to complement 

both the Iilli deficient line Df(2L) lilli[K05431] and a lillt17
-
2 lethal mutation allele (Fig. 

3.4). Therefore, we conclude that these 5 modifiers are allelic to Iilli. Iilli is known to 

have interactions with various pathways, such as the Ras, DppffGF-P and ecdysteroid 

pathways (Hasson and Paroush, 2006; Sundaram, 2005; Suet al., 2001). 

3.3.5 Lilliputian modifies the phenotype induced by the Sevenless (Sev) 
receptor tyrosine kinase 

The Iilli gene is required for normal cytoskeleton organization, cell size 

determination, and embryo segmentation. It genetically interacts with each of the Wnt, 

AKT, and EGFR pathways (Gu and Nelson 2003; Suet al., 2001; Tang et al., 2001; 

Wittwer et al., 2001). To verify the genetic interactions of Iilli with the NeuYA_interacting 

receptor tyrosine kinases, such as Drosophila-DER and Sevenless tyrosine kinase, we 

made heterozygotes of lillt 17
-
2 mutations with various other Neu 'add-back' alleles (Fig. 

3.5). The 2802 complementation group was originally identified as a NeuYA specific 

suppressor. In consistent with our earlier data, lillt17
-
2 showed no genetic interaction with 
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Figure 3.5: Iilli mutant shows suppression of the Sev-Torso chimeric eye phenotype. 

In heterozygote with the control flies, lillr417
-
2 mutant shows eye phenotype suppression 

with the NeuYA (compare A and B) and with the NeJffPD (compare G and H), while no 

genetic interaction with the NeuYB (compare C and D) and NeuYE (compareE and F). This 

NYPD specific suppressor also showed genetic interaction with the Sev-Torso chimeric 

signaling allele, while suppressing the rough eye phenotype (compare K and L ). 

However, lillt17
-
2 mutant was insensitive to the Drosophila endogenous EGFR Ellipse­

mutant, ElpB1
, showing no genetic interaction (compare I and J). Images were taken at 

X800 magnification on an ESEM (also see supplement 3.8 for other magnifications). 

Transgenes are indicated on the top right of each panel. Bar indicated 50 f.tm. 

127 



fOJlUO:J l-11'1111!1 



PhD Thesis- Noor Hossain Biology-McMaster University 

misexpressed NeuYB and NeuYE_ Moreover, the gain-of-function DER mutant allele, ElpB1 

was phenotypically insensitive to lilliA 17
-
2

• However, lillt17
•
2 mutant completely 

suppressed the rough eye phenotypes of Sev-Torso chimera (Supplement 3.8). It has been 

reported that in Iilli mutant clones, normal eye cell-fate specification is not disrupted but 

the photoreceptor rhabdomeres are smaller in size than those of wild-type rhabdomeres 

(Tang et al. 2001; Wittwer et al. 2001). A reduced signaling output in Sev-Torso/lilli 

heterozygote may result in the suppression of rough eye phenotype, as seen in Sev-Torso 

chimeric flies due to supernumerary R7 photoreceptor (Karim et al., 1996). Lack of 

interaction between lillt17
•
2 and E I pB1 may be due to the involvement of a parallel 

signaling pathway to EGFR signaling cascade during the Drosophila eye development. In 

fact, Iilli was shown to function in the Dpp/TGF-13 signaling pathway in parallel to the 

EGFR signaling during the dorsal ventral boundary formation in the developing 

Drosophila wing (Bejarano et al., 2008). 

3.3.6 Identification of the 2nd chromosome 2E01 group as potential of being 

CG7777 

In this study, our target is to identify the genes that negatively regulate the NeuYA 

signaling. As such, we put much of our effort in mapping YA-specific enhancers isolated 

from this large-scale genetic screen. We have identified at least 3 complementation 

groups with more than one member (Fig. 3.3; Table 3.4 and 3.5). Moreover, having the 

available deficiency lines due to close proximity to the 3E01 enhancer groups, we have 
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Table 3.5: Summary of Deficiency Screening. 

Bloomington Symbol Effect Break points Gene identified Verified with Total alleles 
Deficiency stock (or be verified) identified 

1567 Df(2L)JS17 Su 23C1·2;23E1-2 Lilliputian (Iiiii) Gene mutation 5 (2502, 2504 
allele 2505. 2506, 2507) 

1142 Df(2R)en-B En 47E3;48B2 CGnn P-element 3 (2E01, 2E11 
mutation allele 2E12) 

25719 Df(2R)BSC231 En 47F8;4886 .......... Gene mutation 2 
allele 

9413 Df(2R)ED3636 En 5588;55E3 .......... --- 2 
24919 Df(3L)BSC415 En 74A5;75A4 .......... --- 2 
7611 Df(3L)Exel6132 En 74B2;7402 ---- --- 2 

Su: Suppression, En: Enhancement 
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Figure 3.6: Deficiency mapping of the 2E01-enhancers complementation group. 

Schematic representation of the cytological region 47D3-48B2. The cytological locations 

of several deficiencies are shown. The deficiency lines indicated by the red lines denote 

the non-complementation for lethality with the modifiers of the 2EO 1 complementation 

group. A P-element insert at the CG7777 locus non-complemented for the lethality, 

verifying the 2E01 enhancers are to be the Drosophila homolog of mammalian Aqaporin 

4 (AQP4). 

• 
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also been trying to map the 3E06 and 3E04 complementation groups. On the 2nd 

chromosome, 2EO 1 complementation group comprised of 3 members, including 2EO 1, 

2Ell and 2El2. These allelic mutants failed to complement for the lethality with 

Deficiencies Df(2R)en-A, Df(2R)en-B, Df(2R)BSC231and Df(2R)BSC160. On the other 

hand, these allelic chromosomes complemented with (viable over) Df(2R)BSC259 (Fig. 

3.6). The smallest deleted region, Df(2R)BSC160 uncovers 8 genes, including CG30026, 

CG34054, CG7763, CG7777, CG33472, E(Pc), inv and CG30034. Due to the 

unavailability of the mutant alleles for each of these loci, we failed to verify all the 

candidates in this region. 

However, we ruled out E(Pc) and inv as the potential candidates, since both of 

these mutants complemented with all of our 2EO !-enhancers. Interestingly, 2EO 1 

enhancers were lethal over the P-element insert at the loci CG7777, (P{SUPor­

P}CG7777KG08662). The P-element insert in CG7777 selectively enhanced the rough 

eye phenotypes of NeuYA (Fig. 3.8). Originally identified as a NeuYA specific, the 2E01 

enhancer group showed no genetic interaction with Neurs, while a weak interaction with 

NeuYE (Fig. 3.7). However, a strong phenotypic enhancement was shown in the 

ElpB1 /CG7777KGOB662 heterozygote. At this point we cannot conclude that the candidate 

gene is to be the CG7777, as there is no available CG7777 deficiency or mutant line in 

the public stock centres. Further screen with the RNAi transgenic lines of CG7777 gene 

and other members of that region is worth doing to identify the bonafide candidate. In 

case of unavailable RNAi transgenes or gene mutation in public stock centres, the 

molecularly 
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Figure 3.7: Neu specificity of the 2E01-enhancer complementation group. The 2E01-

enhancers showed a dual specificity with NeuYA as a suppressor (compare A and D), 

where as with NeurE as an enhancer (compare C and F). However, the enhancers didn't 

show any genetic interaction with the Neurs (compare B and E). 
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Figure 3.8: CG777fCG08662 mutant shows strong enhancement of the Drosophila­

EGFR (Elp81
) eye phenotype. The novel enhancer, CG7777 strongly enhanced the 

NeuYA rough eye phenotypes (compare A and B). This dual specific (YA and YE) novel 

gene also showed strong genetic interaction with the NeuYAE and the gain-of function 

DER Ellipse mutant, ElpB1
, while enhancing the eye phenotypes significantly (compare C 

and D; E and F). However, a non- genetic interaction was observed with the Sev-Torso 

chimera (G and H). Images were taken at X150 magnification on an ESEM (also see 

supplement 3.9 for other magnifications). Transgenes are indicated on the top right of 

each panel. Bar indicated 3 00 f..tm. 
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defined precise excision or the undefined imprecise excision by the P-element can be 

used to generate expected mutation to map the novel loci. 

We have previously postulated that NeuYA may reduce the RTK signaling possibly 

by recycling the receptors back to the plasma membrane or by facilitating trafficking of 

the signaling molecules for the lysosomal degradation (Chapter 2). If our hypothesis is 

true, one, from such a NeuYA screening, would expect to isolate modifier genes that either 

contributes to the receptor recycling or to receptor degradation. The Blast search results 

indicate that the CG7777 is the sole Drosophila homolog of human Aquaporin 4 (AQP 

4). The aquaporins (AQPs) are integral membrane proteins whose main function is to 

transport water across cell membranes in response to osmotic gradients. If final mapping 

identifies the candidate to be CG7777 or AQP 4, it is possible that this protein signals 

through EGFR mediated pathway. We would also expect to see phenotypic enhancement 

of NeuYA as seen in N e uYA/p[CG7777] heterozygote (Fig. 3.8). This enhanced eye 

phenotypes is possibly due to increased or a longer duration of EGFR signaling resulting 

from the modulation of two above-mentioned signal attenuation steps. 
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3.4 Discussion: 

The short generation time and large number of progeny have made Drosophila 

melanogaster one of the best model systems for performing large-scale genetic screening 

for mutations that affect a given process. The GMR enhancer/promoter initiates 

expression in the eye disc, in rows 4-6, posterior to the Morphogenetic Furrow (MF), 

when the photoreceptors R2, R3, R4, R5, and R8 are already present and photoreceptors 

R1 and R6 are joining the ommatidia! precluster (Wolff and Ready 1993). Here, we show 

that GMR-induced expression of the NeurAE allele results in rough-eye phenotypes 

suitable for the identification of both suppressor and enhancer mutations specific to 

particular Neu pTyr. For large-scale genetic screening, a dominant modifier screen is the 

most efficient; as it allows identifying the effectors based on the phenotypic enhancement 

or suppression in the F1 (First generation) progeny. However, many redundant genes 

with no apparent phenotypes (or lethality), when mutated to a loss of function, are very 

difficult to identify in such screens (Adams et al., 2000; Miklos and Rubin, 1996). In this 

regard, cell culture-based RNAi quantitative screenings have been more efficient 

(Friedman and Perrimon, 2007). 

In this study we screened a total of 61,241 F1 progeny and isolated 856 (1.3%) 

modifiers. Out of856 modifiers, 195 (0.3%) bred to the F2 generation (Table 3.1). The 

low percentage of isolation ofF 1 modifiers was likely due to the selection of only strong 

modifiers. In order to map the modifiers in an efficient manner, we chose to study the 

modifiers, which were homozygous lethal and specific to either the NeuYA or NeuYE 

(Table 3.2, 3.3, 3.4; Supplement 3.5 and Supplement 3.6). 
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During meiotic recombination mapping at least 1500 progeny from each modifier 

was screened to determine the rate of recombination. However, more often this number 

showed to be insufficient, as a significant recombination chromosomal distance was 

calculated between two alleles of the same complementation group. The relative wide 

spread distribution on both the 2nd and 3rd chromosome arms and a significant number of 

hits at the same loci (allelic) signify the saturation of our mutagenesis (Fig. 3.3). 

However, we expected that no modifier could be isolated either in the X or in the 4th 

chromosome. Drosophila male carries a single copy of X-chromosome and be 

hemizygous lethal for any lethal mutation on this chromosome. On the other hand, a 

shorter 4th chromosomal arm is quite unlikely to have a hit with our administered EMS 

concentration. 

In this report we chose to map one suppressor and most of the enhancer groups, 

having at least two members in them, to be most efficient with available time, manpower 

and genetic tools. Further mapping of the rest of the modifiers is likely to identify more 

novel genes those attenuate RTK signaling, at least in Drosophila. 

3.4.1 Identification of the 2nd chromosome 2S02 suppressor group as 
lilliputian 

The identification of Iilli in our screen validates our screening. Lilli has been 

identified as a dominant suppressor of ectopic phenotypes in at least 1 0 screens 

(Anderson et al. 2005; Luschnig et al. 2004; Li and Li 2003; Suet al. 2001; Li et al. 

2000; Rebay et al. 2000; Greaves et al. 1999; Neufeld et al. 1998; Dickson et al. 1996; 
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Perrimon et al. 1996). Our deficiency mapping identified the same non-complementing 

deletions as with all the groups, which also identified Iilli (Su et al., 2001; Rebay et al., 

2000; Newfeld et al., 1998). The transcription factor, Iilli is known to have interactions 

with various pathways, such as the Ras, Dpp/TGF -P and ecdysteroid pathways, that are 

known to influence Notch signaling (Hasson and Paroush, 2006; Sundaram, 2005; Suet 

al., 2001). Ecdysteroids are insect molting hormones in arthropods that induce signals 

required for postembryonic development (Kozlova and Thummel, 2000). 

Iilli was earlier described as a member of the FMR2/LAF4 multigene family 

(Gecz et al., 1997; Nilson et al., 1997). FMR2 was identified as a mutation that causes 

Fragile-X mental retardation syndrome, the most common form in inherited mental 

retardation in humans. On the other hand, LAF4 was identified as a chromosomal 

translocation that result in Burkitt's lymphoma, associated with highly malignant tumors 

in the most common childhood cancer (reviewed in Suet al., 2000). FMR2 is highly 

expressed in the fetal brain, while LAF 4 is highly expressed in fetal lymphoid tissue, 

particularly in pre-B cells (Jin and Warren, 2000; Ma and Sta DT, 1996). The other 

members of FMR2/LAF4 family includes, AFS and AF4. These human proteins are 

nuclear proteins capable of DNA binding and transcriptional activation (Li et al., 1998). 

The Drosophila-lilliputian has >51% amino acid similarity with these human proteins 

(Su et al., 2001 ). 

Iilli suppressed the rough-eye phenotypes induced by both NeuYA and NeuNYPD. 

Here, we reason that Iilli is specific to the phosphorylation deficient, NeuNYPD not to 

NeuYA signaling in Drosophila. As Y A has inhibitory role upon NYPD, it is easily 
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understandable that a suppressed NYPD signaling pathway is omnipresent in the NeuYA 

genetic background. Therefore, the phenotypic suppression of NeuYA by Iilli is due to the 

suppressed level of NeuNYPD. We firmly suggest that Iilli is a positive regulator ofNYPD 

signaling in Drosophila. 

For the Ne~PD verification, we used the GMR-GAL4 driven misexpression, as 

this system is more sensitive than that of sev-GAL4 (Chapter 2). The suppression of 

NeuNYPD eye phenotypes by Iilli is likely due to the signaling potentials of NeuNYPD 

through the binding of c-Src kinase at the catalytic/kinase domain of this oncogene. It has 

been shown that while all the phosphotyrosines are mutated or absent, the 

phosphorylation deficient Neu allele, Ne~YPD is efficiently tyrosine phosphorylated (Kim 

et al., 2005). In particular, NeuNYPD signals through the association with c-Src in ratl 

fibroblast in vivo (Kim et al., 2005). Another study showed that c-Src weakly 

phosphorylated with tyrosine residues in the catalytic domain of the PDGF-f3 receptor 

(Hansen et al., 1996; Kypta et al., 1990). Therefore, the suppression of NeuNYPD 

phenotypes may be due to a positive role of c-Src with Iilli. Collectively, the 

identification of Iilli and its specificity to NYPD not only validates our genetic screening 

but also the suggested inhibitory role ofYA over NYPD. 

3.4.2 Lilliputian modifies the phenotype induced by the sevenless receptor 

tyrosine kinase 

The Iilli gene is required for normal cytoskeleton organization, proper cell size 

determination, and embryo segmentation. Iilli interacts genetically with each of the Wnt, 
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AKT, and EGFR pathways (Gu and Nelson 2003; Suet al., 2001; Tang et al., 2001; 

Wittwer et al., 2001 ). In order to verify the Iilli with the YA-interacting receptor tyrosine 

kinases, such as Drosophila-DER and Sevenless receptor tyrosine kinase, we made 

heterozygotes of Iilli mutations with various ectopically expressed alleles (Fig 3.5). The 

NeuYA specific suppressor, Iilli showed no genetic interaction with NeuYB' NeuYE and the 

gain-of-function DER mutant, ElpB1
• However, Iilli mutant completely suppressed the 

rough eye phenotypes of Sev-Torso chimera (also see 85). This suppression suggests a 

complete disruption of the 4 cone cells in the cluster to R7-cell fates, which are 

characteristic to the ectopic expression of the sev enhancer/promoter. It has been reported 

that in Iilli mutant clones, although the photoreceptor rhabdomeres were smaller but cell­

fate specification was not disrupted (Tang et al. 2001; Wittwer et al. 2001). Therefore, we 

suggest that the transcription factor, Iilli may (1) directly repress the expression of R7-

cell fate determinant, such as the transcription factor prospero, resulting in 

supernumerary R7 cells in the Sev-Torso chimeric flies, or may (2) increase the 

expression of the cone cell specific transcription factor dPax2 in the heterozygote 

reverting the extra R7 cells to cone cell-fate, resulting in smoother eye surface. 

On the other hand, Iilli didn't result in significant level of suppression of the eye 

phenotypes induced by the gain-of-function DER allele, ElpB1
• The lack of interaction 

may be due to the involvement of a parallel signaling pathway to EGFR during the 

Drosophila eye development. In fact, Iilli was shown to function in the Dpp/TGF-13 

signaling pathway in parallel to the Ras-MAPK signaling during the dorsal ventral 

boundary formation in the developing Drosophila wing (Bejarano et al., 2008). It has also 
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been shown that gain-of-function Torso RTK signaling triggered ectopic Dpp and STAT 

signaling resulting in the patterning defects during the embryogenesis (Li and Li, 2003). 

3.4.3 Identification of the 2nd chromosome 2E01 group near CG7777 

We have previously shown that NeuYA attenuates RTK signaling, at least in EGFR 

and Sevenless receptor tyrosine kinase, possibly by recycling the signal competent 

receptors to the plasma membrane or by facilitating lysosome-mediated receptor 

degradation (chapter 2). We thought that the identification of genes that negatively 

regulate the NeuYA signaling would reveal the candidates attenuating RTK signaling in 

Drosophila. Therefore, we put much of our effort in mapping the enhancers isolated from 

this genetic screen. On the 2nd chromosome, 2EO 1 complementation group comprises 3 

members, including 2E01, 2E11 and 2E12. These enhancers failed to complement with 

the smallest available deficiency, Df(2R)BSC160, uncovering 8 genes, including 

CG30026, CG34054, CG7763, CG7777, CG33472, E(Pc), inv and CG30034. Due to the 

unavailability of the mutant alleles for each of these loci, we failed to verify all the 

candidates in this region. 

However, we ruled out E(Pc) and inv as the potential candidates (data not shown). 

Interestingly, 2E01 enhancers were lethal over the P-element insert at the locus CG7777, 

(P{SUPor-P}CG7777KG08662). The P-element insert in CG7777 selectively enhanced 

the rough eye phenotypes of NeuYA (Fig. 3.6). Originally identified as an enhancer, the 

dual specific (YA and YE) modifier showed no genetic interactions with other Neu 

alleles, including Neurn (Fig. 3.7). However, a strong phenotypic enhancement was 
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shown in the Elp81/CG7777Koos662 heterozygote. At this point we cannot conclude that 

the candidate gene is to be the CG7777, as there is no available CG7777 deficiency or 

mutant line in the public stock centres. Further screen with the RNAi lines of CG7777 

and other members of that Deficiency is worth doing to identify the bonafide candidate. 

The blast search results indicate that the CG7777 is the sole Drosophila homolog 

of human Aquaporin 4 (AQP 4). The aquaporins (AQPs) are integral membrane proteins 

whose main function is to transport water across cell membranes in response to osmotic 

gradients. Out of 13 human AQPs, more than 10 are expressed in the eye. In human eye 

tissue, AQP4 is the predominant and is expressed in the Muller glial cells. It has been 

shown that the level of AQP4 expression is associated with environmentally driven 

manipulations of light activity on the retina and the development of myopia (Goodyear et 

al., 2009). Moreover, a recent study with the Alveolar Type II (A Til) cell of rats shows 

that the Oleic acid-induced acute lung injury results in the activation ofMAPK signaling 

pathway and up-regulation of AQP-4 mRNA expression (Fang et al., 2009). 

However, the specificity of CG7777 with NeuNYPD is yet to be verified. A strong 

phenotypic enhancement both in the E/p81 /CG7777K008662 and N e uYA /CG7777K008662 

heterozygote is possibly due to an increased signaling resulting from reduced receptor 

recycling back to the plasma membrane or a slower trafficking to the endosome for 

lysosomal degradation. Recently, AQP4 has been reviewed as an important player 

regulating multiple steps in adult neurogenesis, including cell proliferation, specification, 

differentiation and cell migration (Zheng et al., 2010). However, the role AQP4 in 

endocytosis as a means ofRTK signal attenuation is yet to be explored. 
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If final mapping identifies the candidate to be CG7777 or AQP 4, it is possible 

that this gene signals through EGFR-mediated pathway. We would also expect to see 

phenotypic enhancement of NeurA, as seen in NeuYA/p[CG7777] heterozygote (Fig. 3.6). 

This enhanced eye phenotype will possibly be due to increased or a longer duration of 

EGFR signaling resulting from the modulation of two above-mentioned signal 

attenuation steps. The involvement of CG7777 in the NeurA_mediated RTK signal 

attenuation is worth verifying with the various components of receptor recycling and 

lysosomal degradation pathways. The genetic interaction of amorphous alleles, such as 

Rab 5, Rab 11, Hrs (for recycling) and Vps, and Ept (for lysosomal degradation) would 

verify this hypothesis. 

In summary, our screen has identified numerous known components or mediators 

of the oncogenic rat-Neu!ErbB2 and (possibly) the novel gene CG7777. We anticipate 

that the unmapped suppressors and enhancers will identify many of the known genes 

linked to various processes like, the Ras-Raf-MAPK signaling pathway, receptor 

intracellular trafficking, receptor recycling or lysosomal degradation. We anticipate that 

this modifier collection will provide a rich resource for further investigations of the 

molecular mechanisms ofRTK signaling attenuation. 
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CHAPTER 4: CONCLUSIONS AND PROSPECTS 
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4.0 Conclusions and Prospects 

The structure and function of many SH2/PTB proteins in signaling is conserved in 

model organisms like Caenorhabditis e/egans and Drosophila and a number of studies 

have taken the advantage of the well-characterized signal transduction pathways in 

Drosophila to screen for proteins that interact with vertebrate transgenes (Moghal and 

Sternberg, 2003; Jackson et al., 2002; Kazantsev et al., 2002; Rubinsztein, 2002; 

Bhandari and Shashindra, 2001; Worby and Margolis, 2000;). Drosophila has extensively 

been used to study human diseases, such as Alzheimer's, Parkinson's and Huntington, 

and to discover drugs targeting human heart diseases (Doumnis et al., 2009; Botella et al., 

2009; Iijima and Iijima, 2009; Moloney et al., 2009; Akasaka and Ocorr, 2009; Ocorr et 

al., 2007). However, this is the first detailed study of the pTyr 1028 of rat-Neu/ErbB2 

revealing its negative signaling capability in vivo. 

Our genetic data, obtained from both eye and wing tissue experiments, suggests 

that NeuYA inhibits signaling from other 'add-back' Neu alleles, perhaps by forming a 

heterodimer. The reduction of phenotypic expression of these 'add-back' alleles may be 

due to the reduction of Tyrosine phosphorylation levels that correspond to intracellular 

signal activation. NeuYA may also prevent other RTKs, such as DER, at least DER_DN from 

forming dimers with the endogenous DER, or NeuYA may remove wildtype DER from the 

cell surface. Other signal attenuating steps, such as receptor-mediated endocytosis, 

receptor recycling and lysosomal degradation is required for Neu-mediated signal 

attenuation. However, this attenuating process works in a Y A-independent manner. 

Furthermore, genetics data also suggests that during impaired endocytosis, receptor 
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recycling and lysosomal degradation, cells may up-regulate a novel pathway in 

attenuating Y A-mediated signaling that involves the RTK-negative regulator, Sprouty, 

and the hepatocyte growth factor regulated tyrosine kinase substrate, Hrs. Therefore, a 

genome wide Y A-modifier screen is not only important for revealing the components of 

this pTyr specific signaling pathway in Drosophila but also for better understanding of 

RTKs attenuation. 

In order to identify the signaling components of rat-NeuYA in Drosophila, I 

screened a total of 61,241 F1 progeny and isolated 856 F1 dominant modifiers 

(enhancers/suppressors) of the YA rough eye phenotype, out ofwhich 195 bred to the F2 

generation (Table 3.1). In order to map these modifiers in an efficient manner, I chose to 

study the modifiers, which were homozygous lethal, had at least 2 members in the same 

complementation group, and were specific either to NeurA, NeuNYPD or NeuYE (Table 3.2; 

Fig. 3.3). Finally, I identified the known gene, Lilliputian, the potential novel gene, 

CG7777 and many other unmapped enhancers and suppressors. 

The screen designed with the GMR-enhancer/promoter fused to the NeuYAE, 

GMR::NeuYAE is the best-sensitized and available tool for identifying the dominant 

modifiers using the Drosophila indispensable adult tissue, such as eye tissue. Promoters 

are not affected by the dosage compensation and a similar sevenless-enhancer/promoter 

(sev: :rasv12
) fusion construct was successfully used to identify the downstream 

components of the Ras signaling pathway (Karim et al., 1996). GMR-GAL4 drivers 

showed more sensitivity than that of Sevenless (sev) in the Drosophila eye tissue 

(Chapter 2). Hence the more sensitized GMR::NeuYAE screen is expected to identify more 
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modifiers at ease than that of sev: :NeuYAE or a dosage dependent GMR-GAL4 driven 

misexpression of NeurAE. 

The mutagenesis rate depends on the EMS concentration, the fly strain, 

administration methods and Lab surroundings (Bokel, 2008). In consistent with other 

experiments, the standard 25 mM EMS concentration (Grigliatti, 1998), treated on the 

isogenized OregonR starter strain, generated 34.9% single X-linked lethal mutation, 

corresponding to approximately one mutation per chromosome (Data shown in Hossain, 

2005; M.Sc. thesis). The identification of low percentage ofF2 modifiers (0.3%) may be 

due to the selection of modifiers with strong phenotypes in both eyes. Moreover, the 

modifiers having no apparent phenotype while haplosufficient cannot be identified in 

such a screen. However, the saturation of this sensitized screening is expected, as many 

of the complementation groups have multiple members or allelic to each other. 

In this study, the major difficulties arose during the mapping of the modifiers 

using meiotic recombinant techniques and during validating the identified candidates 

with the known mutants. During meiotic recombination mapping, the rate of 

recombination, calculated from a progeny size of 1500, was not precise enough to locate 

a calculated rough molecular position that can be identified within a range of few 

hundred-kilo base pairs deletion in both upstream and downstream of the mutations. The 

rough mapping could be refined with the two molecularly mapped p-elements (Mullins et 

al., 1989; O'Hare and Rubin, 1983). The pairs of P-elements are selected so that a 

particular mutation can be flanked by both of them (P-elements). The recombination rate 

of any of these P-elements and the mutation is calculated in percentage. This percentile 
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value roughly corresponds to the centi Morgan (eM) value between the particular P­

element and the mutation. 

On the other hand, the SNP mapping procedure could have been employed to 

refine our rough mapping position. Even though SNP mapping is well established in 

other model organism, such as C. e/egans, the SNP library for Drosophila is available for 

a limited number of strains (Chen et al., 2008). Therefore, in order to consider the SNP 

mapping for a particular Drosophila strain, one should characterize and isogenize all the 

SNPs before starting the mutagen administration. 

Finally, the fine mapping and validation of the several novel modifiers was 

impossible as there were neither mutation of interested genes or single gene disruption 

stocks publicly available at the time of mapping. Even though the RNAi stocks, available 

in Vienna, don't cover the entire Drosophila genome, it remains to be explored to map 

our several potential modifiers. Moreover, the molecularly defined precise excision or the 

undefined imprecise excision by the P-element can be used to generate expected mutation 

that may circumvent the mapping scheme in future. 

In conclusion, our screen efficiently identified and validated the known gene 

Lilliputian, a member of the FMR2/LAF4 multigene family that is responsible for 

Fragile-X mental retardation syndrome and Burkitt's lymphoma in human (Su et al., 

2002). The identification of Iilli also validates our mutagenesis screen and supports the 

authenticity of other modifiers, such as CG7777 and many unmapped candidates. Further 

study with the unmapped modifiers and available genetic tools may identify and validate 

many of the known and novel genes linked to various processes, including the Ras-Raf-
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MAPK signaling, receptor intracellular trafficking, receptor recycling, lysosomal 

degradation or even RTK regulation pathways. The sequence verification and molecular 

characterization of the identified Iilli alleles is worth doing in better understanding the 

genetic interaction of this molecule with the rat-NeuYA. 

The future study remains to verify the novel gene, CG7777 and other modifiers to 

be mapped, with the available RNAi transgenes. Sequence analysis and molecular 

characterization of these novel modifiers and other novel modifiers may shed light on 

better understanding of the NeuYA -mediated RTK regulation and may open the avenue of 

designing better drugs targeting ErbB2 or other RTK signal attenuation pathway 

components. 
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Supplement 2.1: Mis-expression of Neu alleles produces distinct wing phenotypes. 

Neu alleles were mis-expressed at the wing margin with p[C96] GAL4 driver. The 

activated Netl'r showed the most severe wing phenotype that includes vein branching 

(asterisks), vein deltas (arrowheads) and wing notches (arrows) (H). Ne.JVYPD showed a 

nearly wild type wing margin along with a very small vein delta (B). NeuYA showed 

ectopic vein formation in the anterior half of the wing blade (C). A gradual increasing 

severity of wing notches phenotypes were observed in Neurc (E), NeurD (F), and NeuYE 

(G) respectively. The transgenes are indicated at the bottom left of each panel. (Hossain, 

2005; M.Sc. thesis). 
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Supplement 2.2: NeuYA suppresses the eye phenotypes induced by other Neu alleles. 

The left panels show the representing wings of various 'add-back' Neu alleles, mis­

expressed with the p[C96]-GAL4 driver. In right panel, the wings are in trans with the 

NeurA. NeuYA completely suppressed the wing notch phenotypes of NeuYE (compareE and 

F) and NeuYB (compare A and B). Moderate wing notch phenotype suppression was 

observed in the NeuYD/NeuYA heterozygote (C and D). Partial suppression of the vein 

defects (branching) and vein deltas (compare G and H; I and J; A and B) was observed in 

the NeuNT/NeuYA and Ne~PD/NeuYA heterozygote. Transgenes are indicated in italics at 

the bottom left of each panel. An asterisk marks show the wing branching, while 

arrowheads and arrows indicate deltas and wing margin loss respectively. (Hossain, 

2005; M.Sc. thesis). 
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Supplement 2.3: Mis-expression of Neu 'add-back' alleles produces distinct eye 

phenotype. The mis-expression of eye phenotype was induced with the GMR-GAL4 

driver. The ommatidia! and the adjacent bristles are regularly spaced in the adult eye of 

p[GMR-GAL4] flies raised at l8°C (A). Activated Ne.,JVI' produces the severe phenotypes 

that include greatly reduced eye size and complete loss of ommatidia! shape and eye 

bristles (H). An irregular bristle arrangement along with noticeably flattened ommatidia! 

discs were found in the Neu flies (D). A near wild type ommatidia! shape and 

arrangement were observed in both NeuYA (C) and NeJVYPD (B) flies. However, in 

NeuNYPD' paired bristles were distributed throughout the whole eye surface (see also 

Fig.3). On the other hand, several groups of three bristles at a time was observed in the 

case of NeurA. The eye phenotype of Neurc (E) and NeuYA (F) and NeuYE (G) were also 

graded severe. Transgenes are indicated at the bottom left of each panel. (Hossain, 2005; 

M.Sc. thesis). 
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Supplement 2.4: NeuYA suppresses the DER (DEgfr)- induced eye phenotypes. 

Expression of wild type Drosophila EGF receptor (DERWT) in the eye with GMR-GAL4 

driver resulted in a rough eye (A) with severely reduced ommatidia! facets and bristles in 

the colourless area (1, upper part of the eye)) and irregularly fused facets in the rest of the 

eye (II). The rough eye phenotypes were greatly reduced in p[UAS-DERWT]/p[GMR­

GAL4]; p[UAS-NeuYA]/+ adults (B). A comparatively reduced colourless region of the 

eye was also observed with increased numbers of bristles and ommatidial facets (Ill) and 

the rest of the eye surface had almost regularly shaped facets (IV). The complete 

disruption of ommatidia! facet structures with irregularly spaced bristles (C) was seen in 

the gain of function allele (DE~877r) (Genotype: p[UAS-DERWT]/p[GMR-GAL4]). A 

similar phenotype, with even more reduced bristle numbers, was seen in the p[UAS­

DE~877T]Ip[GMR-GAL4]; p[UAS-NeuYA]/+ adults (D). However, the phenotype (E), due 

to a dominant negative allele of DER (DERDN), was noticeably suppressed in the p[UAS­

DERDN]Ip[GMR-GAL4]; p[UAS-NeuYA]/+ adults (F). The top left caption indicates the 

heterozygote of GMR-GAL4 and the particular allele, while top left caption indicates the 

heterozygote of NeuYA and the particular DER allele while expressed with GMR-GAL4. 

(Hossain, 2005; M.Sc. thesis). 
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Supplement 2.5: The Paired t-test results for DER!cr/+ and DER!cr/NeuYA 

182 



test results 

GraphPad SP.ttvvar~, 
YO II DlnA 

Online Calc lators o· Sctent1sts 

1 . Select category 2. Choose calculator 3. Enter data 

Paired t test results 

P value and statistical significance: 
The two-tailed P value equals 0.0245 
By conventional criteria, this difference is considered to be statistically significant. 

Confidence interval: 
The mean of Group One minus Group Two equals -67.33 
95% confidence interval of this difference: From -113.56 to -21.10 

Intermediate values used in calculations: 
t = 6.2668 
df = 2 
standard error of difference = 10.7 45 

Learn more: 

Graph Pad's web site includes portions of the manual for GraphPad Prism that can help you 
learn statistics. First, review the meaning of P values and confidence intervals . Next check 
whether you chose an appropriate test. Then learn how to interpret results from an unpaired 
or paired t test. These links include GraphPad's popular analysis checklists. 

Review your data: 

Group Group One 

Mean 

so 

SEM 

N 

A nt 

832.33 

13.01 

7.51 

3 

Group Two 

899.67 

27.02 

15.60 

3 

- f )L 

:/ /www.graphpad.com/qu ickcalcs/ttest2 .cfm 

d Sctt •,,;r. , ! All O'lh re. e'Ved 

08/03!10 12:37 AM 

Try our 
fre dem os 

4. View results 

Page 1 of 1 
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Supplement 2.6: The Paired t-test results for DERWTI+ and DERWT/NeuYA 
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test results 

YO R 0 TA 

Onl t e Calc lators ·o Setenttsts 

1. Select category 2. Choose calculator 3. Enter data 

Paired t test results 

P value and statistical significance: 
The two-tailed P value equals 0.2830 
By conventional criteria, this difference is considered to be not statistically significant. 

Confidence interval: 
The mean of Group One minus Group Two equals 21.33 
95% confidence interval of this difference: From -41.77 to 84.44 

Intermediate values used in calculations: 
t = 1.4545 
df = 2 
standard error of difference = 14.667 

Learn more: 

GraphPad's web site includes portions of the manual for GraphPad Prism that can help you 
learn statistics. First, review the meaning of P values and confidence intervals . Next check 
whether you chose an appropriate test. Then learn how to interpret results from an unpaired 
or paired t test. These links include GraphPad's popular analysis checklists. 

Review your data: 

Group Group One 

Mean 

SD 

SEM 

N 

;, en! 

792.67 

16.56 

9.56 

3 

Group Two 

771 .33 

15.18 

8.76 

3 

_ ' •5 bv a r.~ad Sortwar , I l All naht reserved 

tp: //www.graphpad .com/ quickcalcs/ttest2 .cfm 

08/03/10 12 :21 AM 

Try our 
free demos 

4. View results 

Page 1 of 1 
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Supplement 2.7: The Paired t-test results for Elp81!+ and Elp81
/NeuYA 
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test results 

Onl1 e Calculat ors o· Sc1ent1sts 

1 . Select category 2. Choose calculator 3. Enter data 

Paired t test results 

P value and statistical significance: 
The two-tailed P value equals 0.0082 
By conventional criteria, this difference is considered to be very statistically significant. 

Confidence interval: 
The mean of Group One minus Group Two equals -130.00 
95% confidence interval of this difference: From -180.97 to -79.03 

Intermediate values used in calculations: 
t = 10.9739 
df = 2 
standard error of difference = 11.846 

Learn more: 

Graph Pad's web site includes portions of the manual for Graph Pad Prism that can help you 
learn statistics. First, review the meaning of P values and confidence intervals . Next check 
whether you chose an appropriate test. Then learn how to interpret results from an unpaired 
or paired t test. These links include GraphPad's popular analysis checklists. 

Review your data: 

Group Group One 

Mean 

so 

SEM 

N 

,., 0111. • 

534.33 

15.04 

8.69 

3 

. ht 

Group Two 

664.33 

20.11 

11.61 

3 

l •" ~ ra ;: d ~<:)lt·.•,ar . AI' rrght re ,e..,.ed 

tp://www.graphpad.com/qu ickcalcs/ttest2 .cfm 

08/03/10 12:43 AM 

Try our 
free dem os 

4. View results 

Page 1 of 1 
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Supplement 2.8: The Paired t-test results for sev-Torso/+ and sev-Torso /NeuYA 
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test resul ts 

-nl1 e Cal lators o Sc1ent1sts 

1 . Select category 2. Choose calculator 3. Enter data 

Paired t test results 

P value and statistical significance: 
The two-tailed P value equals 0.0062 
By conventional criteria, this difference is considered to be very statistically significant. 

Confidence interval: 
The mean of Group One minus Group Two equals -244.33 
95% confidence interval of this difference: From -327.63 to -161 .04 

Intermediate values used in calculations: 
t = 12.6211 
df = 2 
standard error of difference = 19.359 

Learn more: 

Graph Pad's web site includes portions of the manual for Graph Pad Prism that can help you 
learn statistics. First, review the meaning of P values and confidence intervals . Next check 
whether you chose an appropriate test. Then learn how to interpret results from an unpaired 
or paired t test. These links include GraphPad's popular analysis checklists. 

Review your data: 

Group Group One Group Two 

Mean 574.67 819.00 

SD 16.56 17.00 

SEM 9.56 9.81 

N 3 3 

A Cfll I .;)til dS twar ; II 1ght• re:-e!'Ved 

•:/ /www.g raphpad .com/ qu ickcalcs/ttest2 .cfm 

08/03/10 12:33 AM 

Try our 
free dem os 

4. View results 

Page 1 of 1 
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Supplement 2.9: The intensity of Anti-pTyr Antibody Fluorescence in cells expressed 

under the control ofl-76-D GAL4 driver. 
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Supplement 2.10: NeuYA downregulates the phosphorylation level of the other 'add­

back' Neu alleles. The Twist-GAL4 driver expresses the gene of interest (UAS-GFP) at 

the ventral ectoderm during the stage 6-12 of developing embryos. A number of cells of 

the epidermis show higher, while the others (surrounding cells) show minimal level of 

GFP expression (A). The phosphorylation level in control (wild type) embryo is at a 

minimal level (B). The mis-expressed N e uYE embryos show higher levels of 

phosphorylation in many of the epidermal cells at the ventral region (C), while only a few 

cells show similar level of phosphorylation in NeuYA (D). However, a reduced level of 

phosphorylation is evident in NeuYE/NeuYA heterozygote (E). Finally, a higher 

phosphorylation level than that of NeuYA is seen in NeuNYPD (F). 

All Images were taken at 63X lens and 5.62X magnification on a Leica confocal 

microscope. Scale bar indicates 5 11m. 
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Supplement 2.11: Dosage sensitive modifier screen of RTK regulators. The 

haplosuficient of the negative regulator of RTK, Sprouty suppressed the NeuYA eye 

phenotype, while enhanced the phenotypes of NeurE and NeuYAE. However, most of the 

other tested regulators were insensitive to various Neu alleles. 
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Supplement 2.11: Summary data of NeurA interactions with various regulators of RTK and receptor mediated endocytotic pathway. 

Alleles Neu Modification Roles In RTKs Regulation Mammalian relatives References 
YA YE YAE 

Regulators: 
drk10626 Downstream of N N N Acts as an adaptor protein and Grb2 Feller SM et al., 

receptor kinase plays important role in Signaling of 2002. 
Receptor Tyrosine Kinase. 

Kek1 Kekkon1 N E E EGFR inhibitor protein. Acts in a Ghiglione C et al., 
negative feedback loop to modulate 1999. 
the activity of the EGFR tyrosine kinase 

Px Plexin N N N A functional semaphoring receptor Vikis et al., 2000. 
signaling in axon guidance. 

Spry5 Sprouty s E E Membrane-anchored Phosphoprotein Sprouty lmpagnatiello 
Inhibitors of Growth Factor Signaling et al., 2001. 

EbiCSS·6 Ebi N s s ebi regulates epidermal growth factor Dong et al., 1999 
receptor signaling pathways in 
Drosophila. 

Src•2A Src Oncogene N N N An Oncogene with Tyrosine Kinase FRK (Fyn-related Kinase) Zhang et al. , 1999. 
at42A activity. 

Src646 Src Oncogene N N N An Oncogene with Tyrosine Kinase FRK (Fyn-related Kinase) Li et al., 1999. 
at64B activity. 

S: Suppression, E: Enhancement, N: No-interaction 
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Supplement 3.1: Mutants and pUAST lines used in this study. 

All mutants and pUAST lines used are reported in the following table. 

pUAST lines Genetics Reference 
GMRGAL4 Driver line containing yeast Hay et al., 1997. 
Source: Rubin's Lab transcription factor, GAL4, 
Freeman's Lab. under the control of glass 

multimer reporter (GMR). 
C96 Enhancer trap P-insert line Kim et al., 1998; Gustafson 
Source: Boulianne containing yeast and Boulianne, 1996; 

transcription factor, GAL4. Stewart et al., 2001. 
C96 expression has been 
observed in imaginal discs 
and adult wing margins 
(Settle et al., 2003) 

UAS-DERwuatype (11-9) Drosophila epidermal Baker and Rubin, 1989. 
Source: N. Baker growth factor rece_Qtor 
DER-Ellipse (DER~::.Jp.tiJ) Gain of function mutant of Baker and Rubin, 1989. 
Source: N. Baker DEgfr 
UAS-DERAIS!HT (12-4) Constitutively active DEgfr Lesokhin et al., 1999. 
Source: N. Baker that contains an alanine to 

threonine mutation at 
residue number 887. 

UAS-DERUN Dominant negative Freeman, 1996. 
Source:M.Freeman Drosophila Egfr receptor 
Downstream of Receptor SH3/SH2 adaptor protein Simonet. al., 1993; 
kinase ( drk10626

) involved in Ras protein Spradling et al., 1999. 
Source: S. Simon signal transduction. 
Kekkon1 (Kek1) EGFR inhibitor protein. Ghiglione C et al., 1999. 
Source: Ghiglione Acts in a negative feedback 

loop to modulate 
the activity of the EGFR 
tyrosine kinase. 

Sprouty (Spry0
') Membrane-anchored Impagnatiello et al., 2001. 

Source: Bloomington Phosphoprotein Inhibitors 
of Growth Factor Signaling 

Plexin (Px) 
Ebi (Ebicss-o) ebi regulates epidermal Dong et al., 1999 
Source: Bloomington growth factor receptor 

signaling pathways in 
Drosophila. 
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Src Oncogene at 42A An Oncogene with Tyrosine Zhang et al., 1999. 
(Src42A) Kinase activity. 
Source: Bloomington 
Src Oncogene at 64B An Oncogene with Tyrosine Li et al., 1999. 
(Src64B) Kinase activity. 
Source: Bloomingt:on 
Alpha-adaptin Formation of intracellular Boehm and Bonificiano, 
Source: Spradling transport vesicle and/or 2001. 

Selection of cargo for 
entry into vesicle 

Epidermal Growth Factor Link signaling receptors to Brett and Traub, 2006. 
Receptor Substrate Clone 15 a clathrin coat. Plays role in 
(Eps-15EP2513) the assembly of clathrin-
Source: Bloomington coated pits. 
Expanded(ExKIZYij) Functions cooperatively Boedigheimer et a1.,1997. 
Source: Caltech with Merlin to modulate 

rec~tor Endocytosis. 
Clathrin Heavy chain (Chc') Formation of invaginated Bazinet et al., 1993. 
Source: Bazinet pits on the plasma 

membrane and subsequent 
budding of vesicles. 

Merlin (Mer 4) Merlin and Expanded Maitra S et al., 2006. 
Source: F ehon function cooperatively to 

modulate receptor 
endocytosis and signaling. 

Rab5 (Rab5Kumz) Small GTPase that plays a Zerial and McBride, 2001. 
Source: Kiss key role in the early 

endocytotic pathway. 
Hepatocyte Growth Factor Hrs regulates endosome Lloyd et al., 2002. 
regulated tyrosine kinase membrane invagination. 
substrate (Hrs028) Plays role in receptors 
Source: Bellen sorting in intraluminal 

vescicles. 
Rab 11 (Rab 112m1

) Small GTPase that plays a Sonnichsen, 2000. 
Source: Rawls key role in the early 

endocytotic pathway 
regulation. Rab 11 regulates 
recycling through the 
pericentriolar recycling 
endosome. 

Effet (EffS) Functions as E 1 Ubiquitin Flauvarque et al., 2001. 
Source: Dura protein 
Ubiquitin Activating Ubiguitin Activating Lee, 2008. 
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Enzyme (Uba 1 °504:l) Enzyme, E1. Controls 
Source: Spradling apoptosis autonomously and 

Tissue growth non-
autonomously. 

Ubiquitin Activating Ubiquitin Activating Lee, 2008. 
Enzyme (Uba 1 53484) Enzyme, El. Controls 
Source: Spradling apoptosis autonomously and 

Tissue growth non-
autonomously. 

Casitas B-Lineage Functions as an E3 ligase, Traub, 2006. 
(CblKG0308!) and Lymphoma catalyse the 
Source: Schupbach formation of a covalent 

bond between ubiquitin and 
Cbl's protein substrates-
typically a receptor tyrosine 
kinase. 

Scribble (ScribK004161
) Functions in Ubiquitin- Takizawa S et al., 2006. 

Source: Bender mediated degradation. 

Vacuolar Protein Sorting Involved in Golgi to Pevsner J et al., 1999. 
(Vps2s) Lysosome trafficking. 
Source:Jongens 
Erupted (Epe) Encodes components of Giebel and Wodarz, 2006. 
Source: Moberg Endosomal sorting complex 

required for transport 
(ESCRT). 
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Supplement 3.2: Bloomington Deficiency Stocks used in this study 

Stock Deficiency strain Breaknint Descrintion 
6608 Df(2L)BSC16 21 C3-4;21 C6-8 Df(2L)BSC16, net[1] 

cn[1]/SM6a 
8673 Df(2L)BSC107 21C5-D1 w[1118];Df(2L)BSC107, 

P+PBac{XPS.WHS} 
BSC107/Cy0 

3084 Df(2L)ast2 21D1-2;22B2-3 Df(2L )ast2/SM1 
3133 Df(2L )dp-79b 22A2-3;22D5-El Df(2L )dp-79b, dp[DA ]en[ I]/ 

In(2LR)bw[V1], b[l] bw[V1] 
7144 Df(2L)BSC37 22D2-3;22Fl-2 Df(2L)BSC37/Cy0 
6648 Df(2L)dpp[d14] 22E4-F2;22F3-23A1 Df(2L )dpp[ d 14 ]lln(2LR)G la, 

wg[Gla-1] 
90 Df(2L)C144 22F4-23A1;23C2-4 Df(2L)C144, dppd-ho 

ed1/ln(2LR)Gla, wgGia-l 
Bc1 EgfrE1 

1567 Df(2L)JS17 23C1-2;23E1-2 Df(2L)JS17, dpp[d-ho]/CyO, 
P{ry[+t7.2]=enl}wg[enll] 

490 Df(2L)E110 25F3-26Al ;26D3-11 In(l)w[m4]; 
Df(2L )E 11 0/CyO 

6299 Df(2L)BSC5 26B1-2;26D1-2 Df(2L)BSC5, w[+mC]/SM6a 
6338 Df(2L)BSC6 26D3-E1;26F4-7 Df(2L)BSC6, dp[ov1] 

cn[l]/SM6a 
6374 Df(2L)BSC7 26D10-E1;27C1 w[1118]; Df(2L)BSC7/Cy0 
2414 Df(2L )spd[j2] 27C1-2;28A w[*]; Df(2L)spd[j2], wg[spd 

j2]/CyO,P{ry[ +t7.2]=ftz/ 
lacB}E3 

5420 Df(2L)Dwee1-W05 27C2-3;27C4-5 w[*]; Df(2L)Dweel 
W05/Cy0; P{ry[+t7.2] 
=ftzllacC} 1 

4956 Df(2L)XE-3801 27E2;28D1 Df(2L )XE-380 1/CyO, 
P { ry[ +t7 .2]=sevRas 1. 
V12}FK1 

7147 Df(2L )BSC41 28A4-B 1 ;2803-9 Df(2L)BSC41, dp[ov1] 
cn[1]/Cy0 

9502 Df(2L)BSC142 28C3;28D3 w[lll8]; Df(2L)BSC142, 
P+PBac{XP5.WH5} 
BSC142/Cy0 

140 Df(2L )Trf-C6R31 28DE;28DE y[l] w[67c23]; Df(2L)Trf-
C6R31/Cy0 

7807 Df(2L)Exel7034 Df(2L)Exel7034 P+PBac{XPS .RB3} 
Exel7034/Cy0 
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Stock Deficiency strain Break pint Description 

179 Df(2L)TE29Aa-11 28E4-7 ;2982-C 1 ln(l)w[m4h], y[1]; 
Df(2L)TE29Aa-11, 
dp[*]/CyO 

8836 Df(2L)BSC111 28F5;29B1 w[1118]; Df(2L)BSC111, 
P+PBac{XP5.WH5} 
BSClll/CyO 

9298 Df(2L )ED611 29B4;29C3 w[1118]; Df(2L)ED611, 
P{w[+mW.Scer\ 
FRT .hs3]=3'.RS5+ 3 .3'} 
ED611/SM6a254 

2892 Df(2L )N22-14 29C 1-2;30C8-9 Df(2L )N22-14/Cy0 
6478 Df(2L)BSC17 30C3-5;30Fl Df(2L)BSC17/SM6a 
1045 Df(2L)Mdh 30D-30F;31F Df(2L)Mdh, 

cn[1]/Dp(2;2)Mdh3, cn[1] 
8469 Df(2L)BSC50 30F4-5;31Bl-4 Df(2L )BSC50/SM6a 
3366 Df(2L)J2 31B;32A y[*]; Df(2L)J2/SM1 
9503 Df(2L)BSC143 31B1;31D9 w[1118]; Df(2L)BSC143, 

P+PBac{XP5.WH5} 
BSC143/Cy0 

7142 Df(2L)BSC32 32A1-2;32C5-D 1 Df(2L)BSC32/SM6a, bw[k1] 
9505 Df(2L)BSC145 32C1;32C5 w[1118]; Df(2L)BSC145, 

P+PBac{XP5.WH5} 
BSC145/Cy0 

7143 Df(2L)BSC36 32D1;32D4-E1 Df(2L)BSC36/SM6a, bw[k1] 
5869 Df(2L )FCK -20 32D1;32F1-3 Df(2L)FCK-20, dp[ov1] 

bw[1]/Cy0, P{ry[+t7.2] 
=sevRas1.V12}FK1 

3079 Df(2L)Prl 32F1-3;33Fl-2 Df(2L)Prl, Prl[1] 
nub[Prl]/CyO 

6999 Df(2L)BSC30 34A3 ;3487 -9 Df(2L)BSC30/SM6a, bw[k1] 
9594 Df(2L)BSC159 34B4;34C4 w[1118]; Df(2L)BSC163, 

P+PBac{XPS .WHS} 
BSC163/Cy0 

3138 Df(2L )b87 e25 34B 12-C 1 ;35B 1 0-C 1 Df(2L)b87e25/Cy0 
9506 Df(2L)BSC147 34C1;34C6 w[1118]; Df(2L)BSC147, 

P+PBac{XP5.RB3} 
BSC147/Cy0 

6092 Df(2L)b80e3, Dp(2;2)GYS, pr[1] bw[1]/Cy0 
6056 Df(2L)64j, L[2]/Cy0, Adh[nB] 
3588 Df(2L)TE35BC-24 35B4-6;35F1-7 Df(2L)TE35BC-24, b[1] 

pr[1] pk[1] cn[1] sp[1]/Cy0 
1491 Df(2L)r10 35D 1 ;36A6-7 Df(2L)r10, cn[1]/Cy0 
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Stock Deficiency strain Break pint Description 

2583 Df(2L )cact-255rv64 35F -36A;36D Df(2L )cact-255rv64, 
cact[chif64]/Cy0; ry[506] 

420 Df(2L)TW137 36C2-4;37B9-C1 Df(2L)TW137, cn[1] 
bw[1]/Cy0, 
Dp(2;2)M(2)nrr[+] 

567 Df(2L)pr-A16 37B2-12;38D2-5 Df(2L)pr-A16, cn[l] 
bw[1]/Cy0 

167 Df(2L)TW161 38A6-B1;40A4-B1 Df(2L)TW161, cn[1] 
bw[1]/Cy0 

7531 Df(2L )Exe16049 39E7;40D3 w[1118]; Df(2L)Exel6049, 
P{w[+nrrC]=XP-U} 
Exel6049/Cy0 

9510 Df(2L)BSC151 40A5;40E5 w[1118]; Df(2L)BSC151, 
P+PBac{XP5.WH5} 
BSC151/Cy0 

4308 Df(2R)nap 14/CyO 41B-42B1 
1007 Df(2R)nap9 42A1-2;42E6-F1 Df(2R)nap9/Dp(2;2)BG, 

In(2LR)Gla, wg[G1a-1] 
1888 Df(2R)ST1 42B3-5;43E15-18 Df(2R)ST1, Adh[n5] pr[1] 

cn[*]/CyO 
3368 Df(2R)cn9 42E;44C Df(2R)cn9/Cy0, anrros[Roi 1] 

sp[*] 
198 Df(2R)H3C1 43F;44D3-8 w[118]; Df(2R)H3Cl/Cy0 
201 Df(2R)H3El 44D1-4;44F12 w[118]; Df(2R)H3El/Cy0 
3591 Df(2R)Np5 44F10;45D9-E1 w[1 ]; Df(2R)Np5, 

In(2LR)w45-32n, 
cn[1]/Cy0 

4966 Df(2R)w45-30n 45A6-7;45E2-3 w[1]; Df(2R)w45-30n, 
cn[1]/Cy0 

6917 Df(2R)BSC29 45D3-4;45F2-6 Df(2R)BSC29, cn[1] bw[1] 
sp[1]/Cy0 

9410 Df(2R)BSC 132 45F6;46B12 w[1118]; Df(2R)BSC132, 
P+PBac{XP5.WH5} 
BSC132/SM6a 

1743 Df(2R)B5 46A;46C w[1118]; Df(2R)B5, px[1] 
sp[1]/Cy0, Adh[nB] 

1702 Df(2R)X1 46C;47A1 Df(2R)X1, Mef2[X1]/Cy0, 
Adh[nB] 

596 Df(2R)stan2, b[1] pr[1] P{ry[+t7.2]=neoFRT}42D/CyO 
46F1-47B 

520 Df(2R)E3363/Cy0 47A3-47E 
190 Df(2R)en-A 47D3;48B2 Df(2R)en-A/Cy0 
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Stock Deficiency strain Break oint Description 

3518 Df(2R)Jpl 51 D3-8;52F5-9 w[ a] N[ fa-g] ;Df(2R)Jp 1 /CyO 
3520 Df(2R)Jp8 52F5-9;52F 1 0-53A 1 w[a] N[fa-g]; Df(2R)Jp8, 

w[+]/CyO 
7886 w[1118]; Df(2R)Exel7142,P+PBac{XP5.WH5}Exe17142/CyO 
7888 w[1118]; Df(2R)Exel7144, P+PBac{XP5.RB3}Exel7144/CyO 
7445 Df(2R)BSC49 53D9-E1;54B5-10 Df(2R)BSC49/SM6a 
7414 Df(2R)BSC44 54Bl-2;54B7-10 Df(2R)BSC44/SM6a 
9596 Df(2R)BSC161 54B2;54B17 w[1118]; Df(2R)BSC161, 

P+PBac{XP5.WH5} 
BSC161/Cy0 

5680 Df(2R)robl-c 54B17-C4;54C1-4 Df(2R)robl-c/Cy0, y[ +] 
5574 Df(2R)k1 0408 54C1-4;54Cl-4 y[l] w[67c23]; 

Df(2R)kl 0408,P { w[ +mC] 
=lac W} mthl3 [k 1 0408] 
CG4827[k10408] /CyO 

7441 Df(2R)BSC45 54C8-D 1 ;54 E2-7 Df(2R)BSC45, 
w[+mC]/SM6a 

6779 Df(2R)14HIOY-53 54Dl-2;54E5-7 y[l] w[67c23] 
Df(2R) 14Hl OY -53/SM6a 

6780 Df(2R)14H10W-35 54E5-7;55B5-7 y[1] w[67c23]; 
Df(2R)14H10W-35/SM6a 

1547 Df(2R)PC4 55A;55F Df(2R)PC4/Cy0 
757 Df(2R)P34 55E2-4;56C1-11 y[1] w[*]/Dp(1;Y)y[+]; 

Df(2R)P34/Cy0 
6866 Df(2R)BSC26 56C4;56D6-1 0 Df(2R)BSC26/Cy0 
6647 Df(2R)BSC22 56D7-E3;56F9-12 Df(2R)BSC22/SM6a 
3467 Df(2R)AA21 56F9-17;57Dll-12 Df(2R)AA21, c[l] px[l] 

sp[l]/SMI 
7896 Df(2R)Exe17162 56F11;56F16 w[1118]; Df(2R)Exel7162, 

P+PBac{XP5.WH5} 
Exe17162/Cy0 

6609 Df(2R)BSC19 5 6F12-14;57A4 Df(2R)BSC19, cn[l] 
bw[1]/SM6a 

5246 Df(2R)Egfr5 57D2-8;58D1 Df(2R)Egfr5, b[1] pr[1] cn[1] 
sca[l]/CyO, P{ry[+t7.2] 
=sevRasl.V12}FK1 

3124 Df(3L )fz-GF3b 70C 1-2;7004-5 Df(3L)fz-GF3b, P{w[+tAR] 
ry[ +t7 .2AR]=w A[R]} 
66E/TM6B, Tb[ +] 

3126 Df(3L )fz-M21 70D2-3;71E4-5 Df(3L)fz-M21, st[1]/TM6 
6551 Df(3L)XG5 71C2-3;72B1-C1 Df(3L)XG5/TM3, Sb[1] 

Ser[1] 
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Stock Deficiency strain Break pint Description 

3640 Df(3L)brm11 71F1-4;72D1-10 Df(3L)brm11/TM6C, cu[1] 
Sb[1] ca[1] 

2993 Df(3L)st-fl3 72C1-D1;73A3-4 Df(3L)st-fl3, Ki[1] m[roe-1] 
p[p ]/TM6B, Tb[1] 

2998 Df(3L)81k19 73A3;74F Df(3L)81k19/TM6B, Tb[1] 
6411 Df(3L)BSC8 74D3-75A1 ;75B2-5 Df(3L)BSC8/TM3, Ser[1] 
2608 Df(3L)Wl0 75A6-7;75C 1-2 Df(3L)W10, ru[l] h[l] 

Sb[sbd-2]/TM6B, Tb[1] 
2990 Df(3L)Cat 75B8;75F1 Df(3L)Cat, kni[ri-1] Sb[sbd1] 

e[*]/TM3, Ser[1] 
2990 Df(3L)Cat, kni[ri-1] Sb[sbd-1] e[*]/TM3, Ser[1] 
8082 Df(3L)ED4782 75F2;76A1 w[1118]; Df(3L)ED4782, 

P { w[ +m W.Scer\FRT. 
hs3]=3'.RS5+3.3'} 
ED4782/TM6C, cu[1] Sb[1] 

6754 Df(3L)fz2 75F10-11;76Al-5 w[*]; Df(3L)fz2/TM6B, 
Tb[l] 

8085 w[1118];Df(3L)ED4799,P{w[+mW.Scer\FRT.hs3]=3'.RS5+3.3'}ED4799/TM6C, 
cu[l] Sb[l] 

6646 Df(3L)BSC20 76A7-B1;76B4-5 Df(3L)BSC20, st[1] 
ca[1]/TM6B, Tb[l] 

3617 Df(3L)kto2 76B 1-2;76D5 Df(3L)kto2/TM6B, Tb[1] 
5126 Df(3L)XS533 76B4;77B Df(3L)XS533/TM6B, Sb[1] 

Tb[1] ca[1] 
2052 Df(3L)rdgC-co2 77A1;77D1 Df(3L)rdgC-co2, th[l] st[l] 

in[1] kni[ri-1] p[p]/ 
TM6C, cu[1] Sb[1] Tb[1] 
ca[1] 

3127 Df(3L)ri-79c 77B-C;77F-78A Df(3L)ri-79c/TM3, Sb[1] 
5878 Df(3L)ri-XT1 77E2-4;78A2-4 Df(3L)ri-XT1, ru[l] st[l] 

e[1] ca[1]/TM3, P{w[+ 
m*]=Ubx-lacZ.w[+]} 
TM3, Sb[1] 

4429 Df(3L)ME107 77F3;78C8-9 Df(3L)ME107, mwh[1] 
red[l] e[l]/TMl, red[*] 

4430 Df(3L)Pc-2q 78C5-6;78E3-79A1 Df(3L)Pc-2q, ry[506]/TM2 
3007 Df(3R)ry615 87B11-13;87E8-11 Df(3R)ry615/TM3, Sb[1] 

Ser[1] 
1534 Tp(3; Y)ry506-85C 87D1-2;88E5-6 Tp(3; Y)ry506-85C/MKRS 
383 Df(3R)ea 88E7-13;89A1 Df(3R)ea, kni[ri-1] 

p[p]/TM3, Ser[1] 
3468 Df(3R)slo8 96A2-7;96D2-4 Df(3R)slo8/Dp(3;3)Su[8] 
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Stock Deficiency strain Break pint Description 

7681 Df(3R)Exel6202 96C9;96E2 w[1118]; Df(3R)Exel6202, 
P { w[ +mC]= XP-U} Exel6202 
/TM6B, Tb[1] 

7682 Df(3R)Exel6203 96E2;96E6 w[1118]; Df(3R)Exel6203, 
P { w[ +mC]= XP-U} Exel6203 
/TM6B, Tb[1] 

2447 e[4] E(spl)[1] 
9500 Df(3R)BSC 140 96F1;96F10 w[1118]; Df(3R)BSC140, 

P+PBac{XP5.WH5} 
BSC140/TM6B, Tb[+] 

5601 Df(3R)Espl3 96F1;97B1 Df(3R)Espl3/TM6C, cu[ 1] 
Sb[1] Tb[1] ca[1] 

1910 Df(3R)Tl-P 97A;98A1-2 Df(3R)Tl-P, e[1] ca[1]/TM3, 
Ser[1] 

823 Df(3R)D605 97E3;98A5 Df(3R)D605/TM3, Sb[1] 
Ser[1] 

9529 Df(3R)IR16 97F1-2;98A w[*]; Df(3R)IR16/TM3, 
Sb[1] 

7412 Df(3R)BSC42 98B 1-2;98B3-5 Df(3R)BSC42, st[1] 
ca[1]/TM3, Sb[1] 

1425 y[1] w[1]; Df(3R)M37, kni[ri-1]/TM3, Sb[1] 
430 Df(3R)3450 98E3;99A6-8 w[1118]; Df(3R)3450/TM6B, 

Tb[1] 
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Supplement 3.3: Enhancers showed a wide range of rough-eye phenotype. The 

enhancers to be mapped in this study were selected only if they showed a very strong eye 

phenotype compared to the control GMR-NeuYAE flies (A and B). Some of these 

enhancers that fit our criteria were given names based on their linkage to the particular 

chromosome and initial 'E' followed by the specific numeric number (See C-J). 

Enhancers showed smaller eyes with fewer bristles and rougher eye surface (C-L). 

However, the enhancers, such as E218, that did not comprise the fit list were not named 

or studied further (K and L). Images were taken at X150 and X300 magnifications on an 

ESEM. Bar indicates 150 J.tm forB, D, F, H, J and L. 
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Supplement 3.4: Suppressors showed a wide range of eye phenotype. The suppressors 

to be mapped in this study were selected only if they showed a very strong eye phenotype 

compared to the control GMR-NeuYAE flies (A and B). The suppressors that fit our criteria 

were named according to their linkage to the particular chromosome and initial 'E' 

followed by a numeric identifier (See C-J). Suppressors were identified for larger eyes 

with more regular bristles and ommatidial facets (C-L). However, the suppressors, such 

as SOli, failed to our fit list and were not named or studied further (C and D). Images 

were taken at Xl50 and X300 magnifications on an ESEM. Bar indicates 150 t-tm forB, 

D, F, H, J and L. 
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Supplement 3.5: Neu allele specificity of the 2nd-chromosome enhancers. (Panel A, B 

and C) Second chromosomal enhancers were verified for their genetic interactions with 

the NeurA, NeurB, and NeurE. A genetic interaction was assigned only when the modifier 

showed either suppression of enhancement of specific Neu allele in trans. Photographs 

from each genotype were taken at least at X150 and X300 magnification. The top panels 

are the misexpression of various Neu alleles and the particular modifier in trans, is 

indicated at the left of each row. Bar indicates 150 f..tm for the X300 magnifications. 
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Supplement 3.6: Neu allele specificity of the 3rd-chromosome enhancers. (Panel A, B 

and C) Third chromosomal enhancers were verified for their genetic interactions with the 

NeuYA, Neur8
, and NeuYE_ A genetic interaction was assigned only when the modifier 

showed either suppression of enhancement of specific Neu allele in trans. Photographs 

from each genotype were taken at least at X150 and X300 magnification. The top panels 

are the misexpression of various Neu alleles and the particular modifier in trans is 

indicated at the left of each row. Bar indicates 150 ~m for the X300 magnifications. 
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Supplement 3. 7: Determination of the rough map position using meiotic 
recombination. (A) Shows the summary data obtained from the meiotic recombination 
experiments with the 2nd chromosome modifier, 2S02. (B) Shows the calculation for the 
rough map position determination for the 2S02. (C) Approximate map position of the 2nd 
chromosome modifiers (Suppressors/Enhancers). (D) Approximate map position of the 
3rd chromosome modifiers (Suppressors/Enhancers). 
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(A) 

Table: Summary data of the recombination of the 2nd chromosome modifier, 2S02 (data 
obtained from 1463 F1 progeny). 

1 + + + y 
1 + + y 
6 + + + + + N 
2 + N 
1 + N 
1 + + + N 
4 + N 
1 + + N 
1 + + + + + N 

+: Wildtype gene, -: Marker chromosome, Y: Modifier Present, N: Modifier Absent, 
Shaded box: Single recombinants and Modifiers present, White box: Either double 
recombinants or modifiers absent. 

(B) 
Relative distance of the modifier frcml. tob1 = No. of recombinants with al1 present 

(1) :No. of recombinants with b1 present 
(6) 

Molecular distance from al1 to b1 = (21C1-21C1) = (34D1-34D1) 
= 382,778 bp = 13,822,549 bp 
= 13,439,771 bp 

Rough distance from al1 to the 2S02 

Rough distance from 2S02 to b1 

=13,439,771/(sum of ratio) 
= 13,439,77117 
= 1,919,967 bp (roughly) 

= 13,439,771- 1,919,967 
= 11,519,804 bp (roughly) 

* The rough distance was calculated using at least 2 pair of markers. 
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(C) 
Approximate map location of the 2nd Chromosome modifiers (determined from the 
meiotic recombination experiments) 

Modifiers 

2803 
2808 
2810 
2E07 
2E04 
2E13 
2E14 
2E02 
2E04 

Approximate calculated 
rough position (in bp) 

2R: 9,981,494 
2R: 9,115,800 
2R: 2,190,243 
2L: 6,329,443 

2L: 11,584,484 
2R: 1,594,184 
2R: 1,900,645 
2R: 2, 765,404 
2R: 2 765 404 

Approximate calculated rough 
map location (in cytological 

50E4 
49F2 
39A2 
26C3 
32F5 
35D6 
37B11 
42D6 
42D6 

Modifiers in the same shaded box are allelic or in the same complementation 
group. Even though their map position varies based on the recombination data, 
they fail to complement the same deleted region during Df mapping (complete 
Df mapping results in Chapter 3). 
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(D) 
Approximate map location of the 3rd Chromosome modifiers (determined from the 
meiotic recombination experiments) 

Modifiers Approximate calculated 
rough position (in bp) 

3L: 15,190,029 
3L: 16,229,086 
3L: 20,793,567 
3L: 20,887,667 
3R: 9,253,157 
3R:9 

Approximate calculated rough 
map location (in cytological 

71B1 
72D10 

77B 
77B 

87E2 
87E2 

Modifiers in the same shaded box are allelic or in the same complementation 
group. Even though their map position varies based on the recombination data, 
they fail to complement the same deleted region during Df mapping (complete 
Df mapping results in Chapter 3). 
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Supplement 3.8: Iilli mutant shows suppression of the Sev-Torso chimeric eye 

phenotype. In heterozygote with the control flies, lil/t17
-
2 mutant shows eye phenotype 

suppression with the NeuYA (compare A and B), while no phenotypic interaction with the 

Neurs (compare C and D) and NeuYE (compareE and F). This YA specific modifier 

suppressed the rough-eye phenotype of Sev-Torso chimeric adults, suggesting a genetic 

interaction of these two alleles (compare K and L). However, lillt 17
-
2 mutant had no 

effect on the Drosophila-EGFR Ellipse-mutant, Elp81
, suggesting no genetic interaction 

between these two RTK alleles (compare I and J). Images were taken at X150, X300 and 

X800 magnifications on an ESEM. Transgenes are indicated on the left of row. Bar 

indicates 50 f.-till. 
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Supplement 3.9: CG7777 mutant shows strong enhancement of the Drosophila­

EGFR (Elp81
) eye phenotypes. The novel enhancer, CG7777 strongly enhanced the 

NeuYA rough eye phenotype (compare A and B). This dual (YA and YE) specific novel 

gene also showed a strong genetic interaction with the NeuYAE and the gain-of-function 

DER Ellipse-mutant, Elp81
, while enhancing the eye phenotypes significantly (compare C 

and D; E and F). However, a non-genetic interaction was observed with the Sev-Torso 

chimera (G and H). Images were taken at X150 magnifications on an ESEM (also see the 

supplement for other magnifications). Transgenes are indicated on the top centre of each 

panel. Bar indicates 300 ~-tm. 
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