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ABSTRACT 

Cbl is an E3 ligase, and downregulates several cellular signalling pathways, in this role 

by targeting receptor tyrosine kinases for endocytosis. Mammalian Cbl was first 

identified as the full-length isoform of v-Cbl, a C-terminal truncated dominant negative 

oncogene that permits binding of v-Cbl to Cbl targets but does not facilitate their 

ubiquitination. This results in constitutive activation of the receptor tyrosine kinase. 

In this thesis, I used a Drosophila analogue of v-Cbl, named Dv-cbl. GMR>Dv-cbl had 

been used prior to the commencement of this study to screen for modifiers of its rough 

and overgrown eye phenotype using the Gene search system, a transposon-based 

inducible expression system. In this study, a subset of the suppressors of the GMR>Dv-

cbl phenotype from that screen, and two other representative lines were further 

investigated. 

The published interactions and functions of the genes implicated by the GS lines are 

discussed and a method of suppression of the GMR>Dv-cbl phenotype by each line is 

suggested. In the published work presented in this thesis, the Akap200 expressing lines 

EP2254 and GS2208 were further studied. Expression of Akap200 in EP2254 was 

confirmed via mRNA in situ hybridisation, and its ability to also suppress the 

Ras85DV12 phenotype was confirmed.  

The ability of EP2254 to suppress GMR-Dv-cbl and sev-Ras85DV12 coexpression was 

confirmed. When GMR-Dv-cbl and sev-Ras85DV12 are coexpressed, a phenotype that is 

greater than the cumulative phenotype of each would suggest arises. In fact, GMR-Dv-

cbl (where Dv-cbl was directly driven from the GMR promoter) was used instead of 

GMR-Gal4, UAS-Dv-cbl (GMR>Dv-cbl) as the coexpression of GMR>Dv-cbl and sev-

Ras85DV12 results in lethality, and coexpression of GMR-Dv-cbl and sev-Ras85DV12 did 

not. Alone, each has a mildly rough eye. I showed that EP2254 was able to suppress this 

phenotype and that this suppression was partially independent of apoptosis. The 

endogenous function of Akap200 in the Drosophila eye was then investigated. An 

mRNA in situ hybridisation experiment showed that endogenous Akap200 is present in 

the eye disc, and a series of immunohistochemical stains showed that Akap200 was 

expressed in a subset of photoreceptor cells. Knockdown of Akap200 using RNAi lines 
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showed that endogenous Akap200 was having a modifying effect on the GMR>Dv-cbl 

phenotype, as knockdown of Akap200 enhances the GMR>Dv-cbl phenotype. A recent 

study suggests that Notch is protected from internalisation by Cbl by Akap200, which is 

consistent with the results in this thesis. 
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1.1 The Cbl family of genes. 
 

Cbl family members are very well known for their roles as E3 ligases, where they target 

surface proteins for ubiquitination and subsequent internalisation (discussed in more 

detail in Section 1.3). Cbl family members are known to be involved in several different 

signalling networks, (summarised in Figure 1.2a). Of these, the Ras/MAPK pathway is 

focused on in this work, and its relevance will also be discussed in Section 1.3. 

 

There are three known members of the Cbl family in mammals. In order of discovery, 

these are c-Cbl, Cbl-b and Cbl-c/Cbl-3. The three proteins vary somewhat in length and 

structure, and some have different areas of activity or speciality (see Figure 1.1a). All 

Cbl family members have a Tyrosine kinase binding (TKB) domain at the N terminal, 

consisting of a four-helix bundle, a calcium-binding EF-hand, and a variant SH2 

domain which together allow for binding to phosphorylated tyrosine residues in target 

tyrosine kinases, which also requires binding to Grb2 (eg: EGFR, PDGFR) (reviewed in 

Swaminathan and Tsygankov, 2006; Thien and Langdon, 2001, 2005a; Tsygankov et 

al., 2001). Both c-Cbl and Cbl-b can downregulate EGFR signalling and are involved in 

immunity (reviewed in Mohapatra et al., 2013; Swaminathan and Tsygankov, 2006). It 

should be noted that proteins besides tyrosine kinases bind this region, but their identity 

is not relevant to this study (reviewed in Swaminathan and Tsygankov, 2006).  

C terminal to the TKB domain is a linker region which, as the name suggests, links the 

TKB and ring finger (RF) domains. This is a small but necessary region for E3 ligase 

activity. Mutations in the linker region can lead to Cbl becoming oncogenic (reviewed 

in Swaminathan and Tsygankov, 2006). The RF domain recruits E2, (the ubiquitin-

conjugating enzyme or ubiquitin carrier enzyme). The recruitment of the E2 is needed 

for Cbl to carry out its function as an E3 ligase in cooperation with the TKB, which 

determines the target to be ubiquitylated (reviewed in Swaminathan and Tsygankov, 

2006; Thien and Langdon, 2001). Independent of E3 ligase activity, Sprouty also binds 

the RING finger and is itself an antagoniser of EGFR and FGFR signalling (reviewed in 

Thien and Langdon, 2001). The 18aa ring finger tail (RFT) (Nau and Lipkowitz, 2008) 

is required for EGFR and Sprouty degradation (Visser and Lill, 2005). Truncations of 

Cbl at varying points in the ring finger can affect its binding to EGFR, suggesting that 

the intact RFT has a role in EGFR binding (Visser and Lill, 2005). It interacts with both 
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the E2 protein and TKB domain (Nau and Lipkowitz, 2008). It has been shown with 

truncations of human Cbl that residues 1-436 of c-Cbl are necessary and sufficient for 

E3 ligase activity (Visser and Lill, 2005), whereas others have additional C terminal 

domains. The amino acid sequence of D-CblS stops after the RFT.  

 

After the RING finger tail is where the domains of Cbl family members start to diverge. 

The domain that immediately follows the RFT is the proline-rich region which is used 

for SH3 domain binding and 14-3-3 protein binding. Examples of SH3 domain-

containing proteins that bind the proline-rich region are Fyn, Src, and Grb2 (reviewed in 

Thien and Langdon, 2001). Examples of proteins with 14-3-3 domains include protein 

kinases and proteins involved in cell cycle control and apoptosis and bind to specific 

phosphorylated serine residues in the proline-rich region (reviewed in Thien and 

Langdon, 2001). Cbl family members have some varying length in Proline-rich regions 

(reflected in Figure 1.1), and Cbl-3 and SLI-1 have a shortened Proline-rich region 

which contains their C terminus (reviewed in Schmidt and Dikic, 2005). 

Of the Cbl family members shown in Figure 1.1, c-Cbl, Cbl-B, D-CblL are the only 

endogenous proteins with the Ubiquitin ligase binding/leucine zipper domains. These 

domains are superimposed on each other but have independent functions. The so-named 

Ubiquitin-associated domain (UBA) can bind to ubiquitin, however, it is not vital for E3 

ligase activity ubiquitylated (reviewed in Swaminathan and Tsygankov, 2006; Thien 

and Langdon, 2001). The leucine zipper promotes homodimerisation of Cbl and 

association with the EGFR and dimerization of several proteins ubiquitylated (reviewed 

in Swaminathan and Tsygankov, 2006; Thien and Langdon, 2001). The Drosophila Cbl 

family member D-Cbl is alternatively spliced to form two different proteins, called D-

CblL and D-CblS (Robertson et al., 2000). D-CblL appears to be a condensed version of 

the c-Cbl and Cbl-b family members, containing all of the domains the others have, but 

in a shorter amino acid sequence (Thien and Langdon, 2005b). 

 

1.2 Cbl mutants. 

v-Cbl (Figure 1.1b) was the first discovered mutant isoform of Cbl. It was isolated from 

a mouse with pre-B cell lymphoma. c-Cbl was found by probing the DNA of mice, rats 

and humans with the v-Cbl sequence (Langdon et al., 1989). The dominant negative Cbl 

oncogene, v-Cbl, binds RTKs in the place of endogenous Cbl, competes for binding 



Name Organism Notes Structure

c-Cbl Mammals (including 
humans, mice, rats, 
cows, and pigs) 
(reviewed in 
Swaminathan and 
Tsygankov, 2006)

Expression: ubiquitous, higher levels in testis and 
haemopoietic cells (reviewed in Thien and 
Langdon 2001). Active in the immune system 
(reviewed in Thien and Langdon, 2005) Some 
redundancy with Cbl-b (reviewed in Mohapatra et 
al., 2013)

TKB           L     RF    RFT           P-rich                             UBA/LZ

Cbl-b Mammals (including 
humans, mice, rats, 
cows, and pigs) 
(reviewed in 
Swaminathan and 
Tsygankov, 2006)

Expression: mammary epithelial cells, 
haemopoietic tissue, testis, spleen kidney lung 
(adult) foetal brain and liver (Keane 1995) .
Has become known in later years for its role in 
the immune system (Fang et al., 2001). 

Cbl-3 Mammals (including 
humans, mice, rats, 
cows, and pigs) 
(reviewed in 
Swaminathan and 
Tsygankov, 2006)

Expression: Ubiquitous, higher in salivary gland, 
prostrate, adrenal gland and aerodigestive tract 
(Keane et al., 1999).

SLI-1 C. elegans Acts on LET-23 (EGFR homologue signalling). 
This was shown in genetic studies of C. elegans
vulval development (Yoon et al., 1995).

D-CblL Drosophila 
melanogaster

Expression: low levels in 3rd instar, pupae and 
adults (Robertson et al., 2000).
Preferential regulator of EGFR (Wang et al., 
2010).

D-CblS Drosophila 
melanogaster

Expression: early embryos, third instar 
imaginal  discs (Hime et al., 1997). 
Preferentially regulates Notch (Wang et al., 
2010).

906

982

474

878

448

582

a



Name Organism Notes Structure

v-Cbl Mammals First discovered form of Cbl. Dominant Negative as it 
competes for binding to RTKs with endogenous Cbl
(reviewed in Thien and Langdon, 2001).

70Z/3-Cbl
(Δ366-
382)

Mammals Originated in a murine B cell leukaemia line (Paige et al., 
1978). Later mapped to c-Cbl (Blake et al., 1991).

CblΔY368 Humans Mutation of human c-Cbl. Deletion of this residue was 
transforming in NIH-3T3 fibroblasts (Andoniou et al., 
1994).

CblΔY371 Humans Mutation of human c-Cbl. Deletion of this residue was 
transforming in NIH-3T3 fibroblasts (Andoniou et al., 
1994).

D-CblF165 Drosophila 
melanogaster

Mutation of D-cbl gene, creates a null allele as the mutation 
forms a stop codon at amino acid 116 (Pai et al., 2000).

Dv-Cbl Drosophila 
melanogaster

Mutation of D-cbl gene generated by Hannah Robertson 
(Robertson et al., 2000) as an analogue to v-Cbl. The UAS 
vector was used so expression is dependent on the GMR 
driver it is crossed to.

F165 mutation (creates a stop codon)

Δ366-382

Δ368

Δ371

306

357

Figure 1.1: The Cbl family and its mutants
Known Cbl family members and some mutants, (a) wildtype, (b) mutants. Each of the mammalian, worm and fly Cbl family members are
shown, alongside their domain structure. Then, several mutants are shown, beginning with the first isolated mutant, v-Cbl. Finally, two
Drosophila mutants are shown, which are often utilised in genetic studies like this one. In this study, the mutant Dv-cbl is used.

The c-Cbl gene is labelled with its domains, which are conserved among most of the other genes. TKB (gray box)- Tyrosine kinase
binding domain, L (region following TKB), linker region, RF (green box)- RING finger, RFT (region following RF)- RING finger tail, P-
rich (light blue box)- Proline rich domain, UBA/LZ (yellow box) – Ubiquitin associated domain/Leucine Zipper.

b
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sites, and prevents endogenous Cbl from performing its E3 ligase activity (reviewed in 

Thien and Langdon, 2001). It was known that v-Cbl was oncogenic, but in a further 

effort to determine the transforming mutations in Cbl, the following mutations were 

studied in NIH-3T3 fibroblasts. 

70Z/3-Cbl (Figure 1.1b) was first identified in a murine B cell leukaemia line produced 

by (Paige et al., 1978). (Andoniou et al., 1994) made a human analogue of 70Z/3-Cbl in 

NIH-3T3 fibroblasts, by mutating human c-Cbl via site-directed mutagenesis and 

deleting amino acids 366-382. (Andoniou et al., 1994) also found that the site-directed 

mutations of human cCbl, CblΔY368 and CblΔY371 (Figure 1.1) were transforming. 

These three mutations all disrupt the linker region, suggesting that doing so is 

transforming (reviewed in Thien and Langdon, 2001). (Pai et al., 2000) discovered D-

cblF165 (Figure 1.1b) in a screen for genes involved in follicle cell patterning of the egg 

and embryo. D-cblF165 results in the mutation to a stop codon at amino acid 116 and is 

thought to result in a null allele. 

In this thesis, I used a dominant negative form of Drosophila Cbl called Dv-cbl 

(Robertson et al., 2000) (Figure 1.1), originally made as an analogue of v-Cbl. Dv-Cbl 

causes sustained activation of the receptor tyrosine kinase EGFR, leading to continual 

signalling through the pathway (Robertson et al., 2000). This is achieved by Dv-Cbl 

binding to RTKs via its tyrosine kinase binding domain, after which the protein is 

truncated, and the resulting protein does not allow the internalisation of the RTK as the 

protein is truncated in the linker region which lies between the tyrosine kinase binding 

domain and the RING finger domain. This truncation allows Dv-Cbl to fulfil the 

tyrosine kinase binding function of either of the D-cbl proteins, but as Dv-Cbl is 

missing vital regions needed for E3 ligase activity (namely the linker region, ring finger 

domain, and ring finger tail), this v-Cbl analogue is transforming for the same reasons 

as the protein it was based on (reviewed in Thien and Langdon, 2001). 

 

1.3 Cbl function 
As Cbl family members share a common basic structure (Figure 1.1), it is to be 

expected that they exhibit similar functions. Apart from the classical E3 ligase 

functionality, Cbl proteins are involved in several other processes (Figure 1.2a). Cbl has 

many roles in the cell, shown in (Figure 1.2a) (adapted from Dikic et al., 2003), but in 

this thesis I am focussing on its role in attenuating EGFR signalling (Figure 1.2b), as the 
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control of EGFR signalling is vital to the development of the Drosophila eye (Freeman, 

1996), my model of choice. A simplified version of the Ras/MAPK pathway is shown 

in (Figure 1.2b). In brief, the EGFR is activated by Spitz (Drosophila homologue of 

EGF), EGFR dimerises and autophosphorylates, which activates Ras, leading to the 

kinase cascade which activates Raf, MEK, and MAPK in turn. MAPK can then 

translocate to the nucleus and activate gene expression, some of which are involved in 

cell survival, division, growth, or activate other proteins outside the nucleus (reviewed 

in Alberts et al., 2002, 2004). In this thesis, however, I am focussed on the role of Cbl in 

downregulating the EGFR pathway (Figure 1.2b), as initially shown in C. elegans 

(Yoon et al., 1995). The downregulation of the EGFR via Cbl requires the action of 

three classes of ubiquitination proteins, the E1; E2; and E3; and the endocytosis 

machinery (reviewed in Thien and Langdon, 2001). The role of E1, the Ubiquitin-

activating enzyme, is to initially transfer ubiquitin to the E2 (the ubiquitin-conjugating 

enzyme or ubiquitin carrier enzyme). Then, Cbl acts as an E3 ligase and recruits E2, and 

one or more ubiquitin moieties are transferred to the RTK target. Ubiquitylation of an 

RTK leads to its removal from the cell surface via endocytosis and either its eventual 

recycling to the cell membrane or degradation in a lysosome, depending on the number 

of ubiquitin moieties are present on the RTK target. Transfer of more than four Ub 

moieties is thought to lead to degradation (reviewed in Thien and Langdon, 2001).  

I am particularly interested in the downregulation of EGFR by Drosophila Cbl 

isoforms. In this work, extensive use is made of Dv-cbl, as mentioned in the previous 

section. Dv-Cbl results in constitutive activation of the EGFR, and continual activation 

of the Ras/MAPK pathway, and when expressed in the developing Drosophila eye, 

hijacks the careful regulation of EGFR activity that occurs there (Freeman, 1996). This 

causes a noticeable overgrowth in the eye. Later in this work, Dv-cbl is coupled with the 

misexpression of a constitutively active mutated Ras protein, which together cause 

massive overgrowth in the eye.  

 

1.4 Cbl in Drosophila eye development  

The adult Drosophila eye is a neurocrystalline lattice that consists of approximately 800 

hexagonal ommatidia (Ready et al., 1976). The eye develops from a sac like structure 

which consists of the peripodial epithelium, a lumen, and the disc proper (reviewed in 

Atkins and Mardon, 2009). The cells of the eye disc differentiate during the third instar 
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Cellular membraneb

Other 
proteins
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Figure 1.2: Cbl is involved in several cell processes, notably 
the MAPK pathway
(a) Cbl family members are involved in a wide range of different
pathways. Adapted from (Dikic et al. 2003). The EGFR is
circled, as it is the pathway most relevant to the current study. In
(b) a simplified version of the Drosophila EGFR pathway is
shown. It is an extremely well studied pathway, but in brief, the
EGFR is activated by Spitz (Drosophila homologue of EGF),
which activates Ras, leading to the kinase cascade which
activates Raf, MEK, and MAPK in turn. MAPK then activates
other proteins in the cytoplasm or translocates to the nucleus and
activates genes or other proteins involved in cell survival,
division, growth, and other aspects of cell biology not within the
scope of this work. Cbl can inactivate this pathway at the level
of the EGFR by acting as an E3 ligase and guiding
ubiquitination of the EGFR, which will lead to its removal from
the cell membrane and thus cease its exposure to extracellular
activators. Depending on the nature of the ubiquitination, Cbl
may be destroyed or eventually returned to the cell membrane.
This pathway is based on images from (Voas and Rebay 2004)
and (Alberts et al., 2002). The DNA image is from
https://www.tes.com/lessons/WE5E9RncBhieAQ/dna.
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larval stage in association with traverse of a morphological indentation across the disc 

known as the morphogenetic furrow. In the third instar eye disc, the morphogenetic 

furrow initiates at the posterior end of the disc and sweeps anteriorly associated with 

differentiation of the photoreceptors R1-R8. The interplay of Notch and Atonal are 

initially required for R8 specification just after the morphogenetic furrow (reviewed in 

Voas and Rebay, 2004). The interplay of several proteins, not just the EGFR are 

required in the determination of cell fates (reviewed in Kumar, 2012; Voas and Rebay, 

2004), but this is beyond the scope of this thesis. A cartoon of ommatidial development 

is shown in (Figure 1.3). After the recruitment of R8, EGFR is required for the 

specification of all other cell types (Freeman, 1996). Following R8 recruitment, 

photoreceptors R2 and R5 are recruited together, then R3, R4, and the mystery cells. 

The mystery cells return to the pool of surrounding cells, leaving R8, R2, R5, R3, and 

R4 to make up the 5 cell precluster. Next, the second mitotic wave occurs. This is a 

tightly controlled mitosis of all undifferentiated cells. From the larger pool of cells, R1 

and R6 are recruited. Following these, the last photoreceptor, R7 is recruited. It lies on 

top of the R8 photoreceptor. Next, the four lens-secreting cone cells are recruited, and 

this event coincides with the end of larval development (reviewed in Kumar, 2012), see 

also (Figure 1.3), this work). The following events occur in the pupa. Next to be 

recruited are two primary (1o) pigment cells, which surround the already determined 

cells. Then six secondary (2o) pigment cells are recruited. They make up the sides of the 

ommatidia’s characteristic hexagon shape and are shared with neighbouring ommatidia. 

The next two sets of cells to be recruited occupy the six vertices of the ommatidia, 

alternating between which type of cell occupies each vertex. Like the 2o pigment cells, 

the 3o pigment cells and the mechanosensory bristles are shared with neighbouring 

ommatidia. The 3o pigment cells are recruited first. Next come the bristles, which are 

made up of four cells, consisting of the socket, shaft, sheath (the tormogen, trichogen 

and thecogen respectively) and the sensory neuron, then apoptosis rids the developing 

eye of superfluous cells (reviewed in Kumar, 2012) see also (Figure 1.3), this work). 

The fully developed adult eye exhibits the 800 cell neurocrystalline lattice first 

described in (Ready et al., 1976). A cartoon is shown of the whole third instar larval 

disc showing the direction of the morphogenetic furrow. Pictures are oriented in their 

order in the disc, and in the orientation in which they are shown in this thesis. Only one 
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row of each recruitment stage is shown for clarity. At the third instar, there are several 

rows of cut cell staining, as shown in Figure 3 of (Pickup et al., 2009), and (Figure 3.2) 

of this thesis. This is also indicated in (Figure 1.3). 

 

1.5 The screen performed prior to this study identified a number of 

suppressors of Dv-Cbl 
A screen was performed prior to the commencement of this study to find suppressors of 

the Drosophila v-Cbl analogue, Dv-Cbl. The Gene Search (GS) collection (Toba et al., 

1999) was screened, which is comprised of transgenic animals generated from one of 

several transposon vectors, each containing several UAS sites (shown in Figure 2.4). 

UAS sites are binding sites for the GAL4 transcriptional activator and are arranged in 

the vectors such that they will activate a promoter that is oriented to drive transcription 

out of the vector into neighbouring genomic sequences. Hence if the transposon has 

inserted adjacent to a gene, the provision of GAL4 from a second transgene will initiate 

transcription into genomic gene sequences. This may be either a sense or antisense 

transcript depending upon the orientation and insertion site of the transposon. Some of 

these vectors contain dual promoters that drive expression from of both sides of the 

transposon, hence being able to potentially activate more than one gene from a single 

line, or make antisense sequences with the potential to knock down endogenous genes. 

Maps of each line and the genes it is likely to affect within 10Kb are shown in Figure 

3.3. This is because 10Kb limit of effect suggested by the work of (Molnar et al., 2006). 

The GS lines were crossed to GMR-GAL4 and GMR-GAL4, UAS-Dv-cbl, which is 

hereafter referred to as GMR>Dv-cbl (Robertson et al., 2000). Approximately 2700 GS 

lines were crossed to GMR>Dv-cbl and its control GMR-GAL4. Of these GS lines, 48 

caused suppression of the Dv-cbl heterozygote phenotype. In this study, a subset of 9 

GS lines, one UAS line to that was a known suppressor of Ras85DV12, and an EP line (a 

related vector to the GS collection) that had partial redundancy to one of the GS lines 

were chosen for further analysis. In this work, these lines are collectively referred to as 

the P-element lines. This provided a manageable number of suppressors to analyse 

further. I wished to provide morphological evidence of the genetic suppression via adult 

eye scanning electron microscopy (SEM) and the pattern of cone cell differentiation in 

the eye discs of 3rd instar larvae. This is the aim of Chapter 3. Each of the assays chosen 

has a distinct GMR-GAL4 heterozygote and GMR>Dv-cbl heterozygote phenotype  
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Figure 1.3 : Drosophila eye development
As in all of the micrographs of Drosophila eyes, the posterior of the eye is shown leftmost. This is where the 
morphogenetic furrow initiates, and it sweeps anteriorwise, initiating a new ommatidial cluster in its wake.
(a) R8 is recruited just after the morphogenetic furrow.
(b) R2/R5 are recruited next.
(c) R3/R4 are recruited, and the mystery cells (not shown). Then the mystery cells return to the pool of surrounding cells, 
leaving the 5 cell precluster.
(d) The second mitotic wave is a tightly controlled mitosis of all undifferentiated cells.
(e) R1 and R6 are recruited from the new, larger pool of cells.
(f) R7 is recruited. It lies on top of R8. 
(g) The four cone cells are recruited. This also marks the end of larval development.
(h) In the pupa, two primary (1o) pigment cells are recruited. They surround the eight photoreceptor cells.
(i) Then six secondary (2o)  pigment cells are recruited. They make up the sides of the ommatidia’s characteristic hexagon 
shape, and are shared with neighbouring ommatidia.
(j) Then three tertiary (3o)  pigment cells are recruited at three of the vertices.
(k) Mechanosensory bristles occupy the other three vertices. They are made up of four cells, the socket, shaft, sheath 
(tormogen, trichogen and thecogen respectively) and the sensory neuron.
(l) Apoptosis rids the developing eye of unrecruited cells.
(m) The final adult eye.
(n) The markers used in the third chapter are adult eye morphology and cone cell arrangement.
(o)View of whole third instar eye disc showing direction of morphogenetic furrow. Pictures are oriented in their order in 
the disc, and in the orientation in which they are shown in this thesis.
Developing ommatidium series of images (a-l)  based on a figure from (Voas and Rebay 2004). Whole eye disc (o) based 
on an image from: The interactive fly: http://www.sdbonline.org/sites/fly/aimorph/eye.htm
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(Figures 3.1 and 3.2). The SEM of the adult eye shows final eye size and roughness 

(which illustrates disorder of differentiation), and an antibody against cut marks the 

cone cells (which are recruited via EGFR pathway activity, as described in Section 1.4). 

1.6 Thesis Aims 
This study aims to confirm suppression of a subset of the suppressors of Dv-cbl that 

were identified in the aforementioned screen. 

Using the pattern and size of the cone cells in the third instar eye disc, and high-

resolution images of the adult eyes obtained by scanning electron microscopy, I aim to 

determine how the suppressors are suppressing the Dv-cbl eye phenotypes (Chapter 3), 

and test one for its ability to suppress the cooperation between Dv-cbl and Ras85DV12 as 

observed in the adult eye (Paper/Chapter 4). I also aim to study the function of this latter 

suppressor (Akap200) in more detail, including the endogenous expression of the gene 

in the third instar eye disc. (Paper/Chapter 4). 

1.7 A short word on Drosophila 
One may wonder, why use flies? The answers to this question are relatively simple. 

Firstly, Drosophila have a short lifespan (10 days at 25oC from embryo to adult, 

(reviewed in Jennings, 2011) so large-scale screens like the one mentioned above can be 

carried out more swiftly than ones in mice. Other reasons include that Drosophila have 

many homologous genes and processes to humans, meaning that pathways are 

conserved, and often easier to look at, for example, in the case of Cbl family members, 

humans have 3, and Drosophila only have two, and in the case of Drosophila they are 

alternatively spliced from the same gene (Robertson et al., 2000). In general, there can 

be less redundancy in genes in Drosophila than mammals (reviewed in Brumby and 

Richardson, 2005), as the above example indicates. There are several tissues in the fly 

that are non-essential for development or fertility, such as the eye (as used in this study), 

wings, legs and others. Of particular use to the Drosophila researcher is the wealth of 

genetic tools available for manipulating gene expression in various tissues. Using the 

GAL4/UAS system (described in Section 2.2.4.1) one can study the effect of mis-

expression, knockdown, or endogenous expression levels with the careful choice of an 

appropriate driver attached to GAL4 and gene attached to UAS (reviewed in Jennings, 

2011). 
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1.8 Summary 
The Cbl family was first discovered in mammals, and only the first few domains (up to 

and including the ring finger tail) are necessary for E3 ligase activity (Visser and Lill, 

2005). E3 ligase activity is an important part of internalisation of RTKs and allows for 

Cbl to control cell signalling by the attenuation of signals received. Certain mutations of 

Cbl family members are oncogenic. These tend to obliterate the linker region in some 

fashion (reviewed in Thien and Langdon, 2001). Cbl interacts with many proteins, but 

in this study, I am primarily interested in its interactions with the EGFR, as it is what is 

used in our model system, the developing Drosophila eye. Prior to the commencement 

of this study, our lab performed a screen against GMR>Dv-cbl using the GS collection. 

Of the lines screened, 9/48 suppressors directly from the screen, and EP2254, and UAS-

Lk6 (both with equivalents in the screen and reported as Ras85V12 suppressors in (Huang 

and Rubin, 2000), were chosen for further investigation in the current work. The sense 

and antisense genes of closest proximity to the vector insertion site are varied, and their 

known function may help in determining the method the GS line uses in suppressing 

Dv-cbl. From these 11 lines, I selected two that expressed Akap200 and studied them 

further. Presented in this thesis is a published work on that. Other work is shown on 

other aspects of Akap200 function. In conclusion, I found that Akap200 is a mild 

suppressor of the Dv-cbl and Ras85DV12 phenotypes separately but is a very effective 

suppressor of the cooperative phenotype that is caused by these two oncogenes. 
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2 MATERIALS AND METHODS 
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2.1 MATERIALS 

2.1.1 Chemicals and Reagents 
The general laboratory chemicals and solvents used in this thesis were of reagent grade 

and obtained from Australian suppliers where possible. Table 2.1 lists the more 

specialised reagents with their supplier.  

Chemical /Reagent Source 

50 % dextran sulphate Pharmacia 

Acetone Univar 

Agarose Scientifix 

Chloramphenicol Sigma  

Denhardts 50x  Amresco 

Ethanol  BDH 

Formamide BDH 

Gel Red Biotium  

Heparin x1000 MP Biomedicals 

Horse Serum, Donor herd hybridoma tested, sterile 

filtered. 

Sigma 

Normal Goat Serum Sigma 

Orange G  Chroma-Gesellschaft 

Paraformaldehyde 16 % EM Grade Electron Microscopy 

Sciences 

Paraformaldehyde (powder) Acros Organics 

Phosphate buffered Saline 20x Amresco 

Polysorbate 20 (‘Tween 20’) Chem supply 

Prolong gold Molecular Probes 

Salmon sperm DNA Sigma 

Track it 1kb plus DNA ladder  Invitrogen 

Triton X-100 (TX-100)  Sigma 

TRIzol Invitrogen 

Yeast tRNA Sigma 

Table 2.1: Chemicals and Reagents  

2.1.2 Nucleotides 

Primers were ordered from Sigma at a concentration of 100M, then diluted in milliQ 

water and used at 10M. The T7 RNA polymerase site is underlined where relevant. 

  



18 

 

 

Oligo Gene Chromosomal 

Position 

(Release 5 

genome 

assembly 

(Hoskins et al., 

2007) 

Length Sequence 

 

Akap200-

f-new 

Akap200 2L:8428284..84

32303 

20 GATCTCGCCAAGGA

TCTGAA 

Akap200-

r-new 

Akap200 2L:8428432..84

32451 

20 TTGCGTTCTTTTGTT

GTTGC 

T7-

Akap200f

-new 

Akap200 with T7 

polymerase site 

2L:8428284..84

32303 

46 GGATCCTAATACGA

CTCACTATAGGGGA

TCTCGCCAAGGATC

TGAA 

T7 

Akap200-

r-new 

Akap200 with T7 

polymerase site 

2L:8428432..84

32451 

46 GGATCCTAATACGA

CTCACTATAGGG 

TTGCGTTCTTTTGTT

GTTGC 

GAPDH 

2A 1-f 

GAPDH 2A X:15760240..15

764258 

19 AGCCATCACAGTCG

ATTCC 

GAPDH 

2A 1 r 

GAPDH 2A X:15760516..15

764536 

21 GGTGCCCTTAAAAC

GTCCGTG 

Table 2.2: Oligonucleotides  

 

2.1.3 Antibodies 
Primary 

antibody 

Concentration Type 3rd instar eye disc 

expression pattern 

Source 

Cut 1:1000 Mouse 

monoclonal 

Cone cells and glial 

cells (Blochlinger 

et al., 1993). 

Developmental 

Studies 

Hybridoma 

Bank 

Prospero 

(Pros) 

1:500 Mouse 

monoclonal 

Cone cells, R7  

(Kauffmann et al., 

1996). 

DSHB 

embryonic 

lethal 

abnormal 

vision (elav) 

1:500 Rat Neuronal cells 

(Photoreceptor 

cells) (Robinow 

and White, 1991). 

DSHB 

Beta-

galactosidase 

(β-gal) 

1:500 Chicken Cells where lacZ 

has driven 

expression of β-gal 

(Kalnins et al., 

1983). 

Abcam 

Table 2.3: Primary Antibodies  

http://dshb.biology.uiowa.edu/
http://dshb.biology.uiowa.edu/
http://dshb.biology.uiowa.edu/
http://dshb.biology.uiowa.edu/
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Secondary antibody Concentration Source 

Goat anti mouse 594  1:500 Invitrogen 

Donkey anti rat 488  1:500 Invitrogen 

Donkey anti chicken 594 1:500 Jackson ImmunoResearch 

Donkey anti mouse 488  1:500 Invitrogen 

Table 2.4: Secondary Antibodies  

2.1.4 Drosophila strains 

2.1.4.1 GAL4 lines 

GAL4 line Chromosome Expression  Source 

(Glass Multimer 

Reporter)  

GMR-GAL4 

2 Cells in and behind 

morphogenetic furrow 

(Freeman, 1996) 

Dr M Freeman, 

MRC, 

Cambridge UK  

(Sevenless)  

sev-GAL4 

2 Precursors of R7, R1/R6, 

R3/R4 (Freeman, 1996), 

cone cells, and mystery 

cells. (Bowtell et al., 

1989) 

Bloomington 

Drosophila Stock 

Center (BDSC) 

GMR-GAL4, UAS-

Dv-cbl (Also termed 

‘GMR>Dv-cbl’) 

2 Drives Dv-cbl in GMR 

expression pattern above.  

Hime lab stock, 

Dept of Anatomy 

and 

Neuroscience, 

University of 

Melbourne. 

Table 2.5: GAL4 driver lines  
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2.1.4.2 Mutant and Transgenic lines 

Mutation or Transgene Chromosome Strain name (as 

used in text) 

Source 

w1118 (designated as + or 

wildtype in thesis) 

X w1118 BDSC 

Discussed in text 2 EP2254 BDSC 

Discussed in text X GS1120 Kyoto Drosophila 

genetic resource 

centre (DGRC)  

Discussed in text 2 GS2064 Kyoto DGRC 

Discussed in text 2 GS2208 Kyoto DGRC 

Discussed in text 2 GS2273 Kyoto DGRC 

Discussed in text X GS5217 Kyoto DGRC 

Discussed in text 2 GS8042 Kyoto DGRC 

Discussed in text 2 GS8088 Kyoto DGRC 

Discussed in text 3 GS9841 Kyoto DGRC 

Discussed in text 3 GS10268 Kyoto DGRC 

Discussed in text 3 GS10305 Kyoto DGRC 

Lk6 3 UAS-Lk6 BDSC (stock 8708) 

Dv-cbl 3 GMR-Dv-cbl Hime lab stock, 

University of 

Melbourne. 

Akap200 RNAi 

P{GD1207}v5647  

 

2 GD1207 v5647 Vienna Drosophila 

Resource Center 

(VDRC): Stock 

V5647 

Akap200 RNAi 

P{KK111598}VIE-260B  

2 KK111598 VIE-

260B 

VDRC: Stock 

V102374 

Akap200 RNAi 

y1 v1; 

P{TRiP.HM05018}attP2 

1,3 TRiP.HM05018 BDSC Stock BL 

28532 

P35 3 UAS-p35 Leonie Quinn, 

University of 

Melbourne. 

Ras85D 3 sev-Ras85DV12 Dr M. Simon, 

Stanford 

University, California, 

USA 

Akap200 2 BL10656 lacZ 

Akap200 stock 

BDSC 

Table 2.6 Mutant and Transgenic lines   
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2.1.4.3 Balancer Chromosomes 
Balancer Chromosomes (named by 

marker gene) 

Chromosome Marker Mutation 

CyO (aka SM6) 2 Curly wings 

MKRS 3 Stubble 

TM6B 3 Tubby, Humeral 

SM6.TM6B 2,3  Curly wings, Tubby, 

Humeral 

Table 2.7 Balancers  

2.1.4.4 Lines generated in the course of this project 
No new transgenic lines were made, but several lines combining the transgenes in 

Tables 2.5 and 2.6 were generated via intercross. 

The lines, their purpose, and the relevant mating schemes are shown below. In all 

crosses, females are on the left side of the x in accordance with conventions.  

2.1.4.4.1 Mating scheme type 1 
This was the most common type of mating scheme used in this project. Using this 

scheme several lines that had one transgene on chromosome 2 and one on chromosome 

3 were made. A typical scheme is shown below. 

For example, in order to make: GS2208 ; UAS-P35 

         SM6.TM6B                           

 

I    w- ; IF    ;    MKRS      x    GS2208       w- ; IF    ;    MKRS      x    UAS-P35 

            CyO     TM6B                                        CyO      TM6B           

 

   

II      GS2208 ;    +                    x               +     ;   UAS-P35 

         CyO           MKRS                             IF          TM6B 

 

 

III       rl                                  x     GS2208   ;  UAS-P35          

       SM6.TM6B                                IF             MKRS 

 

 

IV  Self    GS2208   ;  UAS-P35          

                             SM6.TM6B 

In some cases, the fused SM6.TM6B chromosome was lost if the strain was healthy 

enough to become homozygous for the other two mutant chromosomes. 
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Mutations 

or 

Transgenes 

Chromosome(s) Strain name (as used in 

text) 

Purpose 

Ras85DV12 2.3 sev-GAL4;sev-Ras85DV12 

SM6.TM6B 

To test suppression 

or enhancement of 

Ras85DV12 

Akap200, 

CG13398, 

P35 

2,3 GS2208;UAS-P35 To test suppression 

of Dv-cbl and 

Ras85DV12 

cooperation by 

Akap200 in the 

absence of apoptosis. 

Akap200, 

P35 

2,3 EP2254;UAS-P35 To test suppression 

of Dv-cbl and 

Ras85DV12 

cooperation by 

Akap200 in the 

absence of apoptosis. 

Table 2.8: Lines made using mating scheme type 1 

2.1.4.4.3 Mating scheme type 2 
To make this line, the third chromosome was recombined, then mating scheme type 1 

was attempted in order to complete the line, however, no flies of the correct genotype 

survived. A more roundabout way of building this line was then attempted, and it was 

balanced on two separate balancer chromosomes rather than the fused balancer used in 

mating scheme type 1. 

 

Mutations 

or 

Transgenes 

Chromosome(s) Strain name (as used in text) Purpose 

GMR-Dv-

cbl, rasV12 

2,3 GMR-GAL4;GMR-Dv-cbl,sev-Ras85DV12 

        CyO                   MKRS 
Test of  

suppression/e

nhancement 

of Dv-cbl and 

Ras85DV12 

cooperation 

Table 2.9 Lines made using mating scheme type 2 
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To make:  GMR-GAL4  ;   GMR-Dv-cbl , sev-Ras85DV12 

CyO          MKRS 

I GMR-Dv-cbl x    sev-Ras85DV12 

 GMR-Dv-cbl   x   w1118 

II    sev- Ras85DV12  

III w- ; IF  ; MKRS    x   GMR-GAL4      GMR-Dv-cbl, sev-Ras85DV12   x  w- ; IF  ;  MKRS 

      CyO  TM6B    +                                    CyO   TM6B 

IV    rl  x    GMR-GAL4  ;     + w- ; IF  ;  MKRS  x  IF  ; GMR-Dv-cbl, sev- Ras85DV12 

   SM6.TM6B         CyO               MKRS   CyO      TM6B    + MKRS 

V    GMR-GAL4;MKRS           x     IF or +  ;   GMR-Dv-cbl, sev- Ras85DV12 

        SM6.TM6B       CyO                TM6B 

VI Selfed GMR-GAL4  ;   GMR-Dv-cbl , sev- Ras85DV12 

     CyO                            MKRS 

Note: In generation V, it would have been impossible to tell if the male parents had irregular facets or not, 

due to the extremely rough eye caused by co-expression of GMR-Dv-cbl and sev-Ras85DV12. However, by 

selecting for CyO and MKRS in the next generation eliminates the possibility of having irregular facets 

and ensures selection of GMR-GAL4. 

2.1.4.4.4 Mating scheme type 3, ‘clean up’ crosses. 
It was sometimes necessary to balance lines on the fused balancer SM6.TM6B in order 

to pick the correct genotype for third instar larval dissections. This was performed on 

GS10268 and GS9841. 

2.1.5 Media and Buffers 

2.1.5.1 Bacteria Media  
Luria Broth was prepared by the media kitchen at the Department of Microbiology and 

Immunology at the University of Melbourne. 

2.1.5.2 Buffers and Standard Solutions 
PBS was obtained from Amresco in a 20x concentrate. 

TAE (Tris-acetate EDTA) buffer was obtained from Amresco. 

Tissues stained with the cut antibody were washed in PBT (PBS with 0.1% Triton X 

100), and the antibody was incubated in PBTn (PBT with 5% Normal Goat Serum). 

Tissues stained with the elav, Pros, and β-gal antibodies were washed with PBT (PBS 
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with 0.2% Triton X 100) and the antibody was incubated in PBTH (PBT with 5% Horse 

Serum, Donor herd hybridoma tested, sterile filtered). 

20x SSC buffer was obtained from Robb DeIongh’s lab in the Department of Anatomy 

and Neuroscience and had been made according to the recipe in (Sambrook and Russell, 

2001). 

mRNA in situ hybridisation buffers were made to the following recipes: 

Hybridisation buffer 

50 % Formamide 

4x SSC  

1x Denhardt’s 

10g/ml yeast tRNA  

250g/ml salmon sperm DNA 

50g/ml heparin  

0.1 % Tween 20  

5 % dextran sulphate (added just before prehybridisation) 

Wash buffer 

50 % formamide  

2x SSC (diluted 20x 1:10) 

0.1 % Tween-20 

AP buffer 

100mM Tris Cl (pH 9.5) 

100mM NaCl  

50mM MgCl2  

0.1 % Tween 20 

2.1.5.3 Drosophila culture medium. 
Drosophila were cultured on Semolina and Molasses medium which was prepared by 

the research assistants of the Department of Anatomy and Neuroscience fly labs. 

2.2 METHODS 

2.2.1 Drosophila culture and genetics 

2.2.1.1 Culture 
Stocks were maintained at room temperature on Semolina and Molasses medium. 

Crosses were performed at 25oC on Semolina and Molasses medium supplemented with 

live yeast. 

2.2.1.2 Genetics 
All crosses were performed by intercross of virgin females to males of the appropriate 

genotypes, resulting in heterozygous progeny that were analysed. The genotypes are 

specified in the text. 
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2.2.2 Histology, Microscopy, and Imaging 

2.2.2.1 Immunohistochemistry of larval tissues. 
Imaginal discs were dissected in PBS and fixed in 4% paraformaldehyde for 30 minutes 

at room temperature, then put back in PBS and washed 3 x for 10 minutes each in PBT 

(with either 0.1 or 0.2% Triton X 100 depending on the antibody as above). Samples 

were incubated in primary antibody diluted in either PBTn or PBTH (depending on the 

antibody as above) overnight at 4oC, washed for 3 x 10 minutes in PBT and incubated in 

secondary antibody for 2 hours at room temperature, then the discs were washed with 

PBT, again for 3 x 10 minutes, and mounted in Prolong Gold (Molecular Probes). The 

antibodies used are in Table 2.3. 

Confocal microscopy was performed on either the LSM 510 Meta or the LSM 5 Pascal 

confocal microscopes located in the Department of Anatomy and Neuroscience. Images 

were z stacked and scale bars added in Zeiss LSM Image Browser Version 4,2,0,121. 

2.2.2.2 mRNA in situ hybridisation to larval tissues  
The pOT2 plasmid (Appendix 1) containing Akap200 cDNA LD42903 from the  

Berkeley Drosophila Genome Project (Lin et al., 2007) was used as the source for the 

DNA template to generate labelled RNA probes. Bacteria containing plasmid were 

grown in 25µg/ml chloramphenicol containing Luria broth overnight at 37oC then the 

plasmid was extracted using a QIAprep Spin Miniprep Kit (Qiagen) (according to the 

manufacturer’s instructions). Plasmid integrity was confirmed by DNA sequencing 

conducted by the Sequencing and Genotyping Facility in the Pathology Department of 

the University of Melbourne.  

To synthesise the template for the sense and antisense DNA probes, Touch-down PCR 

was performed using a Biorad DNA Engine Peltier Thermal Cycler.  

The cycles used were: 

Pre PCR   94 oC 5 min 

 

Cycle 1  94 oC 1 min 

65 oC 1 min 

72 oC 1 min 

 

Cycle 2   94 oC 1 min 

64 oC 1 min* 

72 oC 1 min 

 

… *Decrease the second step of the cycle by 1 oC until… 

Cycle 11  94 oC 1 min 
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55 oC 1 min 

72 oC 1 min 

 

Cycle 12- 41  94 oC 1 min 

55 oC 1 min 

72 oC 1 min 

 

Final Extension 72 oC 10 min  

25 oC 15 min 

End. 

 

The antisense probe was generated using the primers Akap200-f-new and T7 Akap200-

r-new, and the sense probe made using the primers Akap200-r-new and T7-Akap200f-

new. The primer sequences are in Table 2.2. The products were electrophoresed on a 1.5 

% Agarose gel and purified using a PureLink® Quick Gel Extraction Kit (Invitrogen), 

according to the manufacturer’s instructions. RNA probes were made to the 3’ end of 

the transcript, thus recognising all Akap200 isoforms, using the Megascript T7 kit 

(Ambion). A map of the transcripts with the location to which the probe is directed 

against is shown in Figure 2.1. To synthesise the digoxygenin (DIG) labelled probes, 

30l of DNA template was added to 4l DIG RNA labelling mix (Roche) 2l enzyme 

mix and 4l 10x reaction buffer and incubated at 37oC overnight, then treated with 

TURBO DNase (in T7 kit) 37oC for 15 minutes. The RNA was precipitated by adding 

50l LiCl precipitation mix (in T7 kit) and 150l cold ethanol (-20oC), then put at -80oC 

for 1 hour. The pellet was washed with 70 % EtOH and then resolubilised in 30µl 

nuclease free deionised water. 

To perform the in situ hybridisation, 3rd instar imaginal eye discs were dissected in cold 

PBS then fixed in 4 % paraformaldehyde on ice for 20 minutes. The discs were next 

fixed at room temperature for 20 min in 4 % paraformaldehyde in PBS containing 0.6 % 

Triton X 100 and then washed three times with 0.6 % Triton X 100 in PBS. The tissues 

were pre-hybridised for 1 hour at 55oC in Hybridisation buffer, then hybridised 

overnight at 55oC in Hybridisation buffer (prewarmed) which contained 5g/ml of sense 

or antisense DIG-labelled RNA probe. The tubes were left on their sides. The following 

day the tissues were washed 4x in wash buffer at 55oC, where the washes were changed 

every 2-3 hours, and left in wash buffer overnight at 55oC. The next day the tissues  



Figure 2.1: Location of probes

HSP(1) marks the location of probes with respect to the gene transcript. There is an antisense probe T7
site on forward primer, and a sense T7 site on reverse primer.
The Genome map is from: http://flybase.org/cgi-
bin/gbrowse2/dmel/?ref=2L;start=8428284;stop=8432303;add=2L%20BLAST%20HSP%281%29%208
430284..8430303;h_region=2L:8430284..8430303; 
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were washed in PBS with 0.1 % Tween-20 PBS (PBS/Tween) for 30 min, which was 

followed by 2 hours incubation with anti-DIG antibody (Roche) 1:2000 in PBS/Tween 

with 5 % Normal goat serum at room temperature, then washed 4x 20 min in 

PBS/Tween, and then the PBS/Tween was removed and replaced with AP buffer. The 

signal was detected in AP buffer containing NBT/BCIP (Roche) at 37oC for 

approximately 45 minutes. Then the tissues were mounted in 80 % glycerol in PBS and 

imaged on a Zeiss Axioskop 2 Plus microscope. 

 

2.2.2.3 Scanning electron microscopy 
Adult female flies were dehydrated through an acetone series (30, 50, 70, 100, 100 % 

‘Dry’ acetone) then air dried in a fume hood, mounted on carbon stubs and sputter 

coated with an Edwards S150B Gold Sputter Coater.  The eyes were then imaged on a 

Philips XL30 FEG field emission scanning electron microscope.  

In the course of selecting flies for SEM, several adult flies of each genotype were 

gassed with carbon dioxide and laid out, then scored by visual inspection on a dissecting 

microscope, comparing the consistency of phenotype within each genotype, and 

comparing each genotype to its appropriate control(s).  

2.2.2.4 Image manipulation 
Images were cropped and arranged using Microsoft Office PowerPoint 2016, or Adobe 

Photoshop CS6, and brightness and contrast were adjusted in Microsoft Office 

PowerPoint 2016. 

2.2.3 Molecular Biology 

2.2.3.1 Isolation of RNA from adult fly heads. 
20 adult female fly heads were severed and ground using an autoclaved pestle in an 

Eppendorf tube containing 100µl of TRIzol (Invitrogen).  Then RNA was extracted 

according to the manufacturer’s instructions. 

2.2.3.2 Quantitative Real time PCR 
cDNA was produced by Reverse Transcriptase-PCR with Superscript III reverse 

transcriptase (Invitrogen) according to the manufacturer’s instructions. Internal 

standards (GAPDH (housekeeping gene) and Akap200) were made by amplifying the 

cDNA using touch down PCR, then gel purified using the PureLink® Quick Gel 

Extraction Kit (Invitrogen) and diluted to the appropriate concentrations. 
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qRT-PCR was set up in triplicate using platinum Taq (Invitrogen) and Sybr Green 

(Fisher). qRT-PCR was performed on a Corbett Rotor-Gene 3000 in the Department of 

Physiology (The University of Melbourne). 

2.2.4 An explanation of systems and collections used in this project- the 

tools. 

This project makes frequent use of the GAL4/UAS system of targeting expression of 

transgenes in Drosophila tissues. Lines from several collections of UAS, gene and 

RNAi stocks were used (see Table 2.6). 

2.2.4.1 The GAL4/UAS system- Targeted expression of transgenes in 

Drosophila tissues. 
The GAL4/UAS system was developed by (Brand and Perrimon, 1993). It is a method 

of separating the elements needed for gene transcription, by using the yeast transcription 

activator protein GAL4, and its target sequence, the Upstream Activation Sequence 

(UAS). Both the GAL4 and the UAS sequences are required for transcription and can be 

separated into separate lines and remain transcriptionally inert as GAL4 does not have 

any endogenous fly targets, and UAS is not activated by any fly promoters (Brand and 

Perrimon, 1993, and reviewed in Duffy, 2002), and shown in Figure 2.2). 

GAL4 binds to and activates the UAS and any downstream genes. The UAS consists of 

five optimised GAL4 binding sites in tandem (Brand and Perrimon, 1993). Collections 

of lines with GAL4 linked to a promoter, and UAS linked to a gene of interest are 

readily available. By simply crossing a line with a promoter-GAL4 insertion to flies 

with a UAS-gene of interest results in the gene of interest being expressed in the pattern 

of the promoter linked to GAL4. With a collection of promoter-GAL4 and UAS-gene of 

interest lines, one could potentially test the effects of expressing a particular gene of 

interest under the control of all of the promoters, or test several different genes under 

the control of one promoter, without having to make a new line for each (Brand and 

Perrimon, 1993 and reviewed in Duffy, 2002).  

In addition, the use of reporter genes such as GFP and lacZ allow for discovery of 

where novel enhancers drive expression (Brand and Perrimon, 1993 and reviewed in 

Duffy, 2002). The separation of the promoter and the gene of interest allows for lethal 

genes to be investigated. This is achieved by placing the UAS upstream of the lethal 

gene and making a line from this. The lethal gene is only expressed when the UAS- 



Figure 2.2: The GAL4/UAS system
In the parent, ‘Enhancer-GAL4’, GAL4 is made, but it is not able to 
activate anything as there are no UAS sites for it to bind. In the 
offspring, the enhancer is activated as in the parent, producing GAL4, 
which then travels to the UAS sites and activates transcription of the 
gene of interest. GAL4 is a yeast transcriptional activator and will not 
activate other Drosophila genes. Based on an image from (Brand and 
Perrimon, 1993). Knitted Drosophila pattern modified from ‘Not So 
Common House Fly’ by Christine Grant.

x

Enhancer- GAL4 UAS -gene of interest

GAL4 GAL4

Enhancer- GAL4

GAL4

UAS -gene of interest
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lethal line is crossed to a GAL4 line. This method also allows testing for suppressors of 

lethality (Brand and Perrimon, 1993 and reviewed in Duffy, 2002). It was shown in an 

earlier study that the only sequences that were transcribed by GAL4 in flies were those 

in which a UAS sequence had been inserted by the researcher and that no endogenous 

transcription was present (Fischer et al., 1988). Once the GAL4/UAS system was 

developed, this facilitated several new screens. Several collections of lines were 

subsequently produced and made publicly available. These collections can be easily 

ordered, then crossed as required to the desired flies and any changes to the original 

phenotype examined. In this thesis fly lines from the following collections were used: 

Enhancer Promoter (EP), Gene Search (GS), phiC31 RNAi Library (KK), P-Element 

RNAi Library (GD), and the Transgenic RNAi Project (TRiP). In addition to flies from 

the aforementioned collections, two transgenic lines that had been developed previously 

(UAS-Dv-cbl, made by Hannah Robertson) and UAS-Lk6 (obtained from the 

Bloomington Drosophila Stock Centre) were also used in this study. 

2.2.4.2 The EP and GS systems were used for finding novel genes 

2.2.4.2.1 The EP lines 
Soon after (Brand and Perrimon, 1993) developed the GAL4/UAS system, (Rørth, 

1996) developed a vector based on this system for conducting ectopic expression 

screens. (Rørth, 1996) made the EP lines, which used a P element vector named EP 

which contained several GAL4 binding sites, and a minimal promoter which directs 

transcription of genomic genes adjacent to the vector insertion site, (Figure 2.3) (Rørth, 

1996). This generally drives gene overexpression as P elements frequently insert into 

the 5’ UTR of genes (Spradling et al., 1995). Most EP lines made a full-length sense 

transcript for this reason (Rørth et al., 1998). In this study, the EP line EP2254 is used. 

2.2.4.2.2 The Gene Search System 
A later collection of P-transposable element lines is the Gene Search Collection, 

developed by (Toba et al., 1999). This used the Gene search system vector to screen 

genes, which is somewhat different to the EP vector. Several related vectors were 

generated, and some of them are represented in the lines used in this work, namely 

GSV1 (GS2208, GS2064, GS2273), GSV2 (GS5217), GSV3 (GS8042) and GSV6 

(GS9841, GS10268, GS10305). The key differences in each vector are as follows:  

GSV1 has a UAS sequence at either end of the vector and can drive expression of 

nearby genes in both directions. GSV2 and GSV3 have only one UAS sequence, on the 
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opposite side to each other, each driving expression in only one direction. These two 

vectors are essentially the same. GSV6 has two UAS sequences, but one is linked to a 

GFP coding sequence and a stop codon following GFP. So only the genes on the 

opposite side to the GFP sequence will be driven by this driver, but the expression 

pattern will be marked by GFP staining (Figure 2.4). All GS lines and EP lines have 

several GAL4 acceptor sites (UAS sequences) inserted into a P element vector that can 

be used to drive expression of nearby genes (Rørth, 1996; Toba et al., 1999). Depending 

on the position of the insertion site, a partial transcript or antisense sequence may be 

made, rather than a complete copy of the gene.  

2.2.4.3 RNAi lines 
First observed fortuitously in petunias and practically applied in C. elegans, RNAi has 

been used in several systems to knock down genes (reviewed in Sen and Blau, 2006). 

More recently, the development of transgenic Drosophila RNAi lines has been 

undertaken, wherein lines that encode inverted repeats designed to match the sequence 

of the mRNA that is produced by the gene that is the target for knock down. These 

transgenics are made using modified pUAST vectors and are thus controlled by the 

GAL4/UAS system, which was described in Section 2.2.4.1. When transcribed, these 

inverted repeats fold over on themselves forming a segment of double-stranded RNA 

(either a long or short hairpin RNA depending on the length of the inverted repeat) that 

be targeted by the cell’s RNAi machinery, and results in the knockdown of the target 

gene (Figure 2.5) (reviewed in Heigwer et al., 2018). Several libraries of RNAi lines 

have been produced, the first being the collection now held at the Vienna stock centre 

developed by (Dietzl et al., 2007). In this project, I used one line from the Vienna 

Drosophila Research Centre’s GD collection, and one from their KK collection. From 

the Transgenic RNAi project at Harvard Medical School, I also used one line. 

 



Figure 2.3: EP vector
Modified from (Rørth, 1996). This vector shows that there are several
UAS sites (GAL4 binding site) in the enhancer, so that downstream
genes will be transcribed.

Figure 2.4: GSS vectors
(Toba et al., 1999) developed the gene search system, which was 
used in a misexpression screen of GMR>Dv-cbl. (Toba et al., 1999)
used several vectors to develop their collection (taken from 
http://gsdb.biol.se.tmu.ac.jp/~dclust/gs_system/gs_system.html). 
GSV1 drives expression in both directions, GSV2 and GSV3 in one 
direction only. GSV6 drives expression in both directions, but only 
one flanking gene. The other side drives expression of GFP, hence 
the expression pattern of the driver will be marked with GFP. GSV7 
was not represented in our experiments. 



Figure 2.5: RNAi methods in Drosophila
Modified from a figure from (Heigwer et al., 2018). (a) shows that the
shRNA molecules are expressed by the UAS/GAL4 system. After
expression, the shRNA is processed as shown in (b), which shows the
degradation of shRNA molecules by dcr-2 and R2D2 and loading of
single stranded RNAi into the RISC complex from where it targets
complementary sequences and results in its breakdown, and subsequent
knockdown of protein production.
.

(a) (b)
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2.2.4.3.1 The GD and KK Genome-wide RNAi libraries (Vienna) 
 

The GD library was created first and covers 91% of the protein-coding genes in 

Drosophila (http://stockcenter.vdrc.at/control/library_rnai). pMF3, a modified pUAST 

vector was used, containing 10 UAS sites. Inverted repeats 300-400bp long 

corresponding to the target gene were inserted into the vector, and the vector was 

allowed to insert anywhere in the genome. The lines were then tested for the potential of 

the inverted repeat to target any unintended genes (Dietzl et al., 2007). The GD RNAi 

line used in this thesis, GD1207 v5647 has no off targets. It targets Akap200.  Later, the 

KK library was developed to cover some of the genome not yet served by the GD 

library and covers 69% of the genome (http://stockcenter.vdrc.at/control/library_rnai). 

The KK library uses the pKC26 vector, which also has 10 UAS sites and an attB site. 

Instead of allowing the vector to insert anywhere in the genome, the pKC26 vector was 

targeted to one site using the attB site which targeted it to the pKC43 landing site. It 

was later found that there were two potential target sites for vector insertion, affecting 

approximately 25% of the collection (Vissers et al., 2016). I have adequately controlled 

for KK111598 VIE-260B, the Akap200 KK line used, as I also used a GD line and a 

TRiP line (see below) against this gene.  

2.2.4.3.2 Transgenic RNAi project lines used 
The third collection of RNAi lines were from The Transgenic RNAi Project (TRiP). 

These lines were made by (Ni et al., 2008), and are held at the DRSC Functional 

Genomics Resources Center in the Harvard Medical School. To make the TRiP 

collection, the phiC31 site-specific integration method was utilised, using one optimal 

site each on the second and third chromosomes, attP40 on the 2nd chromosome, attP2 on 

the third chromosome (Ni et al., 2008, 2009), and inserted a sequence that would 

produce a hairpin RNA molecule, using first the Vermilion-AttB-Loxp-Intron-UAS-

MCS (VALIUM) vector they developed (Ni et al., 2008) (later named VALIUM1) and 

following that optimised it to make VALUIM10 and other vectors. The TRiP line used 

in this project TRiP.HM05018 attP2 (Akap200 RNAi) was made using VALIUM10 (Ni 

et al., 2009), see also (Figure 2.6), which makes long hairpin RNA (Perkins et al., 

2015). 

http://stockcenter.vdrc.at/control/library_rnai
http://stockcenter.vdrc.at/control/library_rnai


Figure 2.6: The VALIUM10 vector
VALIUM10 was the second vector used developed in the TRiP project,
and was more effective than VALIUM1, the first one developed. Both
produce long double stranded RNA molecules.
Vector image taken from:
https://fgr.hms.harvard.edu/knockdown-vectors.
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3 RESULTS: Characterisation of genes that suppress the Dv-cbl 

phenotype. 
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3.1 Introduction  
In Chapter 1, an enhancer/suppressor screen to modify the phenotype of the oncogenic 

Dv-cbl allele carried out prior to this study was described. In that screen, scoring by 

light microscopy did not provide a definitive result for the original screen, so they were 

rescreened in this work using light microscopy. In this chapter, a subset of the 

suppressors found in that screen were re-examined more closely. This subset and the 

known functions of genes identified in the screen can be found in Table 3.3. Except for 

UAS-LK6 and EP2254, all the lines investigated in this chapter were the original GS 

lines identified in the screen. UAS-Lk6 and EP2254 represented genes found in the 

screen that were also implicated as suppressors of Ras85DV12 (Huang and Rubin, 2000).  

Lk6 was identified as a suppressor of Dv-cbl as GS3037, but as a UAS-Lk6 line was 

available, it was used instead. In this chapter, the adult heterozygote phenotype of each 

line crossed to GMR-GAL4 and GMR>Dv-cbl was examined using scanning electron 

microscopy to assay the final adult phenotype of the eye in fine detail and then using the 

Cut antibody to mark developing cone cells in the 3rd larval instar. The figures 

associated with these data are presented such that the top row of each group consists of 

GMR-GAL4 (shown on the left) crossed to the strain listed above. In Table 3.3 at the 

end of this chapter, each mode of suppression is given one point each, an aggregate 

score of 0-4 is shown in the table, and a potential method of suppression is proposed 

based on the results of the assays and the previously known functions of the genes. 

 

3.2 Suppression of Dv-cbl was confirmed using scanning electron 

microscopy of adult female eyes 
The first assay used was scanning electron microscopy (SEM) of the adult eye. Eyes 

were scored visually, then were taken through an acetone series and prepared for SEM. 

Several eyes from each genotype were examined by light microscopy and a subjective 

assessment was made as to whether they appeared to be suppressing the Dv-cbl 

phenotypes of overgrowth and roughness. Representative eyes were then imaged by 

SEM. Dv-cbl overgrowth is evident as an enlarged and bulgy eye as per (Robertson et 

al., 2000). 
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3.2.1 Confirmation of suppression of the GMR>Dv-cbl heterozygote adult 

eye phenotypes by P-element strains 
The GMR-GAL4 heterozygote phenotype (Figure 3.1a), (wildtype 

control) shows a clear demarcation of each ommatidial unit which are 

arranged in an organised lattice. In the Dv-cbl heterozygote mutant, outlined in yellow 

for clarity (Figure 3.1e), the ommatidial lattice was disturbed, in that the individual 

subunits were no longer neatly organised. Some ommatidia are larger, with extra R7 

like cells, some are fused with their neighbours, the eye takes on a generally rough 

appearance (as originally described in Robertson et al., 2000), and the entire eye is 

overgrown compared to the wildtype control. Roughness reflects a disorder in the 

differentiation and arrangement of ommatidia and overgrowth indicates that excess 

tissue has been generated during eye differentiation. In this figure, I was looking for 

suppressors of this phenotype in the P element lines crossed to GMR>Dv-cbl.  
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Figure 3.1: Suppression of the Dv-cbl adult phenotype in adult eyes
Scanning electron micrographs of female adult flies taken at 450x.
These flies are the offspring of the females with the genotype in
vertical text and males in horizontal text. The genotypes of the
offspring are listed below with their corresponding letter identifier. The
images are oriented so that the posterior side of the eye is on the left.
The images are also sorted into three groups: suppressors of
overgrowth and roughness, suppressors of roughness only, and
suppressors of overgrowth only, which are colour coordinated
accordingly. The bright blue text and line indicates the offspring that
are not as overgrown or rough than the GMR>Dv-cbl/+ flies, which
suggests that the genes expressed by the P element line suppress these
elements of the GMR>Dv-cbl/+ phenotypes. Likewise, the flies coded
in maroon were only able to suppress the roughness of the GMR>Dv-
cbl phenotype, and in khaki are the flies only able to suppress the
overgrowth of the GMR>Dv-cbl control fly. This coding is shown in
the lines above each group, the text colour in the figure, and the
legend. Each cross to GMR>Dv-cbl has an internal control where the
male parent was instead crossed to GMR-GAL4. These samples
phenotypically resemble the wildtype with the exception of (i). The
wild type, internal controls and the Dv-cbl mutant are in black text.
The Dv-cbl control, against which suppression is scored, is enclosed in
a yellow box.

(a) GMR-GAL4/+, (b) GMR-GAL4/+ ; GS10305/+, (c) GS1120/X; 
GMR-GAL4/+, (d) GMR-GAL4/EP2254, (e) GMR>Dv-cbl/+, (f) 
GMR>Dv-cbl/+ ; GS10305/+, (g) GS1120/X ;GMR>Dv-cbl/+, (h) 
GMR>Dv-cbl/EP2254, (i) GMR-GAL4/GS2273, (j) GS5217/X; GMR-
GAL4/+, (k) GMR-GAL4/GS2208, (l) GMR-GAL4/GS8042, (m) 
GMR>Dv-cbl/GS2273, (n) GS5217/X; GMR>Dv-cbl/+, (o) GMR>Dv-
cbl/GS2208, (p) GMR>Dv-cbl/ GS8042, (q) GMR-GAL4/+; UAS-
Lk6/+, (r) GMR-GAL4/GS2064, (s) GMR-GAL4/+; GS9841/+, (t) 
GMR-GAL4/+ ; GS10268/+, (u) GMR>Dv-cbl/+; UAS-Lk6/+, (v) 
GMR>Dv-cbl/GS2064, (w) GMR>Dv-cbl/+; GS9841, (x) GMR>Dv-
cbl/+ ; GS10268/+.
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Genotype Suppression n Description Frequency 

of 

suppression 

GMR-GAL4/+ N/A n=163 wildtype N/A 

GMR>Dv-cbl/+ N/A n=288 Slightly rough eyed 

orange eyed- slightly 

larger than GMR-GAL4/+ 

N/A 

GMR>Dv-cbl/EP2254 SR, SO 

 

n=84 Bright red eyes slightly 

rough  

++ 

GS1120/+;GMR>Dv-

cbl/+ 

SR, SO 

 

n=66 Bright red eyes- wild type 

looking suppressor. 

++ 

 

GMR>Dv-cbl/GS2064 SO n=25  All look same- seems 

suppressed 

++ 

 

GMR>Dv-cbl/GS2208 SR n=36  Same size as GMR>Dv-

Cbl/+ a bit less rough. 

Slightly rough eyes- 

centre of ommatidia seem 

a bit translucent 

++ 

GMR>Dv-cbl/GS2273 SR n=80 Bright red eyes slight 

suppressor of Dv-cbl 

++ 

 

GS5217/+ ;GMR>Dv-

cbl/+ 

SR n=151 looks suppressed ++ 

GMR>Dv-cbl/GS8042 SR n=9  Slightly rough  ++  

GMR>Dv-cbl/+; 

GS9841/+ 

SO n=16 all very rough ++ 

 

GMR>Dv-cbl/+; 

GS10268/+ 

SO n=60 Bright red rough eyes, 

probable Dv-cbl 

suppression 

++ 

 

GMR>Dv-cbl/+; 

GS10305/+ 

SR, SO n=12 Red slightly rough eyes ++ 

GMR>Dv-cbl/+; 

UAS-Lk6/+ 

SO n=55 Eyes looked rough 

13 had very slight 

deterioration --variance in 

phenotype 

Could not see suppression 

of Dv-cbl 

++ 

 

Table 3.1 Visual scoring of adult eyes  

Eyes were examined under a dissecting microscope, then scored by eye, and up to 10 

were prepared for SEM. 

Key: ++ >75 % consistent, + >50 % consistent, SR= suppression of roughness, SO= 

suppression of overgrowth 
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3.2.2 Suppressors of both eye overgrowth and roughness. 
The controls for GS10305, GS1120, and EP2254 (Figure 3.1b, c, d) maintained a 

predominantly wildtype phenotype, almost identical to wildtype (Figure 3.1a), retaining 

a regular appearing array of ommatidia. 

GS10305, GS1120, and EP2254, (Figure 3.1f, g, h) showed the most effective 

suppression of the Dv-cbl mutant phenotype (Figure 3.1e), as the eyes were all less 

overgrown and the ommatidial array more ordered (less rough) than the Dv-cbl mutant. 

Therefore, the ability of GS10305 and GS1120 to suppress the adult Dv-cbl phenotype 

was confirmed, and it was established for EP2254. 

3.2.3 Suppressors of eye roughness. 
The controls for GS2273, GS5217, and GS8042 (Figure 3.1i, j, l) had wildtype 

appearing eyes, whereas the control for GS2208 (Figure 3.1k) had the greatest effect on 

the wildtype phenotype, with a somewhat rough adult eye, and a slight increase in 

overgrowth above the wildtype, suggesting that GS2208 has some effects on eye 

development independent of Dv-cbl. GS2273, GS5217, and GS8042 (Figure 3.1m, n, p) 

were suppressors of the eye roughness caused by Dv-cbl overexpression (Figure 3.1e), 

as the neurocrystalline lattice was more organised in these samples, with fewer fused 

ommatidia, but the eye remained overgrown. GS2208 (Figure 3.1o) was also able to 

mitigate the roughness caused by Dv-cbl overexpression in the eye, but as the 

expression of GS2208 on its own (Figure 3.1k) caused roughness, this may be 

antagonism rather than suppression. Therefore, this result confirms suppression of the 

Dv-cbl phenotype by GS2273, GS5217, and GS8042, and suggests that antagonism may 

be occurring as a result of GS2208 and Dv-cbl co-expression. 

3.2.3 Suppressors of whole eye overgrowth only. 
The internal controls for Lk6, GS2064, GS9841, and GS10268 (Figure 3.1q, r, s, t) had 

wildtype appearing eyes. Lk6, GS2064, GS9841, and GS10268, (Figure 3.1u, v, w, x) 

reduced the size of the adult eye compared to the Dv-cbl control (Figure 3.1e) but had 

minimal effect on the roughness associated with the Dv-cbl heterozygote. Therefore, 

suppression of the Dv-cbl phenotype: overgrowth was confirmed for GS2064, GS9841, 

and GS10268, and established for Lk6.  

3.2.4 Summary of SEM results 
Three lines were able to suppress Dv-cbl mediated roughness and its associated 

overgrowth, four were able to suppress roughness only, however as one of the lines, 



44 

 

GS2208 was rough without the presence of Dv-cbl, the reduced roughness in (Figure 

3.1m) was potentially caused by antagonism of Dv-cbl and the gene or genes expressed 

in GS2208. Four were suppressors of overgrowth only and did not appear to ameliorate 

the roughness associated with the GMR>Dv-cbl phenotype. This may be due to the 

limitations of light microscopy used for the initial screening. Under a light microscope, 

individual ommatidia cannot be discerned, and a suppression of either eye size or 

roughness (or both) would be interpreted as a suppression of the overall Dv-cbl 

phenotype. It is only using high-resolution imaging such as scanning electron 

microscopy that the adult eye can be clearly imaged at an ommatidial level and more 

fine measurements on differences in overgrowth and roughness of the eyes can be made. 

However, the original screen involved thousands of crosses, so performing SEM on all 

of them would have been expensive and impractical and was thus only performed on a 

subset of interesting flies, as shown in this work. 

3.3 Suppression of Dv-cbl was also examined during eye development using 

immunohistochemistry with anti-CUT 
Following SEM, these lines were tested for the ability to suppress Dv-cbl earlier in 

development. With that in mind, I dissected and stained third instar eye discs, to 

visualise cone cells. Cone cells are recruited to the developing ommatidia after the 

photoreceptor cells, and before the pigment and bristle cells (Described in 1.4: Cbl in 

Drosophila eye development). The cone cells secrete the lens (Tomlinson, 1985), and 

are marked by the homeodomain transcription factor Cut (Blochlinger et al., 1993). Cut 

is expressed in all sensory organ precursors in the embryo, including presumptive glial 

cells (Blochlinger et al., 1990). It is also expressed in cone cells through the larval to 

adult stages (Blochlinger et al., 1993), and in the third instar eye disc in the carpet glia, 

wrapping glia and haemocytes (Bauke et al., 2015). In this experiment, I was only 

interested in the pattern and size of the cone cells in the third instar eye disc, which I 

could discern without issue as cone cells are not in the same focal plane as glial cells 

and haemocytes (Bauke et al., 2015), so only cone cells are shown in the following 

figure. The confocal micrographs shown in this figure are given in the order of the SEM 

micrographs of the same genotype shown in the previous figure. The categories the 

previous figure defined are shown in this figure, and the corresponding categories with 

respect to cone cell phenotype are also shown. Within the cone cell phenotypes, 

suppression of size refers to the suppression of the size of the individual cone cells. A 
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suppression of array order refers to the arrangement of the cone cells into discernible 

ommatidial groups of 4 cone cells each, and how ordered the groups are in relation to 

each other. The same set of crosses was performed as in the previous section, but 

instead of being analysed as adults, the offspring were dissected as third larval instars 

and the eye imaginal discs stained with an antibody against Cut.  

The cone cell pattern is very well ordered in the wildtype third instar eye disc with an 

orderly array of cone cells into 4-cell clusters that 

correspond to the nascent ommatidia, as marked by Cut staining (Figure 3.2a). Driving 

Dv-cbl under the control of GMR-GAL4 leads to an increase in cell size, a clear 

disruption of the ommatidial array, and the occasional addition of an extra cone cell to 

an ommatidium (Figure 3.2e). As in Figure 3.1, the GMR>Dv-cbl heterozygote is 

outlined in yellow for clarity. 

3.3.1 Differential effects of GS10305, GS1120, and EP2254  

The control for GS10305 (Figure 3.2b) had a somewhat disordered cone cell array and 

contained larger than wildtype cells. GS1120 (Figure 3.2c) had a cone cell array order 

that was almost wildtype and contained larger than wildtype cells. EP2254 (Figure 

3.2d) resulted in a cone cell arrangement that was slightly disordered. 

Co-expression of GS10305 with GMR>Dv-cbl (Figure 3.2f) resulted in ommatidia that 

were tightly packed, with the ommatidia easy to discern, as they were in straight lines 

for the most part, and no ommatidia with 5 cone cells were observed thus having a 

suppressed array order compared to Dv-cbl (Figure 3.2e). As the control had enlarged 

cone cells, antagonization between Dv-cbl and any genes expressed by GS10305 may 

also be occurring. GS1120 co-expression with Dv-cbl (Figure 3.2g) results in a 

somewhat disordered phenotype, where most of the ommatidia have 5 or more cone 

cells per ommatidia, so GS1120 was a suppressor of the Dv-cbl mediated increase of 

cone cell size only. As with GS10305, the GS1120 control had enlarged cone cells, 

meaning that the suppression observed could also have been due to antagonisation. 

Finally, EP2254 (Figure 3.2h) only suppresses the disorder of the cone cell array 

mediated by Dv-cbl misexpression.  

3.3.2 Differential effects of GS2273, GS5217, GS2208, and GS8042  
The controls for GS2273, GS5217, and GS2208 (Figure 3.2i, j, k) mildly affected the 

cone cell arrangement, as the ommatidial array of cut cells was somewhat 



46 

 

disordered, and the cells were enlarged. The internal control for GS8042 (Figure 3.2l) 

displayed some disarray in the cone cell arrangement, but the cells appear to be a 

comparable size to the wildtype. GS2273 (Figure 3.2m) suppressed Dv-cbl mediated 

array disorder only but did not suppress cone cell size. However, GS5217 and GS2208 

(Figure 3.2n, o) were both able to suppress both the array disorder and cell size 

phenotypes characteristic of Dv-cbl overexpression. Finally, GS8042 (Figure 3.2p) 

suppressed Dv-cbl mediated enlarged cone cell size only. The ommatidia remained in a 

state of severe disarray, some ommatidia have 5 cone cells apiece, and it was also hard 

to discern between individual ommatidia. 

3.3.3 Differential effects of Lk6, GS2064, GS9841, and GS10268  
GMR-GAL4 driven UAS-LK6 (Figure 3.2q) resulted in a cone cell arrangement that was 

slightly disordered. The cone cell size was much the same as the wildtype control. Next, 

GMR>GS2064 (Figure 3.2r) had somewhat ordered ommatidia, and the individual cone 

cells were enlarged. Finally, GMR>GS9841 and GMR>GS10268 (Figure 3.2s, t) caused 

a wildtype appearing ommatidial arrangement, though the individual cone cells were 

larger than the wildtype control. UAS-Lk6, GS2064, and GS9841 (Figure 3.2u, v, w) 

suppressed the Dv-cbl mediated increase in the size of the cone cells, but the cone cell 

array in both remained very disordered. GS10268 (Figure 3.2x) was able to suppress 

both the disorder of the array of cone cells and the individual cone cell size caused by 

Dv-cbl mis-expression. As there was an increase in cone cell size in the GS2064, 

GS9841, and GS10268 controls, the suppression observed may also be in part due to 

antagonisation of the genes driven by these lines with Dv-cbl.  
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Figure 3.2: Suppression of the Dv-cbl cone cell phenotype.
Third instar eye discs were stained with the cut antibody, which
marks cone cells in the eye. Confocal micrographs were taken at 630x
and then cropped further. The posterior of the disc is oriented to the
left. The genotypes are presented in the same order as in the previous
figure, which showed suppression of the Dv-cbl adult phenotype
sorted into the following classes: suppressors of overgrowth and eye
roughness, suppressors of roughness only, and suppressors of
overgrowth only. The cone cell phenotypes were sorted into the
following categories: suppressors of cell size and ommatidial array
order, suppressors of ommatidial array order only, and suppressors of
cell size only. The categories that the cone cell phenotypes fell into
are marked underneath the images, in the text colour within the
figure, and in the figure legend. As in the previous figure, each cross
of GMR>Dv-cbl has an internal control where the male is crossed
instead to GMR-GAL4. The wild type, internal controls and Dv-cbl
mutant are in black text.
The Dv-cbl control, against which suppression is scored, is enclosed
in a yellow box.

(a) GMR-GAL4/+, (b) GMR-GAL4/+ ; GS10305/+, (c) GS1120/X;
GMR-GAL4/+, (d) GMR-GAL4/EP2254, (e) GMR>Dv-cbl/+, (f)
GMR>Dv-cbl/+ ; GS10305/+, (g) GS1120/X ;GMR>Dv-cbl/+, (h)
GMR>Dv-cbl/EP2254, (i) GMR-GAL4/GS2273, (j) GS5217/X; GMR-
GAL4/+, (k) GMR-GAL4/GS2208, (l) GMR-GAL4/GS8042, (m)
GMR>Dv-cbl/GS2273, (n) GS5217/X; GMR>Dv-cbl/+, (o)
GMR>Dv-cbl/GS2208, (p) GMR>Dv-cbl/ GS8042, (q) GMR-
GAL4/+; UAS-Lk6/+, (r) GMR-GAL4/GS2064, (s) GMR-GAL4/+;
GS9841/+, (t) GMR-GAL4/+ ; GS10268/+, (u) GMR>Dv-cbl/+;
UAS-Lk6/+, (v) GMR>Dvcbl/GS2064, (w) GMR>Dvcbl/+; GS9841,
(x) GMR>Dv-cbl/+ ; GS10268/+.
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3.4 Discussion 
The aim of this chapter was to confirm the suppression of the subset of suppressors 

chosen for further analysis. While all of the lines did indeed suppress Dv-cbl in the eye, 

they did so with varying levels of efficacy. Tables 3.2 and 3.3 summarise the 

suppressive phenotypes and the gene or genes involved in suppression are discussed in 

Table 3.3 and the body text.  In the following chapter, I went on to further investigate 

EP2254 and GS2208, two lines that are thought to drive expression of Akap200. While 

neither of these lines were the most effective suppressors of Dv-cbl, they were rich in 

possibilities for further analysis, due to the studies linking Akap200 to other genes 

involved with Cbl (Huang and Rubin, 2000; Jackson and Berg, 2002; Robertson et al., 

2000 and reviewed in Thien and Langdon, 2001). 

3.4.1 The results of the assays are summarised in Tables 3.2 and 3.3. 
 

In Table 3.2 an attempt was made to determine when suppression occurs. In Table 3.3, 

the genomic insertion point of the GS or EP vector is noted, as is the most likely gene or 

genes causing the phenotype. Also given is a score out of four- one for each method of 

suppression measured: overgrowth of adult eye, roughness of adult eye, size of 

individual cone cells and disorder of cone cell array. Those with a cumulative score of 2 

were designated moderate suppressors, 3 were good suppressors, and 4 were excellent 

suppressors. In Figure 3.3, gene maps up to 10kb either side of the vector insertion site 

are shown. A potential mechanism for the suppression of the Dv-cbl phenotype based 

on the function of the genes thought to be expressed by the P element lines is discussed 

in the body text. The relation of the genes back to Cbl and the multitude of pathways 

that Cbl is involved in are discussed in Tables 3.5 and 3.4 respectively. A list of 

pathways that human Cbl interacts with was obtained from Wikipathways, as well as a 

list of pathways that the genes implicated by the P-element lines. The pathways that Cbl 

holds in common to the P-element lines is shown in Table 3.4 and may provide some 

additional information to how some of the suppressors are enacting said suppression. 

For example, a line that has a pathway with Cbl in common may be diverting Cbl into 

one of these pathways and away from a growth pathway. If there is not a common 

pathway, perhaps the other gene is diverting other resources away from Cbl or growth 

in general. Table 3.5 provides a list of Cbl interactors that are also represented in the 
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Line Adult- SEM 

(GMR-Dv-

Cbl) 

(suppression 

of 

phenotypes) 

Cone cell-

cut (GMR-

Dv-Cbl) 

(suppression 

of 

phenotypes) 

Explanation of mode of suppression 

EP2254 1 (SO, SR) 1 (A) Cone cell size is larger, but the array order is neater. Both overgrowth and roughness are 

suppressed in adults. There may be some suppression of cone cell size in pupal development 

or a compensation in the size of other cells to allow for a more ordered final eye phenotype. 

GS1120 2 (SO, SR) 1 (S) The array is disordered at cone cell stage, but cone cell size is suppressed. As the control 

also has enlarged cone cells, this may be antagonisation. Both overgrowth and roughness are 

suppressed in adults so if there are extra cells going into pupal development, they seem to be 

eliminated therein. 

GS2064 1 (SO) 1 (S) Size of cells is suppressed at cone cell stage. The control also had enlarged cone cells, so 

this may be due to antagonisation. Overgrowth is suppressed in adults. The Dv-cbl 

roughness and array disorder phenotypes are never suppressed. The reduction in overgrowth 

may be due to a decrease in cell size in the adult. 

GS2208 1 (SR) 2 (S, A) Size of cone cells and neatness of cone cell array are suppressed. Adult roughness is 

suppressed so there may be more ommatidia or larger ommatidia in the adult. However, as 

the adult control eye is also rough, antagonisation may be occuring. 

GS2273 1 (SR) 1 (A) Cone cell array and adult roughness are suppressed, and the adult eye remains overgrown. It 

may have enlarged cells that are well ordered. 

GS5217 1 (SR) 2 (S, A) Size of cone cells and neatness of cone cell array are suppressed. Adult roughness is 

suppressed so there may be more ommatidia or larger ommatidia in the adult, as overgrowth 

is not suppressed. 

GS8042 1 (SR) 1 (S) Size of cone cells is suppressed, as is roughness of adult eyes. Perhaps there were more cells 

that were put into order in a larger eye. 

GS9841 1 (SO) 1 (S) Size of cells is suppressed at cone cell stage. The control also had enlarged cone cells, so 
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this may be due to antagonisation. Overgrowth is suppressed in adults. The Dv-cbl 

roughness and array disorder phenotypes are never suppressed. The reduction in overgrowth 

may be due to a decrease in cell size in the adult. 

GS10268 1 (SO) 2 (S, A) Cone cell size and ommatidial array disorder are suppressed. The control also had enlarged 

cone cells, antagonism may be occcuring. Only eye overgrowth is suppressed in the adult. 

Perhaps more cells get recruited in the pupal stage, which makes the adult eye rough. 

GS10305 2 (SO, SR) 2 (S, A) All of the phenotypes measured are suppressed so it seems that GS10305 largely prevents 

the effects of Dv-cbl misexpression from taking place, however the cone cell control had 

enlarged cone cells, so the suppression of GS10305 in cone cells may be due to 

antagonisation. 

UAS- 

Lk6 

1 (SO) 1 (S) Size of cells is suppressed at cone cell stage. Overgrowth is suppressed in adults. The Dv-

cbl roughness and array disorder phenotypes are never suppressed. The reduction in 

overgrowth may be due to a decrease in cell size in the adult. 

Table 3.2: Summary of results, with a potential mode of suppression  

This table summarises the results from Figures 3.1 and 3.2. A potential mode of suppression is given based on the elements of the Dv-cbl 

phenotype that the line suppresses.  

Adult: SO=suppressor of overgrowth,  SR = suppressor of Roughness. Cone cells: S = suppressor of Size, A=suppressor of Array disorder 
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Strain and vector 
(Release 6 genome 

assembly (dos 

Santos et al., 2015) 

Closest open reading frame to 

the insertion site 
(Release 6 genome assembly (dos 

Santos et al., 2015) 

Gene function Adult eye 

phenotype 

(rating) (0-2) 
SO =suppressor of 

overgrowth  

SR = suppressor of 

Roughness 

Larval (cone cell) 

phenotype rating 

(0-2) 
S = suppressor of 

Size A=suppressor of 

Array disorder 

Combined 

adult and 

larval 

rating 

(0-4), and 

meaning 

EP2254 

2L:.8,415,648 (+) 

EP vector (Rørth, 

1996) 

Akap200  

2L:8,415,690..8,431,297 (+) 42bp 

downstream from EP2254 insertion 

site. 

Akap200 has roles in cAMP 

signalling and oogenesis (Jackson 

and Berg, 2002; Li et al., 1999). 

2 (SO, SR) 1 (A) 3  

Good 

suppressor 

GS1120 

X:19,866,129 

GSV1 vector 

(bidirectional) 

(Toba et al., 1999) 

Hers  

X:19,866,146..19,908,108 (+) 17bp 

downstream from GS1120 insertion 

site. 

Other direction: 

THADA, X:19,859,743..19,865,524 

(-) 605bp downstream from GS1120 

insertion site. 

Hers has roles in chromatin 

inactivation (Ito et al., 2012). 

Other direction: 

CG15618 is a THADA orthologue 

(Gramates et al., 2017), which has 

roles in the human thyroid (Kloth et 

al., 2011). 

2 (SO, SR) 1 (S) 3 

Good 

suppressor 

GS2064 

2R:23,383,613 

GSV1 vector 

(bidirectional) 

(Toba et al., 1999) 

The vector insert site falls inside the 

sequence of CR44784. 

2R:23,383,483..23,384,177 (+) 

The insert is 130bp downstream of 

the 5’ end, so an antisense sequence 

could be made of the 5’ 130bp. There 

are 564bp downstream of the 

insertion site which could also be 

transcribed by GS2064, in the sense 

orientation. 

CR44784 is most likely a lncRNA 

gene, and it has a very low 

endogenous expression in the larval 

salivary gland, pupal fat body and the 

accessory gland in mated 4-day old 

males. Its function is unknown  

(Gramates et al., 2017), but lncRNAs 

have been shown to have a wide 

range of roles in gene regulation 

(Kung et al., 2013), and some play 

roles in male Drosophila fertility 

(Wen et al., 2016). As CR44784 is 

thought to be a regulatory RNA 

1 (SO) 1 (S) 2 

Moderate 

suppressor 
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sequence, the 564bp expressed may 

be sufficient to enact some or all of 

the normal functions of CR44784. 

GS2208  

2L:8,415,758 

GSV1 vector 

(bidirectional) 

(Toba et al., 1999) 

Akap200 2L:8,415,690..8,431,297 

(+) Insert is 68bp downstream of 5’ 

end (within 5’UTR) 

As above for EP2254, Akap200 has 

roles in cAMP signalling (Li et al., 

1999) and oogenesis (Jackson and 

Berg, 2002). 

1 (SR) 2 (S, A) 3 

Good 

suppressor 

GS2273 

2L:9,437,478 

GSV1 vector 

(bidirectional) 

(Toba et al., 1999) 

Numb  

2L:9,437,469..9,464,184 (+) Insert is 

9bp downstream of 5’end. 

The insert is within the 5’ UTR 

 

numb has roles in Notch, p53 and Hh 

pathways and asymmetric cell 

division (Johnson et al., 2016) 

(reviewed in Bajaj et al., 2015 and 

Pece et al., 2011). 

1 (SR) 1 (A) 2 

Moderate 

suppressor 

GS5217 

X:1,286,762 

GSV2 vector 

(unidirectional) 

(Toba et al., 1999) 

GS5217 had no genes within 10Kb of 

the insert.  

Atf3 X:1,242,740..1,275,284 [-]  was 

the closest gene from the insertion 

site at 11478bp from vector insertion 

point to the 5’ end of the gene. 

 

Atf3 has roles in gut cell defence, 

immune and metabolic homeostasis, 

starvation, suppression of 

transcription, and possible roles in 

PKA and MAPK pathways (Chu et 

al., 1994; Hai et al., 1999; Rynes et 

al., 2012; Sekyrova et al., 2010). 

1 (SR) 2 (S, A) 3 

Good 

suppressor 

GS8042 

2L:21,141,899  

GSV3 vector 

(unidirectional) 

(Toba et al., 1999) 

Dap160  

2L:21,134,439..21,142,347 (-) Insert 

is 448bp downstream of the 5’end (in 

the 5’UTR). 

Dap160 has roles in endocytosis 

(Roos and Kelly, 1998). 

 

1 (SR) 1 (S) 2 

Moderate 

suppressor 

GS9841 

3L:6,263,046 

 

GSV6 vector 

expresses GFP on 

Overexpressing last part of CR44522 

3L:6,263,008..6,263,399 [-] 

The vector insertion site is within the 

sequence, 353 downstream of the 5’ 

end. 

CR44522 is a long intergenic 

noncoding RNA (lincRNA), 

CR44522 is lincRNA.450 and is only 

expressed in a small time window, 

the embryo, 12-14 hours after egg 

1 (SO) 1 (S) 2 

Moderate 

suppressor 
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one end and the 

nearby gene on the 

other (Toba et al., 

1999) 

Ldh/ImpL3- overexpression 

3L:6,259,105..6,262,694 [-] 

Insert is 352 bp upstream of 5’ end of 

the gene 

laying (Young et al., 2012) In 

general. lincRNAs are thought to 

have a role in Drosophila 

development in general, and in  the 

developing nervous system and the 

testes (Young et al., 2012). 

Ldh is lactate dehydrogenase, which 

converts pyruvate to lactate (JM Berg 

et al., 2002).  

GS10268 

3R:9,772,002 

GSV6 vector 

expresses GFP on 

one end and the 

nearby gene on the 

other (Toba et al., 

1999) 

Whamy 3R:9,771,795..9,774,419 (-) 

Insert is 207 bp downstream of 

3’end. (antisense) 

 

 

 

Whamy bundles microtubules, F- 

actin, and Cdc42GFP in Drosophila 

(Liu et al., 2009). It is expressed 

highly in muscle, colocalises with 

mitochondria and may also have 

some role in oogenesis (Rodriguez-

Mesa et al., 2012).  

1 (SO) 2 (S, A) 3 

Good 

suppressor 

GS10305 

3L:16,780,137 

GSV6 vector 

expresses GFP on 

one end and the 

nearby gene on the 

other (Toba et al., 

1999) 

CG9705 3L:16,780,100..16,782,419 

(+) 

Insert within the gene. 5’ end of gene 

is 37bp upstream from insert. 

CG9705 is a transcription factor 

(Gramates et al., 2017). CG9705 also 

has roles in the oocyte (Krauchunas 

et al., 2012); and in C-IV neurons 

(Iyer et al., 2013). 

 

2 (SO, SR) 2 (S, A) 4 

Excellent 

suppressor 

UAS-LK6 

P element insertion 

on Chromosome 3 

Lk6  

Exact insertion site unknown 

Lk6 has roles in translation initiation 

and ERK signalling (Arquier et al., 

2005; Huang and Rubin, 2000; Parra-

Palau et al., 2005). 

1 (SO) 1 (S) 2 

Moderate 

suppressor 

Table 3.3: P-element lines tested in Chapter 3 
This table includes the vector insertion site (if known), the relative position of the nearest gene, three rankings based on each line’s effectiveness as a 

suppressor of Dv-cbl. Adult: SO =suppressor of overgrowth, SR = suppressor of Roughness. Cone cells S = suppressor of Size, A=suppressor of Array 

disorder. Those with a cumulative score of 2 were designated moderate suppressors, 3 were good suppressors, and 4 were excellent suppressors.
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Figure 3.3: Insert maps of Chapter 3 lines
Shown are maps of the P element lines used in this chapter (with the exception of UAS-Lk6).
Each line has the vector insert site marked with a vertical orange line, with the name of the GS or EP line listed above. As (Molnar et al.,
2006) found that the most effective range of expression was 10kb from the insertion site, 10kb in the appropriate direction(s) from the
insertion site are shown. The lines used were as follows: (A) EP2254, (B) GS1120, (C) GS2064, (D) GS2208, (E) GS2273, (F) GS5217, (G)
GS8042, (H) GS9841, (I) GS10268, and (J) GS10305.
Key:
Black bar: measurement of 10kb, or 20kb in GSV1 vector lines 
Blue bar: DNA, 10Kb, or 20kb in GSV1 vector lines 
Green bars: sense genes
Red bars: antisense genes
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Cbl pathway Line Gene 

EGF/EGFR Signaling Pathway (Homo 

sapiens) 

(Kandasamy et al., 2010; Slenter et al., 2018) 

 

GS10305 CG9705 

 (human homologue) calcium regulated heat stable protein 1 

https://www.genenames.org/cgi-

bin/gene_symbol_report?q=data/hgnc_data.php&hgnc_id=17150 

(linked from Gramates et al., 2017) 

EP2254/GS2208 a kinase anchoring protein (human) 

IL-2 Signaling Pathway (Homo sapiens) 

(Kandasamy et al., 2010; Slenter et al., 2018) 

 

GS10305 CG9705 

 (human homologue) calcium regulated heat stable protein 1 

https://www.genenames.org/cgi-

bin/gene_symbol_report?q=data/hgnc_data.php&hgnc_id=17150 

(linked from Gramates et al., 2017) 

EP2254/GS2208 a kinase anchoring protein (human) 

IL-3 Signaling Pathway (Homo sapiens) 

(Kandasamy et al., 2010; Slenter et al., 2018) 

 

GS10305 CG9705 

 (human homologue) calcium regulated heat stable protein 1 

https://www.genenames.org/cgi-

bin/gene_symbol_report?q=data/hgnc_data.php&hgnc_id=17150 

(linked from Gramates et al., 2017) 

EP2254/GS2208 a kinase anchoring protein (human) 

IL-4 Signaling Pathway (Homo sapiens) 

(Kandasamy et al., 2010; Slenter et al., 2018) 

 

GS10305 CG9705 

 (human homologue) calcium regulated heat stable protein 1 

https://www.genenames.org/cgi-

bin/gene_symbol_report?q=data/hgnc_data.php&hgnc_id=17150 

(linked from Gramates et al., 2017) 

EP2254/GS2208 a kinase anchoring protein (human) 

Interleukin-3, 5 and GM-CSF signaling (Homo 

sapiens) 

(Burns et al., 2000; Croft et al., 2014; Fabregat 

et al., 2018; Slenter et al., 2018) 

GS10305 

 

CG9705 

 (human homologue) calcium regulated heat stable protein 1 

https://www.genenames.org/cgi-

bin/gene_symbol_report?q=data/hgnc_data.php&hgnc_id=17150 
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 (linked from Gramates et al., 2017) 

EP2254/GS2208 a kinase anchoring protein (human) 

JAK/STAT (Homo sapiens) 

(Ali et al., 1996; Slenter et al., 2018) 

Toll, IMD, JAK/STAT Pathways for Immune 

Response to Pathogens (Drosophila 

melanogaster) 

(Severo et al., 2013) 

GS10305 

 

CG9705 

 (human homologue) calcium regulated heat stable protein 1 

https://www.genenames.org/cgi-

bin/gene_symbol_report?q=data/hgnc_data.php&hgnc_id=17150 

(linked from Gramates et al., 2017) 

EP2254/GS2208 Akap200 

RANKL/RANK (Receptor activator of NFKB 

(ligand)) Signaling Pathway (Homo sapiens) 

(Raju et al., 2011; Slenter et al., 2018) 

 

GS10305 CG9705 

 (human homologue) calcium regulated heat stable protein 1 

https://www.genenames.org/cgi-

bin/gene_symbol_report?q=data/hgnc_data.php&hgnc_id=17150 

(linked from Gramates et al., 2017) 

EP2254/GS2208 a kinase anchoring protein (human) 

Signalling by EGFR (Homo sapiens) 

(Croft et al., 2014; Fabregat et al., 2018; 

Slenter et al., 2018) 

 

UAS-LK6 Lk6 kinase 

EP2254/GS2208 a kinase anchoring protein (human) 

Signalling by FGFR1 (Homo sapiens) 

(Croft et al., 2014; Fabregat et al., 2018; 

Slenter et al., 2018) 

 

UAS-LK6 Lk6 kinase 

EP2254/GS2208 a kinase anchoring protein (human) 

Signalling by FGFR2 (Homo sapiens) 

(Croft et al., 2014; Fabregat et al., 2018; 

Slenter et al., 2018) 

 

UAS-LK6 Lk6 kinase 

EP2254/GS2208 a kinase anchoring protein (human) 
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Signalling by FGFR3 (Homo sapiens) 

(Croft et al., 2014; Fabregat et al., 2018; 

Slenter et al., 2018) 

UAS-LK6 Lk6 kinase 

EP2254/GS2208 a kinase anchoring protein (human) 

Signalling by FGFR4 (Homo sapiens) 

(Croft et al., 2014; Fabregat et al., 2018; 

Slenter et al., 2018) 

UAS-LK6 Lk6 kinase 

EP2254/GS2208 a kinase anchoring protein (human) 

Signalling by MET (Homo sapiens) 

(Croft et al., 2014; Fabregat et al., 2018; 

Slenter et al., 2018) 

UAS-LK6 Lk6 kinase 

EP2254/GS2208 a kinase anchoring protein (human) 

Signalling by PTK6 (Homo sapiens) 

(Croft et al., 2014; Fabregat et al., 2018; 

Slenter et al., 2018) 

UAS-LK6 Lk6 kinase 

EP2254/GS2208 a kinase anchoring protein (human) 

Signalling by SCF-KIT (Homo sapiens) 

(Croft et al., 2014; Fabregat et al., 2018; 

Slenter et al., 2018) 

UAS-LK6 Lk6 kinase 

EP2254/GS2208 a kinase anchoring protein (human) 

Signalling Pathways in Glioblastoma (Homo 

sapiens) 

(Cancer Genome Atlas Research Network, 

2008; Slenter et al., 2018) 

GS10305 CG9705 

 (human homologue) calcium regulated heat stable protein 1 

https://www.genenames.org/cgi-

bin/gene_symbol_report?q=data/hgnc_data.php&hgnc_id=17150 

(linked from Gramates et al., 2017) 

UAS-LK6 Lk6 kinase 

EP2254/GS2208 a kinase anchoring protein (human) 

T-Cell antigen Receptor (TCR) pathway during 

Staphylococcus aureus infection (Homo 

sapiens) 

(Slenter et al., 2018; Tomar and De, 2013) 

 

GS10305 CG9705 

(human homologue) calcium regulated heat stable protein 1 

https://www.genenames.org/cgi-

bin/gene_symbol_report?q=data/hgnc_data.php&hgnc_id=17150 

(linked from Gramates et al., 2017) 

GS10305 CG9705 (human homologue) cold shock domain containing C2 

https://www.genenames.org/cgi-

bin/gene_symbol_report?q=data/hgnc_data.php&hgnc_id=30359 
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(linked from Gramates et al., 2017) 

T-Cell antigen Receptor (TCR) Signaling 

Pathway (Homo sapiens) 

(Kandasamy et al., 2010; Slenter et al., 2018) 

 

GS10305 CG9705 

 (human homologue) calcium regulated heat stable protein 1 

https://www.genenames.org/cgi-

bin/gene_symbol_report?q=data/hgnc_data.php&hgnc_id=17150 

(linked from Gramates et al., 2017) 

EP2254/GS2208 a kinase anchoring protein (human) 

Type 1 Papillary renal Cell Carcinoma (Homo 

sapiens) 

(Slenter et al., 2018) 

GS10305 CG9705 

 (human homologue) calcium regulated heat stable protein 1 

https://www.genenames.org/cgi-

bin/gene_symbol_report?q=data/hgnc_data.php&hgnc_id=17150 

(linked from Gramates et al., 2017). 

Table 3.4 Pathways in common with Cbl and P element lines 

Wikipathways was used to generate a list of pathways that Cbl was involved in, as well as pathways that the genes expressed by the P 

elements used in this Chapter were involved in. A list of pathways in Drosophila with the gene (or its human homologue in some cases) is 

shown.
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Cbl interactor- found in online 

databases or literature.  

 

References (for Cbl interactors) Representations 

in chapter 3 

genes (expressed 

by line or listed 

as interactor on 

FlyBase) 

CDC42 

 

https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html   

Biogrid: Human (Simmons et al., 2005; Stark et al., 2006; Wu et al., 2003a) 

Numb interactor 

Whamy interactor 

(Gramates et al., 

2017) 

Dap160 

 

(Robertson et al., 2000) 

Drosophila from FlyBase (Gramates et al., 2017) 

https://thebiogrid.org/64373/summary/drosophila-melanogaster/cbl.html 

Biogrid Drosophila (Stark et al., 2006) 

 

Expressed by 

GS8042 

Numb interactor 

(Gramates et al., 

2017) 

Fyn 

 

(reviewed in Thien and Langdon, 2001) (Mammalian ) 

https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html   

Biogrid: Human (Anderson et al., 1997; Andoniou et al., 2000; Boussiotis et al., 

1997; Deckert et al., 1998; Fukazawa et al., 1995; Ghosh et al., 2004; 

Grossmann et al., 2015, 2004; Kaabeche et al., 2004; Nishio et al., 2002; Okabe 

et al., 2006; Panchamoorthy et al., 1996; Reedquist et al., 1996; Rellahan et al., 

2003; Shishido et al., 2000; Stark et al., 2006; Taher et al., 2002; Tanaka et al., 

1995; Tsygankov et al., 1996) 

 

Possible Dap160 

interactor 

(Gramates et al., 

2017) 

HRAS 

Harvey rat sarcoma viral oncogene 

homolog 

 

https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html   

Biogrid: Human (Lito et al., 2008; Stark et al., 2006) 

 

Akap200 

interactor 

(Gramates et al., 

2017) 

https://thebiogrid.org/107433/summary/homo-sapiens/cdc42.html?sort=alpha
https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html
http://flybase.org/reports/FBgn0023388.html
https://thebiogrid.org/64373/summary/drosophila-melanogaster/cbl.html
https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html
https://thebiogrid.org/109501/summary/homo-sapiens/hras.html?sort=alpha
https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html
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HSPA4 

heat shock 70kDa protein 4 

 

https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html  Biogrid: 

Human (Stark et al., 2006; Valiya Veettil et al., 2010) 

 

Akap200 

interactor 

(Gramates et al., 

2017) 

ITSN1 

intersectin 1 (SH3 domain protein) 

 

https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html  Biogrid: 

Human (Okur et al., 2012; Stark et al., 2006) 

 

Dap160 

homologue 

(Gramates et al., 

2017) 

MAPK14 

mitogen-activated protein kinase 14 

https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html   

Biogrid: Human (Erdreich-Epstein et al., 1997; Shen and Yen, 2009; Stark et 

al., 2006) 

 

Rl (is MAPK)- 

Lk6 interactor 

(Gramates et al., 

2017) 

MAPK8 

mitogen-activated protein kinase 8 

https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html   

Biogrid: Human (Miao et al., 2002; Stark et al., 2006) 

   

Rl (is MAPK)- 

Lk6 interactor  

(Gramates et al., 

2017) 

NOTCH1 

 

https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html    

Biogrid: Human (Jehn et al., 2002; Platonova et al., 2015; Stark et al., 2006) 

  

Numb interactor 

(Gramates et al., 

2017) 

Ldh - GS9841 

(Gramates et al., 

2017) 

NOTCH3 

 

https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html   

Biogrid: Human (Checquolo et al., 2010; Stark et al., 2006) 

. 

Numb interactor 

(Gramates et al., 

2017) 

Ldh - GS9841 

(Gramates et al., 

2017) 

RAS85D 

Ras oncogene at 85D 

(Robertson et al., 2000; Wang et al., 2008)  

Drosophila from FlyBase (Gramates et al., 2017) 

Ras85D interactor 

of Akap200 

https://thebiogrid.org/109540/summary/homo-sapiens/hspa4.html?sort=alpha
https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html
https://thebiogrid.org/112351/summary/homo-sapiens/itsn1.html?sort=alpha
https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html
https://thebiogrid.org/107819/summary/homo-sapiens/mapk14.html?sort=alpha
https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html
https://thebiogrid.org/111585/summary/homo-sapiens/mapk8.html?sort=alpha
https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html
https://thebiogrid.org/110913/summary/homo-sapiens/notch1.html?sort=alpha
https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html
https://thebiogrid.org/110916/summary/homo-sapiens/notch3.html?sort=alpha
https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html
https://thebiogrid.org/66301/summary/drosophila-melanogaster/ras85d.html?sort=alpha
http://flybase.org/reports/FBgn0003205.html
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Table 3.5:  Cbl interactors (Drosophila and mammalian) that are also represented in the P-element lines or their 

interactors. 

A list of Cbl interactors was generated and was compared to the interactors of lines expressed by the P-element lines in this chapter, and the 

results of this table (and Table 3.6) will be used in Chapter 5 to draw a map of Cbl interactors.

https://thebiogrid.org/64373/summary/drosophila-melanogaster/cbl.html 

Biogrid Drosophila (Stark et al., 2006) 

(Gramates et al., 

2017) 

 

RET 

ret proto-oncogene 

https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html   

Biogrid: Human (Carniti et al., 2003; Scott et al., 2005; Stark et al., 2006) 

 

Possible 

interactor of 

Akap200 

(Gramates et al., 

2017) 

shi https://thebiogrid.org/64373/summary/drosophila-melanogaster/cbl.html 

Biogrid Drosophila (Pai et al., 2006; Robertson et al., 2000; Stark et al., 2006). 

Drosophila from FlyBase (Gramates et al., 2017) 

Shi- interactor of 

Dap160 

(Gramates et al., 

2017) 

SRC  (reviewed in Thien and Langdon, 2001) (Mammalian ) 

https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html   

Biogrid: Human (Hashimoto et al., 2006; Kassenbrock et al., 2002, 2002; Rafiq 

et al., 2011; Rellahan et al., 2003; Sanjay et al., 2006; Shishido et al., 2000; 

Song et al., 2010; Stark et al., 2006; Szymkiewicz et al., 2004; Tanaka et al., 

1995; Vantler et al., 2006)  

Akap200 

interactor 

(Gramates et al., 

2017) 

WAS 

Wiskott-Aldrich syndrome 

https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html   

Biogrid: Human (Stark et al., 2006; Watanabe et al., 2013) 

.  

Whamy interactor 

(Gramates et al., 

2017) 

https://thebiogrid.org/64373/summary/drosophila-melanogaster/cbl.html
https://thebiogrid.org/111911/summary/homo-sapiens/ret.html?sort=alpha
https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html
https://thebiogrid.org/69991/summary/drosophila-melanogaster/shi.html?sort=alpha
https://thebiogrid.org/64373/summary/drosophila-melanogaster/cbl.html
https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html
https://thebiogrid.org/113293/summary/homo-sapiens/was.html?sort=alpha
https://thebiogrid.org/107315/summary/homo-sapiens/cbl.html
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Gene Interactors in common References P element lines 

Akt1 Ldh interactor 

Akap200 interactor 

Ldh 

(Vinayagam et al., 2016) 

Akap200  

(Vinayagam et al., 2016) 

GS9841  

EP2254/GS2208 

aPKC numb interactor 

Dap160 interactor 

numb 

(Haenfler et al., 2012; Wirtz-Peitz 

et al., 2008) 

Dap160 

(Chabu and Doe, 2008) 

GS2273 

GS8042 

aurA numb interactor 

lk6 interactor 

numb 

(Lee et al., 2006; Wang et al., 2006) 

lk6  

(Galletta et al., 2016) 

GS2273 

UAS-Lk6 

Cdc42 Whamy interactor 

numb interactor 

Whamy 

(Brinkmann et al., 2016; Liu et al., 

2009)  

numb 

(Raymond et al., 2004) 

GS10268 

GS2273 

Chc Ldh interactor 

Dap160 interactor 

Ldh  

(Guruharsha et al., 2011; Robertson 

et al., 2000)  

Dap160 

(Roos and Kelly, 1998) 

GS9841  

GS8042 

CG2852 CG9705 interactor 

Akap200 interactor 

CG9705  

(Guruharsha et al., 2011) 

Akap200  

(Guruharsha et al., 2011) 

GS10305 

EP2254/GS2208 

CG6084 CG9705 interactor 

Akap200 interactor 

CG9705 

(Guruharsha et al., 2011) 

Akap200  

(Guruharsha et al., 2011) 

GS10305 

EP2254/GS2208 

cib CG9705 interactor 

Akap200 interactor 

CG9705  

(Guruharsha et al., 2011) 

Akap200 

(Guruharsha et al., 2011) 

GS10305 

EP2254/GS2208 

Dap160 numb interactor 

Expressed by a GS line 

directly 

numb 

(Tang et al., 2005) 

GS2273 

GS8042 

Eps-15 numb interactor 

Dap160 interactor 

numb 

(Tang et al., 2005) 

Dap160  

(Koh et al., 2007; Winther et al., 

2015) 

GS2273 

GS8042 

fabp CG9705 interactor 

Akap200 interactor 

CG9705 

(Guruharsha et al., 2011) 

Akap200  

GS10305 

EP2254/GS2208 
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(Guruharsha et al., 2011) 

Fkbp14 CG9705 interactor 

Akap200 interactor 

CG9705 

(Guruharsha et al., 2011) 

Akap200  

(Guruharsha et al., 2011) 

GS10305 

EP2254/GS2208 

numb Dap160 interactor 

Expressed by a GS line 

directly 

Dap160  

(Tang et al., 2005) 

GS8042 

GS2273 

Notch Ldh interactor 

numb interactor 

Akap200 interactor 

Ldh 

(Slaninova et al., 2016) 

numb 

(Frise et al., 1996; Guo et al., 1996; 

Han and Bodmer, 2003; Ouyang et 

al., 2011)  

Akap200 

(Bala Tannan et al., 2018) 

GS9841  

GS2273 

par-6 Dap160 interactor 

numb interactor 

Dap160  

(Chabu and Doe, 2008; Qin et al., 

2004) 

numb 

(Wirtz-Peitz et al., 2008) 

GS8042 

GS2273 

PHGPx CG9705 interactor 

Akap200 interactor 

CG9705 

(Guruharsha et al., 2011) 

Akap200  

(Guruharsha et al., 2011) 

GS10305 

EP2254/GS2208 

Rac1 Whamy interactor 

numb interactor 

Whamy  

(Brinkmann et al., 2016) 

numb 

(Raymond et al., 2004) 

GS10268 

GS2273 

RacGAP84C numb interactor 

Akap200 interactor 

numb 

(Raymond et al., 2004) 

RacGAP84C 

(Raymond et al., 2004) 

GS2273 

EP2254/GS2208 

SERCA THADA interactor 

Ldh interactor 

THADA   

(Moraru et al., 2017) 

Ldh  

(Guruharsha et al., 2011) 

GS1120   

GS9841 

Sh3β CG9705 interactor 

Akap200 interactor 

CG9705  

(Guruharsha et al., 2011) 

Akap200  

(Guruharsha et al., 2011) 

GS10305 

EP2254/GS2208 

Table 3.6: Common interactors within genes expressed by P element lines in 

this chapter (as identified in FlyBase, Gramates et al., 2017). 

A list of the interactors of all of the genes expressed by the P element lines in this 

chapter was generated using FlyBase (Gramates et al., 2017), and the ones that had 

interactors in common are shown in this table.  

The results from this table will be used in Chapter 5 to form a map of interactors.
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Figure 3.4: Summary of GMR>Dv-cbl suppression phenotypes
Taking both the adult and cone cell suppression phenotypes into account, eight different categories of suppression result.
Each category is given a number below it in brackets to facilitate discussion in the body text.
(1a) GS10305, suppressor of roughness and overgrowth (adult), suppressor of array and size (cone cells).
(1b) GS1120 suppressor of roughness and overgrowth (adult), suppressor of size (cone cells). 
(1c) EP2254 suppressor of roughness and overgrowth (adult), suppressor of array (cone cells).
(2a) GS10268 suppressor of overgrowth (adult), suppressor of array and size (cone cells).
(2b) Lk6, GS2064, and GS9841 suppressor of overgrowth (adult), suppressor of size (cone cells).
(3a) GS5217 and GS2208 suppressor of roughness (adult), suppressor of array and size (cone cells).
(3b) GS8042 suppressor of roughness (adult), suppressor of size (cone cells).
(3c) GS2273 suppressor of roughness (adult), suppressor of array (cone cells).
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P-element lines or their interactors. This table will be used to compile a Cbl interactor 

diagram in the discussion chapter, alongside Table 3.6, which provides a list of common 

interactors within genes expressed by P element lines in this chapter, which will provide 

links between the P-element interactors. 

The GS lines used in this chapter potentially allowed for the expression of more than 

one gene, or in some cases an antisense gene. In Table 3.3 and the following section, the 

genes thought most likely to be causing suppression are outlined, including a 

functionality of theirs that may allow suppression. In their GS screen, (Molnar et al., 

2006) performed in situ hybridisation in wing discs to the genes nearby the insertion 

site. They found that the nearest gene in the sense orientation (or genes, in the case of 

the vector GSV1, which drives expression in both directions) is expressed, subsequent 

genes in the sense orientation could also be expressed, but with lower efficacy, and the 

antisense is not expressed. Furthermore, they found that genes within 10kb were most 

likely to be expressed. These findings were applied in this thesis, as such, the nearest 

sense gene(s) were thought most likely to be causing the effects on the Dv-cbl 

phenotype in almost all circumstances (see text for any exceptions). Likewise, only the 

genes within 10Kb of the insertion site are shown in Figure 3.3, which shows the maps 

of all of the lines analysed in this chapter except UAS-Lk6. 

3.4.1 Cbl is involved in a myriad of cellular pathways 

Cbl affects many pathways (as alluded to in Chapter 1.3 and Figure 1.2a). Figure 1.2a, a 

modified figure from (Dikic et al., 2003), links mammalian Cbl with several growth 

factors (including the EGFR which is focussed on in this thesis), as well as cytokine, 

immune and hormone receptors. In this thesis, the peer curated database Wikipathways 

(Slenter et al., 2018) was used to gather information on pathways that utilise Cbl 

(Figure 3.4). Also collected was gene interaction data from FlyBase, Biogrid and the 

literature (Figures 3.5 and 3.6).  

3.4.2: Potential genes involved in suppression of Dv-cbl eye phenotypes 

3.4.2.1: Category 1 - GS10305, GS1120, and EP2254, suppressed both 

overgrowth and roughness in the adult eye 

3.4.2.1.1: Subcategory 1a- GS10305 suppressed cone cell roughness and cell 

size  
When CG9705 was knocked down, it resulted in a decrease in neural length and 

branches in C-IV da (dendritic arborization) neurons (Iyer et al., 2013). CG9705 seemed 
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to be specific for this type of neuron, but overexpression in the eye may cause unknown 

effects on the neurons or other cells, or on Dv-cbl regulated pathways. CG9705 had 

seven interactors in common with Akap200 (Table 3.6), so it may be interacting via 

Akap200 which may account for the observed suppression. 

3.4.2.1.2: Subcategory 1b- GS1120 also suppressed or antagonised the Dv-cbl 

cone cell size phenotype  
Hers causes repression of histone genes and chromatin inactivation (Ito et al., 2012). 

Therefore, the suppressive effects observed may be simply preventing transcription of 

genes and preventing overgrowth. The human homologue of THADA has roles in type 2 

diabetes (Weber et al., 2012), and the thyroid (Kloth et al., 2011). THADA levels are 

lower in some thyroid cancers. (Moraru et al., 2017) found that Drosophila THADA 

knockouts were obese, so overexpression in our study may be suppressing growth. 

3.4.2.1.3 Subcategory 1c- EP2254 was a suppressor of array order in cone 

cells.  
Over-recruitment of PKA may be caused by excess Akap200, which may divert PKA 

from other pathways. This method of suppression was also posited by (Huang and 

Rubin, 2000) to explain the ability of EP2254 to suppress eye phenotypes due to ectopic 

expression of Ras85DV12. Akap200 is also thought to be expressed by GS2208, and the 

same reasoning holds there. 

 

3.4.2.2 Category 2- Lk6, GS2064, GS9841, and GS10268 are suppressors of 

adult eye overgrowth 

3.4.2.2.1 Category 2a- GS10268 was also a suppressor of array order and 

suppressor or antagoniser of the Dv-cbl enlarged cell size phenotype in cone 

cells.  
Whamy bundles microtubules, F- actin, and Cdc42GFP in Drosophila (Liu et al., 2009). 

It also colocalises with mitochondria and may also have some role in oogenesis 

(Rodriguez-Mesa et al., 2012). Whamy may lead to a downregulation of growth and 

thus suppress the effects of Dv-cbl overexpression.  

3.4.2.2.2 Subcategory 2b-Lk6, GS2064, and GS9841 also suppressed cone cell 

size 
UAS-Lk6 was designed to ectopically express Lk6, .Lk6 overexpression downregulates 

Ras85DV12 activity (Huang and Rubin, 2000). Expression of Lk6 under the Ubiquitin 

promoter causes mitotic defects, so expression driven by GMR-GAL4 may induce 
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similar phenotypes (Kidd and Raff, 1997). The reduction in mitosis due to ectopic Lk6 

may be counteracting the increase in mitosis when Dv-cbl was over-expressed.  

 

GS2064 could be overexpressing CG13351. However, the vector insertion site is inside 

the CR44784 sequence, so both a partial antisense and partial sense transcript may be 

made by this line. CR44784 is most likely a lncRNA gene with low levels of expression 

(Gramates et al., 2017). The role of lncRNAs is varied and appears to have varying roles 

in the regulation of cellular functions (Li et al., 2014), and some have roles in male 

Drosophila fertility (Wen et al., 2016). 

GS9841 may be overexpressing the last part of CR44522 and overexpressing 

Ldh/ImpL3. Either may be causing antagonisation of Dv-cbl in cone cells. CR44522 is a 

lincRNA and may be having subtle effects on development when it is potentially 

knocked down or over-expressed respectively. lincRNAs are thought to have roles in 

the testes, the developing nervous system and development in general (Young et al., 

2012). Ldh is lactate dehydrogenase, which converts pyruvate to lactate. This is 

commonly upregulated in cancer cells when a lot of energy is needed (Warburg effect) 

(Dang, 2012). Ldh is also upregulated in response to endoplasmic reticulum stress in 

Drosophila S2 cells (Lee et al., 2015). This may potentially be suppressing Dv-cbl by 

upsetting the balance of metabolic pathways and interfering with growth. 

3.4.2.3 Category 3- GS2273, GS5217, GS2208, and GS8042 were suppressors 

of roughness in the adult eye 

3.4.2.3.1 Subcategory 3a- GS5217 and GS2208 were suppressors of array 

order and cell size in cone cells 
GS5217 potentially drives expression of Activating transcription factor 3 (Atf3). Atf3 is 

further away from the vector insertion site than 10kb (and is thus not shown on the map 

in Figure 3.3) but is 11478bp (11.478kb) away, so there is a possibility that it is being 

made. Atf3 homodimers suppress transcription whereas Atf3 heterodimers can either 

suppress or enhance transcription, depending on what the other protein is that makes up 

the dimer (reviewed in Hai et al., 1999). If Atf3 was being misexpressed in this line, 

therefore it would be supplying an excess of Atf3, and thus likely causing the formation 

of more Atf3 homodimers, thus repressing transcription. (Fan et al., 2002) showed that 

Atf3 overexpression suppressed growth in human cell lines.  
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GS2208 drives expression in both directions and has two genes nearby that could be 

driven, namely Akap200 and CG13398. Akap200 could be causing Dv-cbl suppression 

by the same means as suggested under EP2254. CG13398 has some similarity to human 

fibroblast growth factor receptor substrate 2 and 3 (Gramates et al., 2017). (Wu et al., 

2003b) posit that FRS2 and ERK 1/2 are part of a negative feedback loop for the EGFR 

pathway. This may be contributing to suppression of Dv-cbl if the same is happening in 

Drosophila. FRS2 has a role in MAPK activation (Hadari et al., 1998). This may 

explain the roughness in adult GMR>GS2208.  

3.4.2.3.2 Subcategory 3b- GS8042 is a suppressor of size in cone cells  
GS8042 is thought to drive the expression of Dap160. Dap160 localises proteins such as 

dynamin to the periactive zone of neurons for endocytosis (Marie et al., 2004), so 

Dap160 may be promoting proper endocytosis in general. This is interesting as Dv-cbl 

suppresses receptor endocytosis (Robertson et al., 2000). Our lab had previously found 

a link between D-Cbl and Dap160 (Robertson et al., 2000), as well as c-Cbl and the 

Dap160 homologue Ese1 (Robertson, 2000). Dap160 was found to enhance Dv-cbl 

(Robertson et al., 2000), whereas in this study it suppressed it. This is likely due to the 

different lines used in this study and in (Robertson et al., 2000). This may be due to 

Dap160 suppressing Dv-cbl via another pathway, perhaps enhancing endocytosis 

mediated by other pathways.  

3.4.2.3.3 Subcategory 3c- GS2273 suppressed array order in cone cells 
GS2273 is thought to drive Numb. Mammalian Numb has been shown participates in 

endocytosis of Notch, with Itch as the E3 ligase. The Drosophila homologue of Itch is 

Suppressor of Deltex. Numb itself is not an E3 ligase but instead is thought to help 

recruit endocytosis machinery. Expression of Numb alone can upregulate Notch 

ubiquitination. (McGill and McGlade, 2003). Notch overexpression under the control of 

GMR has a rough eye (Hagedorn et al., 2006), as does Dv-cbl. (Wang et al., 2010) 

showed that DcblS downregulates Notch. So extra Numb may be compensating for a 

loss of active Cbl, resulting in a suppression of eye roughness.  

3.5 Conclusion 

Re-examining a smaller number of lines from the original screen with more powerful 

microscopy methods can be useful for making finer measurements, the detail of which 

would not have been practicable in the original screen. Even by taking a small subset of 

http://www.genenames.org/data/hgnc_data.php?hgnc_id=16971
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genes from a large screen, a number of similarities can be drawn. There were several 

common interactors within the set of lines examined (Table 3.6), and with Cbl 

interactors (Table 3.5). These interactions will be further explored in Chapter 5. The 

function of the most likely gene expressed in each line was considered, and a potential 

effect this gene may have on the Dv-cbl phenotype proposed (Section 3.4), and the 

mode of suppression was proposed in Table 3.2.  

Whilst GS10305 suppressed all of the phenotypes tested, it was not chosen for further 

study as it expressed CG9705 which is not well known, and there would not be many 

resources to draw upon. GS2208 and EP2254 were further investigated as there was 

evidence in the literature that Akap200, expressed by both lines, and interacted with 

Ras85D  (Huang and Rubin, 2000), and Src64B (Jackson and Berg, 2002), both of 

which are oncogenes that interact with Cbl (Table 3.4). The next chapter looks further 

into the function of Akap200.  
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4 RESULTS 

 

This chapter consists solely of the paper published in 2012 with myself as the first 

author, Hannah Robertson and Nicole Siddall as second and third authors respectively, 

and Gary Hime as the senior author. This paper was published in Molecular and 

Cellular Biochemistry, and was titled: “Akap200 suppresses the effects of Dv-cbl 

expression 

in the Drosophila eye”. 
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Abstract The Drosophila melanogaster orthologue of the

c-Cbl proto-oncogene acts to downregulate signalling from

receptor tyrosine kinases by enhancing endocytosis of

activated receptors. Expression of an analogue of the

C-terminally truncated v-Cbl oncogene, Dv-cbl, in the

developing Drosophila eye conversely leads to excess

signalling and disruption to the well-ordered adult com-

pound eye. Co-expression of activated Ras with Dv-cbl

leads to a severe disruption of eye development. We have

used a transposon-based inducible expression system to

screen for molecules that can suppress the Dv-cbl pheno-

type and have identified an allele that upregulates the

A-kinase anchoring protein, Akap200. Overexpression of

Akap200 not only suppresses the phenotype caused by

Dv-cbl expression, but also the severe disruption to eye

development caused by the combined expression of Dv-cbl

and activated Ras. Akap200 is also endogenously expres-

sed in the developing Drosophila eye at a level that mod-

ulates the effects of excessive signalling caused by

expression of Dv-cbl.

Keywords Cbl � Ras � Drosophila � Akap200

Introduction

Receptor tyrosine kinase (RTK) signalling must be pre-

cisely modulated to allow transduction of appropriate lev-

els and ensure appropriate timing of intracellular signals.

One of the key mechanisms to downregulate receptor

activity after ligand binding is endocytic removal of the

activated receptor from the plasma membrane [1]. The Cbl

family of proteins acts as E2-dependent ubiquitin ligases

to ubiquitinate activated receptors, thereby stimulating

receptor endocytosis [2, 3]. The first characterised member

of the family, murine c-Cbl, was originally identified as the

protein produced by the cellular counterpart of v-cbl, the

transforming gene of the Cas NS-1 retrovirus [4]. Both

the human and mouse genomes contain three Cbl family

genes, c-Cbl, Cbl-b, and Cbl-3. c-Cbl and Cbl-b have been

shown to encode similar proteins containing an N-terminal

SH2-like tyrosine kinase-binding (TKB) domain, a RING

finger, an SH3-binding region and a C-terminal UBA

domain that acts to down regulate activated receptors

[5–7]. The TKB domain corresponds to the truncated

protein expressed from the v-Cbl oncogene. The Caeno-

rhabditis elegans and Drosophila genomes each contain a

single cbl orthologue, and mutations in each have shown

that Cbl proteins also negatively regulate signalling from

the EGF receptor in these two organisms [8–12].

v-Cbl can bind to activated RTKs and interfere with the

ability of endogenous Cbl proteins to downregulate

receptor activity. Genetic studies of a Drosophila analogue

of v-Cbl have shown that it acts as a dominant-negative

protein, enhancing signalling from the Drosophila epider-

mal growth factor receptor (Egfr) [11]. Phenotypes asso-

ciated with v-Cbl expression can be readily investigated in

the Drosophila eye as all cells of the retina are dependent

upon Egfr signalling for correct differentiation and survival

[13]. The adult Drosophila compound eye is composed of

*800 individual units, or ommatidia, arranged in a regular

array. Each ommatidium consists of 8 light sensing pho-

toreceptors, 4 lens-secreting cone cells, 8 optically insu-

lating pigment cells and a mechanosensory bristle cell.

Perturbations to the array caused by aberrations in cell
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number or differentiation can be easily observed by light or

scanning electron microscopy [14].

c-Cbl has been shown to interact with a wide range of

receptors and cytoplasmic proteins including non-RTKs,

phosphatases, cytoskeletal proteins and signal transduction

adaptors suggesting that the oncogenic capacity of v-Cbl

could be mediated by multiple signal transduction path-

ways [5]. The ability to conduct unbiased genetic screens

in Drosophila allows the capacity to identify genes or

mutations that can modulate the activity of Drosophila

v-Cbl (Dv-cbl).

The use of screens for modifying mutations in Dro-

sophila, that is, mutations that enhance or suppress the

effect of known mutations, is illustrative of how a genetic

analysis of a signalling pathway in flies can be of direct

value to mammalian studies. The mechanism of signal

transduction from Ras to the nucleus has been elucidated

by a combination of biochemical studies in mammalian

cells and genetic analysis in C. elegans and the Drosophila

eye [15]. A screen conducted for enhancers and suppres-

sors of an oncogenic Ras protein that was expressed in the

Drosophila eye uncovered alleles of all the genes known at

that time to be in the Ras pathway—including MEK, MAP

kinase, Raf, and Ras prenylation enzymes—together with

about a dozen previously uncharacterised genes [16].

Included amongst the uncharacterised proteins was kinase

suppressor of ras (KSR), a component of the system that

was not detected in biochemical studies. Subsequent

identification and analysis of mammalian homologues of

ksr have shown that it modulates Ras signalling by aug-

menting Raf activity [17]. Systematic genetic screens such

as this are, therefore, an extremely powerful way of char-

acterising conserved signalling pathways and comple-

menting mammalian studies.

We have used the gene search system (GSS) whereby

random insertion of transposable elements containing an

inducible promoter into the genome allows overexpres-

sion of genes neighbouring the insertion sites [18]. We

have utilised this method to screen for genes that when

overexpressed can suppress the effects of Dv-cbl expres-

sion in the Drosophila eye. This class of gene is of par-

ticular interest as there is the potential for an oncogene

suppressor to suppress malignancies associated with

oncogene activation. One of the genes that we identified

was Akap200, a gene that was previously identified in the

screen for suppressors of rasV12 [20]. Little is known

about Akap200, except that it is a member of the

A-kinase anchoring protein (AKAP) family that interacts

with the regulatory subunits of protein kinase A (PKA) to

anchor kinase activity to specific subcellular compart-

ments. Studies in the Drosophila ovary showed that

mutations in Akap200 suppressed a phenotype associated

with loss of Src function [26]. Thus, it was known that

Akap200 can suppress alleles of three different onco-

genes, rasV12, Src64B and Dv-cbl, making it an attractive

candidate for further analysis.

In this paper, we show that ectopic expression of

Akap200 suppresses the phenotype induced by v-Cbl and

that endogenous AKAP200 expression modulates v-Cbl

activity. We also show that AKAP200 suppressed the

cooperative phenotype produced by co-expression of

Dv-cbl with rasV12.

Materials and methods

Drosophila strains and culture

Genetic experiments were performed at 25 �C on semolina

molasses media supplemented with live yeast. Drosophila

alleles used were: w1118, GMR-GAL4, sev-GAL4, sev-

Ras1V12, GS2208, EP2254, UAS-Dv-cbl, UAS-p35,

Akap200k07118a (Akap200-lacZ), P{TRiP.HM05018}attP2

(Akap200RNAi), P{KK111598}VIE-260B (Akap200R-

NAi) and P{GD1207}v5647 (Akap200RNAi). All stocks

were obtained from the Bloomington Stock Center, Kyoto

Drosophila Genetic Resource Center, Vienna Drosophila

RNAi Center or generated in our laboratory.

Scanning electron microscopy

Adult female flies were dehydrated through an acetone

series (30, 50, 70, 100 and 100 %), then air dried in a fume

hood, mounted on carbon stubs and sputter coated with an

Edwards S150B gold sputter coater. The eyes were then

imaged on a Philips XL30 FEG field emission scanning

electron microscope.

mRNA in situ hybridisation

DIG labelled mRNA probes for in situ hybridisation to

sense and antisense strands were generated using the

Megascript T7 kit (Ambion), from a template formed from

the 30UTR of Akap200 using the following primer sets (T7

polymerase site underlined). Antisense: GATCTCGC

CAAGGATCTGAA and GGATCCTAATACGACTCA

CTATAGGG TTGCGTTCTTTTGTTGTTGC, sense: TTG

CGTTCTTTTGTTGTTGC and GGATCCTAATACGA

CTCACTATAGGGGATCTCGCCAAGGATCTGAA.

Third instar imaginal eye discs were dissected in cold

PBS then fixed in 4 % paraformaldehyde on ice for 20 min.

The discs were fixed at room temperature for 20 min in

4 % paraformaldehyde in PBS containing 0.6 % Triton X

100 and then washed 39 with 0.6 % Triton X 100 in PBS.

Tissue was prehybridised for 1 h at 55 �C, then hybridised

overnight at 55 �C in hybridisation buffer (prewarmed)
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which contained 5 lg/ml of sense or antisense DIG label-

led RNA probe. Tissue was washed 49 in wash buffer at

55 �C, where the washes were changed every 2–3 h, and

left in the wash buffer overnight at 55 �C. The next day, the

tissue was washed in PBS with 0.1 % Tween-20 PBS

(PBS/Tween) for 30 min, which was followed by 2 h

incubation with anti DIG antibody 1:2,000 in PBS/Tween

with 5 % goat serum at room temperature, then washed 49

20 min in PBS/Tween, and then the PBS/Tween was

removed and replaced with an AP buffer. The signal was

detected in the AP buffer containing NBT/BCIP at 37 �C

for *45 min. Then, the tissues were mounted in 80 %

glycerol in PBS.

Immunostaining

Imaginal discs were dissected in PBS and fixed for 30 min

at room temperature in 4 % paraformaldehyde, then

washed 39 10 min each in PBT. Samples were incubated

in primary antibody diluted in PBT plus 5 % goat serum

overnight at 4 �C, washed 39 10 min and incubated in

secondary antibody for 2 h at room temperature. Anti-

bodies used were: mouse anti-Elav (Developmental Studies

Hybridoma Bank) and chicken anti-b-galactosidase

(Abcam).

Quantitative real-time PCR

RNA was extracted from adult female heads using TRIzol

(Invitrogen) according to the manufacturer’s instructions.

cDNA was produced using superscript III reverse trans-

criptase (Invitrogen) according to the manufacturer’s

instructions and qRT-PCR was performed in triplicate on a

Corbett Rotor-Gene 3000 using Sybr Green (Fisher) and

Platinum Taq Polymerase (Invitrogen). The primers used

were Akap200-forward GATCTCGCCAAGGATCTGAA,

Akap200-reverse TTGCGTTCTTTTGTTGTTGC, internal

control GAPDH2A-forward AGCCATCACAGTCGATT

CC, GAPDH 2A-reverse GGTGCCCTTAAAACGTCC

GTG. Mean mRNA levels were calculated by means of the

Standard curve method. The concentration of Akap200

mRNA in each of the samples was calculated relative to the

amount of GAPDH2A mRNA. Plots show one standard

deviation.

Results

Overexpression of Akap200 suppresses the rough eye

phenotype exhibited by Dv-cbl transgenic flies

The Drosophila compound eye exhibits an ordered array

of uniformly sized ommatidia when viewed by scanning

electron microscopy (Fig. 1a). Previous work by our lab-

oratory [11] has shown that using the GAL4-UAS system

to drive expression of the Dv-cbl transgene results in a

disordered ommatidial array and variation in size of

individual ommatidial units (also Fig. 1b). In this experi-

ment, GAL4 expression has been driven by the GMR

promoter which is active in and posterior to the mor-

phogenetic furrow, a late stage of development of the third

instar larval eye imaginal disc during which there is

limited mitosis and cells are being specified to take on

their adult fates. Expression of GAL4 alone at this stage

of development does not result in an ommatidial pheno-

type (Fig. 1a), but when this strain is crossed to a strain

carrying a Dv-cbl cDNA fused to the UAS promoter, the

presence of GAL4 will drive expression of Dv-cbl in the

GMR expression domain. This double transgenic animal is

referred to as GMR [ Dv-cbl in this study and the het-

erozygote is characterised by a mildly rough eye in which

ommatidia vary somewhat in size and shape (Fig. 1b). We

utilised this bipartite expression system to screen a set of

transgenic lines, known as the GSS, in which the UAS

promoter had been placed on a P-transposable element

that had been mobilised to generate a collection of lines

with insertion sites throughout the genome. Hence, each

strain had the potential to drive UAS-dependent expres-

sion of a gene adjacent to the transposon when crossed to

a strain expressing GAL4 under the control of an endog-

enous promoter [18]. We crossed these strains individually

to GMR [ Dv-cbl in order to identify GSS lines that could

suppress the ommatidial defects exhibited by GMR [ Dv-

cbl eyes. Crosses to GMR-GAL4 were used as controls.

Strain GS2208 exhibited a mild ommatidial disorganisa-

tion when crossed to GMR-GAL4 (Fig. 1c), but partially

restored order to the ommatidial array when crossed to

GMR [ Dv-cbl (Fig. 1d). The GSS set of strains have

been developed using several transgenic constructs, some

with bi-directional UAS promoters such that genes could

be expressed either side of the transposon insertion site

[18]. GS2208 carries such a bi-directional element that has

inserted in the 50UTR of the longest isoform of the

Akap200 gene (Fig. 1g). Thus, the genetic suppression we

observed could be due to co-expression of Akap200, the

adjacent gene CG13398, or possibly an antisense effect

from the Akap200 50UTR. We, therefore, repeated the

experiment using another transposable element strain

containing a single UAS promoter driving expression of

Akap200. This strain, EP2254, was generated as part of

the EP misexpression screen of Rorth et al. [19] using a

different vector to the GSS strains. EP2254 is inserted

42 bp 50 of the Akap200 transcriptional start site and had

previously been identified in a screen for suppressors of

activated Ras [20]. GMR driven expression of EP2254

had no effect on the ommatidial array (Fig. 1e) and when

Mol Cell Biochem (2012) 369:135–145 137

123

Author's personal copy



crossed to GMR [ Dv-cbl, the ommatidial variation in

size was suppressed and the order of the array somewhat

restored (Fig. 1f) suggesting that Akap200 suppressed

Dv-cbl.

EP2254 results in upregulation of Akap200 expression

EP2254 has previously been reported to suppress the rough

eye phenotype resulting from sevenless (sev) driven

Fig. 1 Scanning electron microscopy of adult eyes. a Eyes from flies

of genotype GMR-GAL4 have a normal appearance. b GMR [ Dv-cbl
results in disruption to the ommatidial lattice and fusion of individual

ommatidia. c GMR-GAL4/GS2208 causes a mild disruption to the

ommatidial lattice, but d suppresses the severity of the GMR [ Dv-

cbl phenotype. e GMR-GAL4/EP2254 eyes not only have a normal

appearance, but also f mildly suppress the severity of GMR [ Dv-cbl.
g The Akap200 gene generates four transcripts. The positions of the

insertions of EP2254 and GS2208 are indicated (arrowheads show

direction of transcription from the transposon encoded UAS promot-

ers). g Is modified from http://flybase.org/cgi-bin/gbrowse/dmel/?

Search=1;name=FBgn0027932
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expression of activated Ras (RasV12) [20]. We used mRNA

in situ hybridisation with a probe synthesised from the

common Akap200 30UTR to determine whether this strain

overexpresses Akap200 when crossed to GMR-GAL4.

Discs expressing GMR-GAL4 alone showed a low level of

expression of Akap200 within the 3rd instar imaginal eye

disc (Fig. 2a) that was not altered in the GMR [ Dv-cbl

strain (Fig. 2b). Eye imaginal discs derived from animals

that carry GMR-GAL4 and EP2254 showed a strong

upregulation of Akap200 in a stripe within and posterior to

the morphogenetic furrow, in the region of the disc that

correlated with strong GMR promoter activity (Fig. 2c).

Quantification of this expression by qRT-PCR

demonstrated an approximately fivefold upregulation of

Akap200 expression in tissue derived from GMR-GAL4,

EP2254 animals compared to GMR-GAL4 animals

(Fig. 2d). Thus, EP2254 contains a UAS insertion capable

of driving overexpression of Akap200 when crossed to a

GAL4 driver line.

Overexpression of Akap200 also suppresses

the phenotype due to activated Ras

A previous study [20] reported that EP2254 suppresses

the effects of constitutively activated Ras, but did not

present images of the suppression of sev-driven RasV12

Fig. 2 mRNA in situ hybridisation of a probe specific to Akap200 to

third instar eye imaginal discs. aa, as antisense and sense probe

hybridisation to GMR-GAL4 eyes show a low level of Akap200
expression across the eye disc that is also observed in GMR [ Dv-cbl
discs (ba, bs). GMR-GAL4/EP2254 discs ca, cs show strong

upregulation of Akap200 expression posterior to the morphogenetic

furrow. d qRT-PCR quantification of Akap200 expression shows an

approximately fivefold upregulation in GMR-GAL4/EP2254 com-

pared to the GAPDH2A normalised Akap200 mRNA expression

levels in GMR-GAL4/? . The error bars represent ± one standard

deviation
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(sev-RasV12). We repeated this experiment to determine

whether Akap200 could suppress the RasV12 phenotype

more effectively than the Dv-cbl phenotype. sev-GAL4 is

expressed in a more restricted pattern in differentiating

photoreceptors than GMR-GAL4 and also does not affect

ommatidial development on its own (Fig. 3a). sev-RasV12

results in a disorganised ommatidial lattice that is more

severe than the GMR [ Dv-cbl phenotype (Fig. 3b). sev-

GAL4-driven Akap200 does not result in any morphologi-

cal abnormalities (Fig. 3c), but when co-expressed with

RasV12, it moderately suppresses the ommatidial disorga-

nisation caused by RasV12 (Fig. 3d).

The Akap200 suppression of Dv-cbl/RasV12 is

independent of apoptosis

We have previously reported that Dv-cbl can co-operate

with RasV12 to cause severe disruption to eye development

[11]. The adult eyes of GMR-GAL4; GMR-Dv-cbl, sev-

RasV12 flies have significant tissue overgrowth, ommatidial

fusion and melanotic lesions (Fig. 4a; [11]). When EP2254

is introduced into this strain, it suppresses this phenotype to

a remarkable degree (Fig. 4c). While the eye does not

revert to a wildtype appearance, ommatidial fusion is much

reduced and the ommatidia are much more ordered.

The disordered phenotype of eyes co-expressing Dv-cbl

and RasV12 is not a simple hyperplastic overgrowth, but is

suggestive of an increase in both mitosis and apoptosis. To

determine whether part of the phenotype associated with

GMR-GAL4; GMR-Dv-cbl, sev-RasV12 is due to induction

of apoptosis, we co-expressed the viral apoptosis inhibitor,

p35, with Dv-cbl and RasV12. This moderated the pheno-

type; however, fusion and overgrowth were still present

(Fig. 4b). Furthermore, the strong suppression of the

Dv-cbl RasV12 co-operative phenotype by ectopic expres-

sion of Akap200 is not simply due to a suppression of

apoptosis as Akap200 expression is able to further suppress

the GMR-GAL4; GMR-Dv-cbl, sev-RasV12/UAS-p35 phe-

notype (Fig. 4d) producing a much more ordered eye than

observed in Fig. 4b. Akap200 is, therefore, a good sup-

pressor of the Dv-cbl, RasV12 co-operative phenotype in a

manner that is partially independent of blocking apoptosis.

Endogenous Akap200 moderates Dv-cbl activity

The above experiments indicate that ectopic Akap200 can

suppress phenotypes associated with expression of Dv-cbl,

but do not indicate that Akap200 has an endogenous

function in eye development. The Akap200 mRNA in situ

hybridisation (Fig. 2a) suggests that Akap200 is expressed

at a low level throughout the third instar larval eye disc.

Antibodies directed against Akap200 were not available, so

we used an Akap200-lacZ enhancer trap inserted in the first

intron to examine more closely Akap200 expression within

the eye disc. b-Galactosidase expression from this strain

was detected by means of immunofluorescence and found

to be present at a low level throughout the disc with a

concentration within a subset of developing photoreceptor

neurons (Fig. 5a) as observed by colocalisation with the

neuron-specific marker Elav (Fig. 5b, c, e). Lack of colo-

calisation with Prospero indicated that Akap200 was not

expressed in cone cells or photoreceptor R7 (Fig. 5d). The

low level of endogenous Akap200 expression within the

eye disc could be having a moderating effect on the phe-

notype of the Dv-cbl transgene, so we used three inde-

pendent shRNA constructs to downregulate endogenous

levels of Akap200 by crossing strains containing UAS-

Akap200 RNA intereference (RNAi) transgenes to GMR-

GAL4. In each case, we saw very little effect of lowering

levels of Akap200 on eye development (Fig. 6a, c, e).

When each of these strains was crossed to GMR [ Dv-cbl,

the level of eye disruption was more severe (Fig. 6b, d, f)

than GMR [ Dv-cbl alone (Fig. 1b) suggesting that

endogenous Akap200 does act to reduce excessive signal

transduction caused by expression of GMR [ Dv-cbl.

Discussion

In this study, we have demonstrated that overexpression of

Akap200 is capable of suppressing phenotypes generated

by expression of Dv-cbl or activated Ras in the developing

Drosophila eye. The suppression is most clear when Dv-cbl

and RasV12 are co-expressed and produce a severe disrup-

tion to eye development. Akap200 is endogenously

expressed in the third instar eye disc, being concentrated in

developing photoreceptor neurons, and this endogenous

level of Akap200 appears to moderate the severity of

phenotypes generated from Dv-cbl expression.

What is the function of Akap200?

AKAPs are a structurally diverse family of proteins that

have been grouped based on their ability to bind to the Ser/

Thr kinase, (PKA or cAMP-dependent protein kinase).

PKA is a tetrameric protein composed of two regulatory (of

RI or RII subtypes) and two catalytic subunits. Most AK-

APs bind to the regulatory subunits, but they do not play a

role in regulating enzymatic activity. Instead, they act as

scaffolding proteins that co-localise components of a sig-

nalling pathway. This can localise signalling to a specific

region of the cell, modulate propagation of signal trans-

duction responses or assist in generation of feedback (or

feed forward) regulatory loops, reviewed in [21–23].

Akap200 encodes a PKA-RII binding site and a myri-

stoylated alanine-rich C-kinase substrate (MARCKS)
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Fig. 3 Scanning electron

microscopy of adult eyes.

a sev-GAL4 has a wildtype

morphology but b sev-GAL4,

sev-RasV12 has a rough eye.

c sev-GAL4/EP2254 has

wildtype appearance but

d EP2254 can suppress the

roughness of sev-GAL4,

sev-RasV12
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Fig. 4 Scanning electron

microscopy of adult eyes.

a GMR-GAL4; GMR-Dv-cbl,
sev-RasV12 eyes have severely

disrupted morphology that can

be partially restored by

suppression of apoptosis via

UAS-p35 (b). c EP2254
effectively suppresses the

disruption of GMR-GAL4;

GMR-Dv-cbl, sev-RasV12 eyes,

but this is not simply due to

suppression of apoptosis as

further suppression also occurs

(d) in the presence of UAS-p35
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domain [24] and has been observed to bind to actin fila-

ments, suggesting that it localises specific PKA complexes

to the actin cytoskeleton [25]. Akap200 mutant Drosophila

exhibits slightly reduced viability and some bristle pat-

terning defects. Akap200 localises PKA-RII to germ cell

membranes and Akap200 mutants have multinucleate germ

cells and structural defects within the actin-rich ring canals

that connect ovarian nurse cells and the oocyte [26].

Akap200 also mildly suppresses the eye phenotype asso-

ciated with sev-driven RasV12 and mildly enhances the

phenotype of sev-driven dominant-negative KSR [20].

KSR is a scaffolding protein that facilitates transduction

through the RAF-MEK-MAPK cascade [17]. This study is

consistent with our findings that Akap200 overexpression

can suppress the phenotypes derived from expression of

Dv-cbl and activated Ras, although we find that it is a very

effective suppressor of the severe eye defects generated by

co-expressing Dv-cbl and activated Ras. We have also

shown that this suppression ability is not simply a result of

the high level ectopic expression of Akap200 from EP2254,

but that endogenous Akap200 moderates signalling from

the Dv-cbl transgene.

A recent study of the mammalian AKAP member,

AKAP-Lbc, has shown that it interacts with KSR-1 and

PKA to enhance RAF signal transduction and thereby

regulate MAPK signalling. AKAP-Lbc acts as a scaffold to

promote a close association between RAF and MEK1,

thereby facilitating activation of MEK1 by RAF. It also

Fig. 5 Immunofluorescence of third instar eye imaginal discs. a b-

Galactosidase expression from Akap-lacZ is concentrated in photo-

receptor neurons indicated by expression of the neural-specific RNA-

binding protein Elav (b). A merged image is shown in c. Higher

magnification images of Akap200-lacZ colocalisation with Prospero

(d–d00) and Elav (e–e00)
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enhances PKA-mediated phosphorylation of KSR-1, which

also facilitates MAPK activation [27]. Although AKAP-

Lbc is not a direct orthologue of Akap200, and indeed

Akap200 does not appear to have a closely related verte-

brate orthologue, our data suggest that Akap200 could play

a similar role in modulating signalling via the Ras-MAPK

cascade. This requires further investigation and raises the

possibility that regulation of AKAP activity may have

therapeutic potential for ameliorating the excessive Ras-

MAPK activity exhibited by a wide range of human

tumours.
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5 DISCUSSION 
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5.1 Introduction 

This work set out to determine if a subset of Dv-cbl suppressors identified in a modifier 

screen were able to suppress Dv-cbl under more rigorous criteria, and if two of these 

suppressors, chosen on the basis that the gene they express were able to suppress 

Ras85DV12, were also able to suppress the co-operation between Dv-cbl and Ras85DV12. 

Ras85DV12 is linked to Dv-cbl as both cause constitutive activation of the EGFR 

pathway, but when co-expressed in the Drosophila eye they cause a phenotype that is 

more than the additive effects of the two genes (Chapter 4/Paper: Figure 4a, and 

Robertson et al., 2000). 

5.2 An interaction map between Cbl and other genes investigated was 

generated 

With the use of scanning electron microscopy on adult eyes, and immunohistochemistry 

against the cone cell marker Cut (in the developing 3rd instar eye disc), I was able to 

show that each of the lines I had chosen to study was able to suppress the GMR>Dv-cbl 

heterozygote eye phenotype. Each line was not equally effective, as was discussed in 

Chapter 3. 

In this chapter I show an interaction map (Figure 5.1) which is generated from Tables 

3.5 and 3.6, listing Cbl interactors, and the interactors of the genes that are most likely 

expressed (or in one case, knocked down) respectively. From this map, three genes 

could be identified as common interactors: Dap160, Numb, and Akap200. The function 

of these genes will be discussed in more detail later in this chapter. Some genes were 

found to have pathways in common with Cbl (Table 3.4) - the CG9705 human 

homologue calcium regulated heat stable protein 1 (GS10305), Akaps in general (a 

kinase anchoring proteins) (EP2254/GS2208), Lk6 kinase (UAS-LK6), and Dap160 

(GS8042) were all linked to Cbl directly (Figure 3.5), (Robertson et al., 2000). Several 

other genes were linked via other genes. These were Whamy (GS10268 antisense), 

Numb (GS2273), Thada (GS1120), Ldh (GS9841), Akap200 (EP2254 and GS2208), and 

CG9705 (GS10305) (Table 3.6).  

Some genes that were implicated by the P-element lines did not share any documented 

pathways or interactors with Cbl, its interactors, or any of the other genes implicated by  
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Figure 5.1: Network of Cbl, known interactors and proteins that link 
their activities  
This figure maps the known interactions of the Cbl and the other genes 
investigated in Chapter 3, and how they are connected to each other. The 
references for each gene are listed in Tables 3.5 and 3.6. Not all of the 
genes implicated in Chapter 3 are in this diagram. If they are present,  
they are more likely to be in the Cbl pathway, if not the gene may be 
diverting resources from the Cbl pathway hence was detected as a genetic 
suppressor. The Cbl and Akap200 interaction is from (Bala Tannan et al., 
2018). 
Green highlighting=sense genes expressed by Chapter 3 lines, 
red=antisense 
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the P-element lines or their interactors, and thus did not get shown on the interaction 

map. They were: Hers (GS1120), CR44784 (GS2064), Atf3 (GS5217) and, CR44522 

(GS9841). These genes may be diverting resources to other pathways or affecting 

growth or homeostasis (see Table 3.3 for their functions). 

5.2.1 From the interaction map, three nodes became apparent 

The three nodes of Chapter 3 were Dap160, Numb, and Akap200. These three genes 

stood out as having the most interactions in the network.  

5.2.1.1 Dap160 

Dap160 was discovered by (Roos and Kelly, 1998) (and named for its association with 

dynamin (Dynamin associated protein 160kDa)). Dynamin is also known also as shibire. 

Dap160 complexes with Dynamin and the plasma membrane (Roos and Kelly, 1998). 

On discovery, it was suggested that it was a part of the endocytosis scaffolding 

machinery, which was backed up by further evidence by (Koh et al., 2007), who 

hypothesised that Dap160 formed a complex with Eps15, Nervous wreck, and WASp. 

Dap160 was found to interact with D-cbl (Robertson et al., 2000), which linked D-cbl to 

endocytosis. Mammalian c-Cbl was also found to interact with Ese1 (Dap160 

homologue) via a Y2H study (Robertson, 2000). Given that a link between D-Cbl and 

Dap160 had already been established, it was not surprising that Dap160 was identified 

as an interactor in this study as well. One way that ectopic Dap160 could be suppressing 

Dv-cbl is by upregulating endocytosis that is not related to Dv-cbl. Intersectin (a 

Dap160 homologue) has been implicated in actin assembly and the activation of 

mitogenic signals (reviewed in Polo et al., 2003). This could link Dap160 to Akap200 

(via actin) and Cbl (via mitogenic pathways) respectively. 

5.2.1.2 Numb 

Numb was discovered by (Uemura et al., 1989). Numb is well known for its role in 

antagonism of Notch during the specification of cell fates (reviewed in Schweisguth, 

2015). Numb promotes endocytosis of Notch. This leads to Notch being more prevalent 

in one cell than its neighbour, leading to different fates in each of the cells and their 

progeny. Mutations in Numb cause tumours as cells fail to differentiate (reviewed in 

Kang and Reichert, 2015). Notch is also involved in specification of the photoreceptor 

R8 in the developing eye (reviewed in Voas and Rebay, 2004). As well as the Notch 

pathway, Numb also impacts the p53 and Hh pathways. Numb inhibits Hh signalling by 
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suppressing the mammalian Gli proteins (Drosophila homologue: cubitus interruptus), 

the transcription factors at the end of the Hh pathway. Gli proteins are targeted by 

Numb for degradation by Itch (Drosophila homologue: Suppressor of deltex), an E3 

ligase. Numb also prevents the ubiquitination of p53 by the E3 ligase MDM2 

(mammalian, Drosophila functional orthologue corp, Chakraborty et al., 2015)  by 

forming a complex containing all three proteins, which prevents MDM2 activity in the 

human breast cell line MCF10A (Colaluca et al., 2008, also reviewed in Pece et al., 

2011). Numb regulates pathways via acting as a regulator for E3 ligases and promotes 

endocytosis. It is also involved in the epithelial to mesenchymal transition (EMT), via 

the modulation of its interactions with tight junctions and adherens junctions, (the 

destabilisation of which is required to allow the EMT, which allows cells to migrate 

(reviewed in Pece et al., 2011). Asymmetrical division also plays a part in muscle 

development, with the cell that accumulates more Numb becoming the muscle cell 

(reviewed in Pece et al., 2011). Given the role of Cbl and Dap160 in endocytosis, it is 

unsurprising that another of the nodes in the interactor map (Figure 5.1) is also involved 

in endocytosis. This may provide an explanation of why numb may be a suppressor of 

Dv-cbl, in addition to numb being known as a tumour suppressor (reviewed in Pece et 

al., 2011).  

5.2.1.3 Akap200 was the final node identified in the interaction map 

Akaps, in general, are known to localise Protein Kinase A (PKA). The PKA 

holoenzyme is made up of two regulatory and two catalytic subunits. Akaps bind to its 

regulatory subunits and render the catalytic subunits inert until they are bound by cAMP 

and released. As PKA is capable of interacting with a wide range of substrates, such as 

those involved in a diverse range of processes such as embryogenesis, larval 

development, and oogenesis (Jackson and Berg, 2002; Lane and Kalderon, 1993). It is 

thought that the substrate is directed by the Akaps, which due to their structure are 

directed to different subcellular locations, thus able to place PKA in close vicinity to its 

target substrates such as ion channels (reviewed in Gray et al., 1998) whilst in an 

inactive state (reviewed in Feliciello et al., 2001; Michel and Scott, 2002).  

Akap200 was first reported in a twin set of papers (Li et al., 1999; Rossi et al., 1999). 

Drosophila Akap200 is alternatively spliced, resulting in two proteins, Akap200 and 

ΔAkap200. Both are targeted to the plasma membrane by virtue of being MARCKS 
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proteins, with the N terminal myristate and phosphorylation site domain (PSD) 

characteristic of this class of proteins, which allow them to interact with the plasma 

membrane and F-actin (Li et al., 1999; Rossi et al., 1999). Of the two isoforms, only 

Akap200 retains the PKA-R2 binding site, allowing it to bind to and localise the PKA 

holoenzyme, which is made up of two PKA-R2 (regulatory) subunits, and two PKA-C1 

(catalytic) subunits. Akap200 localises PKA-C1 via binding to PKA-R2. Only when the 

PKA-C1 subunits are released from the holoenzyme by cAMP binding as mentioned 

above can they catalyse downstream targets involved in processes such as 

embryogenesis, larval development and oogenesis (Jackson and Berg, 2002; Lane and 

Kalderon, 1993). (Li et al., 1999) posited that as MARCKS proteins, Akap200 

ΔAkap200 are regulated by diacylgycerol (cytoskeleton remodelling) and calcium (actin 

binding). Akap200 is present in all stages of development but is 3-4 fold higher in 

pupae and ΔAkap200 is present at 7 fold higher levels in the Drosophila head (Li et al., 

1999). ΔAkap200 differs in amino acid sequence from Akap200 because it is missing 

exon 5 due to alternative splicing and is thus made up of Akap200 residues 1-344 and 

726-753 (missing 345-725). Akap200 residues 345-725 contain the SH3 docking sites 

and R2 binding site, so these functions are missing in ΔAkap200. ΔAkap200 may be a 

cAMP-independent signalling protein. (Rossi et al., 1999). A role for ΔAkap200 in 

protecting Notch from internalisation by D-Cbl was recently discovered (Bala Tannan et 

al., 2018) and will be discussed in a later section of this chapter. 

5.3 Akap200 can suppress Dv-Cbl and Ras85DV12, and is expressed in a 

subset of photoreceptor cells 

GS2208 and EP2254 were further investigated as there was evidence in the literature 

that Akap200 (which was expressed by both lines) interacted with Ras85DV12 (Huang 

and Rubin, 2000), and Src64B (Jackson and Berg, 2002), both of which are oncogenes 

that interact with Cbl (Table 3.5) (Robertson et al., 2000; Wang et al., 2008 and 

reviewed in Thien and Langdon, 2001). The results of this study were published in the 

paper presented in this work (Sannang et al., 2012). The key findings were as follows: 

Akap200 was able to suppress the cooperation of Dv-cbl and Ras85DV12 in the eye, and 

this was not solely due to apoptosis, as suppressing apoptosis allowed for further 

suppression of the cooperation phenotype (Paper/Chapter 4, Figure 4). Endogenous 

Akap200 was shown to be expressed in photoreceptor cells (colocalization with Elav) 
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but was not expressed in cone cells or R7 (no colocalization with Prospero) 

(Paper/Chapter 4, Figure 5). Three separate Akap200RNAi lines enhanced the 

GMR>Dv-cbl phenotype, which infers that the presence of endogenous Akap200 has an 

effect on the GMR>Dv-cbl phenotype (Paper/Chapter 4, Figure 6). 

5.4 The relationship of Akap200 with Notch 

The results in Chapter 4/the paper implied that Akap200 may be capable of suppressing 

other oncogene combinations, so GMR>GS2208, and GMR> TRiP.HM05018(Akap200 

RNAi) lines were generated (mating schemes not shown). These lines were crossed to a 

selection of oncogenes, but with varying results (data not shown). The recent work of 

(Bala Tannan et al., 2018), which found that Akap200 protects Notch from D-Cbl 

mediated degradation prompted me to revisit this data. When I crossed GMR>GS2208, 

and GMR>TRiP.HM05018 to UAS-N (Appendix 2) the results were consistent with 

that of (Bala Tannan et al., 2018). Namely, when I crossed GMR>GS2208 to UAS-

Notch, resulting in ectopic expression of both Akap200 and Notch, the GMR>Notch 

phenotype was enhanced. When GMR> TRiP.HM05018 was crossed to UAS-Notch, 

the GMR>Notch phenotype was suppressed. This is consistent with the work of (Bala 

Tannan et al., 2018), which reported that a loss of endogenous Akap200 caused a 

decrease in endogenous Notch and that an increase in Akap200 activity caused an 

increase in Notch activity. Their work also specifically reports Akap200 as being an 

antagoniser of Cbl. This is also consistent with my own findings. In Figure 3.1k, the 

GMR>GS2208 adult eye is rough. It was originally thought that this roughness was due 

to the expression of CG13398 or a short antisense transcript made against the Akap200 

5’UTR, but it may be because Akap200 also has a role in promoting MAPK signalling, 

as was shown in the mammalian Akap-Lbc (Smith et al., 2010). Then the suppression of 

the GMR>Dv-cbl phenotype by GS2208 (Figure 3.1o) may be an example of 

antagonization, which fits with the roles of D-Cbl and Akap200 determined by (Bala 

Tannan et al., 2018). It is also possible that the effects of Akap200 overexpression 

observed in this thesis are due to its interactions with Notch. Notch expression is 

involved in the determination of the proneural cluster, from which the R8 photoreceptor 

will be determined, and the lateral inhibition of Atonal, which determines which of the 

cells will become the R8 photoreceptor (reviewed in Voas and Rebay, 2004). The 

expression of a constitutively active Notch mutant under the sev promoter resulted in a 
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severe disorder of the ommatidial array (Bala Tannan et al., 2018). Following on from 

that logic, it is also possible that the overexpression of Akap200 could be resulting in a 

rough eye (Figure 3.1k) due to its Notch stabilising effects, and the apparent 

suppression of the GMR>Dv-cbl phenotype actually an antagonization of Notch and D-

Cbl. As for the suppression of the Dv-cbl Ras85DV12 phenotype, stabilisation of Notch 

via Akap200 overexpression may be suppressing this phenotype as well, though the 

scaffolding of the MAPK pathway elements in a similar fashion to AKAP-Lbc (Smith et 

al., 2010) may also be in play. 

 

5.5 Further Directions and final conclusions 

While it was clear that Akap200 was able to modify the Dv-cbl and Ras85DV12 

phenotypes both independently and in co-operation, it is unclear what the exact 

mechanisms behind these results are. The data from (Bala Tannan et al., 2018) showing 

that Akap200 has an effect on both Notch and D-Cbl suggest that the results observed in 

this work with Akap200 suppression of GMR>Dv-cbl may be due to the antagonization 

observed between Akap200 and D-Cbl in (Bala Tannan et al., 2018). Other factors may 

be at play, such as other Akap200 targets in the cell being hyperactivated, or a 

scaffolding effect as in AKAP-Lbc (Smith et al., 2010). There is a regulator of the 

Akap200 transcript present in the developing eye, as the ectopically expressed transcript 

expressed by GMR>EP2254 is clearly downregulated in the posterior section of the disc 

(Paper/Chapter 4, Figure 2c(a)). Further investigations would include finding out what 

this interactor is, and further investigating the interaction of Notch, D-Cbl, and 

Akap200. A particularly interesting question would be if Akap200 stabilises any other 

targets of D-Cbl. The results of (Bala Tannan et al., 2018) suggest that Akap200 is not 

directly involved with EGFR. Src is also an interactor of Cbl (reviewed in Thien and 

Langdon, 2001), and (Jackson and Berg, 2002) found a genetic interaction between 

Drosophila Src64B and Akap200. I made an attempt to determine if Akap200 

overexpression or knockdown could rescue GMR>Src64B overexpression mediated 

lethality, but no rescue was observed (data not shown). Another experiment to test this 

concept, perhaps using different drivers or looking at coimmunoprecipitation could be 

attempted. Another direction this work could be expanded upon is to investigate the 
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function of CG9705 (GS10305), as it had so many interactors in common with Akap200 

and was a suppressor of all of the GMR>Dv-cbl phenotypes tested.  

In conclusion, this work took a small selection of suppressors from a large screen for 

modifiers of the GMR>Dv-cbl phenotype, and after investigating the suppressors in 

further detail, I then turned my attention to two lines that were likely to express the 

Akap200 gene. Evidence of expression was shown for one of the lines (EP2254) via 

mRNA in situ hybridisation, and the ability of EP2254 to partially suppress the severe 

roughness and overgrowth caused by Dv-cbl and Ras85DV12 cooperation was 

established, and this was also shown be partially independent from apoptosis. The exact 

mechanism for the suppression of this phenotype is yet to be determined. Finally, 

endogenous Akap200 was identified in a subset of the photoreceptor cells and was able 

to modify the GMR>Dv-cbl phenotype. 
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Appendix 1: The pOT2 vector. 
LD42903 (the pOT2 vector containing Akap200) was obtained from The 
Berkeley Drosophila Genome Project (Lin et al., 2007) and was used as 
the source of Akap200 DNA for in situ hybridisation.
Taken from http://www.bdgp.org/about/methods/pOT2vector.html.
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Appendix 2: Notch misexpression is enhanced by GS2208 and 
suppressed by Akap200RNAi 
Scanning electron micrographs of female adult flies taken at 450x.
These flies are the offspring of the females with the genotype in
horizontal text, and males in vertical text. The genotypes of the
offspring are listed below with their corresponding letter identifier.
The images are oriented so that the posterior side of the eye is on the
left. Notch misexpression causes an extremely rough eye, when
Akap200 is misexpressed the eye is even rougher, and when Akap200
is knocked down, the Notch phenotype is somewhat suppressed.
(a) GMR-GAL4/+, (b) GMR-GAL4,GS2208/+, (c) GMR-GAL4/+ ;
Akap200 RNAi 3/+, (d) GMR-GAL4/UAS-N, (e) GMR-GAL4,
GS2208, UAS-N/+, (f) GMR-GAL4/UAS-N ;Akap200 RNAi 3/+.
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