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Abstract 

Development from a single cell into a multicellular entity is controlled by the intricate 

regulation of different cell signalling molecules. Wnt/Wingless (Wg) is one such 

evolutionarily conserved molecule that plays a critical role in cell fate specification, tissue 

patterning and organ development. Aberrant signalling leads to many developmental 

defects and cancer.  

The Wg pathway is regulated by reversible phosphorylation both in its silent and active 

states. Although several studies have shown the role of various kinases and 

phosphatases in regulating distinct steps of the Wg pathway, the entire cascade of 

events that regulate the pathway still remains elusive. To identify novel regulators of the 

Wg pathway, we performed an in vivo RNAi screen in the wing disc of Drosophila. This 

screen identified several new kinase and phosphatase modulators of the Wg pathway. 

Further characterization uncovered two proteins, the endosomal protein Myopic (Mop) 

and the serine threonine phosphatase Protein Phosphatase 4 (PP4), which are essential 

for Wg pathway activity.   

Knockdown of mop caused Wg protein accumulation in both the Wg secreting and 

receiving cells. Loss of Mop caused reduced Wg secretion due to the accumulation of 

Wg and Wntless in endosomes of secreting cells. The defective secretion and aberrant 

accumulation of Wg was rescued by overexpression of the endosomal protein Hrs. The 

vertebrate homolog of Mop, HDPTP has similar roles in regulating Wnt trafficking in 

mammalian cells.  

In Wg receiving cells, mop knockdown causes accumulation of the Frizzled receptor in 

early endosomes. Loss of hrs phenocopies this effect on Fz. Histochemical and genetic 

analyses suggested that Mop protects Hrs from lysosomal degradation by both 

promoting its deubiquitination by Ubpy and inhibiting the ubiquitin ligase Cbl. Thus, Mop 

stabilises Hrs in the endosomes, which promotes trafficking of Wg pathway components 

both in the signal sending and receiving cells. My work provides useful insight on how 

Mop-Hrs-Ubpy regulates the endosomal trafficking and signalling output of the Wg 

pathway.  

The serine threonine phosphatase PP4 also plays an important role in the Wg pathway. 

PP4 influences Notch pathway-driven wg transcription. Knockdown of PP4 affects 

expression of Notch pathway components and impairs growth of Drosophila 

appendages. These defects were rescued by the overexpression of nuclear Notch. 

Together, these studies provide the first evidence implicating a role for Mop and PP4 in 

trafficking and transcription of Wg.  

Keywords:  Wingless; Mop; Hrs; Ubpy; endocytosis; PP4.  
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Chapter 1.  
 
 
Introduction 

 Signalling networks in Development 

The development from a single cell into a multicellular organism is a complex 

process, requiring communication between individual cells. Cell-cell communication 

enables the formation of a tissue, which eventually can give rise to an organ. Only a 

handful of evolutionarily conserved signalling networks are used reiteratively, both 

spatially and temporally, to control the various aspects of metazoan development. Given 

the diversity of cell types involved during development to adulthood, there are notably a 

few signalling pathways that mediate the transformation from the intermediate to the 

adult stage. The potential requirement of an exponential number of signalling pathways 

is circumvented by a combinatorial mechanism, where a common component is used by 

more than one signalling pathway to enable unique downstream events.  

The development of the intermediate or adult organs in the fruit fly Drosophila 

melanogaster requires a precise orchestration of diverse signalling networks. In contrast 

to higher metazoans, the development of Drosophila is relatively simple. However, they 

both share similar regulatory mechanisms that drive the formation of embryonic and 

adult structures (Mann and Carroll, 2002). Based on the similarity in developmental 

processes with higher organisms, easy availability, short life span, cost effective 

maintenance and the abundance of tools for its genetic manipulation, Drosophila has 

been used as a model organism to study developmental processes for over 100 years. 

Studying the development of Drosophila wing and eye is useful in understanding the 

genetic and molecular mechanisms involved in organ development.  
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The transformation of a Drosophila from an embryo into an adult occurs through 

different stages of development. The embryonic stage involves the development of the 

primary body axis, formation of the three germ layers (ectoderm, endoderm and 

mesoderm) and the compartmentalization of the presumptive body into segments. At this 

stage a group of cells consisting of the organ and appendage primordia are formed in a 

monolayer of epithelial sacs called imaginal discs. These imaginal discs grow throughout 

the larval instar stages L1, L2 and L3.  During the pupal stage, the imaginal discs 

undergo cellular rearrangement, differentiation and apoptosis to form the final adult 

structures (Garcia-Bellido and Merriam, 1971). 

The Drosophila wing is an appendage derived from the wing imaginal disc.  Due 

to the size, shape and venation pattern, the Drosophila wing has been the model of 

choice in many genetic and developmental studies. The presumptive wing pouch of the 

wing imaginal disc eventually gives rise to the adult wing blade, whereas the upper hinge 

region of the wing disc forms the notum (Fig 1.1). The adult wing has five longitudinal 

veins (termed L1 to L5) and two connecting cross veins (anterior and posterior). An 

organized assembly of mechano-sensory bristles that exists at the wing margin arises 

from the dorsal/ventral (D/V) boundary of the wing imaginal disc (Klein, 2001). Each 

wing possesses thousands of wing hairs or trichomes, which are arranged in a defined 

fashion. Similar to the adult wing, the adult eye and leg structures are also derived from 

the respective imaginal disc counterparts and are used widely for genetic, 

developmental and neurological studies.  
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Figure 1.1. Drosophila wing and notum development from the wing imaginal 

disc. 
The wing imaginal disc patterning takes place during the larval stages. The positions of the wing 
veins and wing margin are indicated in the wing disc. From the different parts of the disc the adult 
notum and wing structures are formed. The adult notum comprises of stereotypically arranged 
macrochaete or bristles. The adult wing is formed from the wing pouch of the disc. It possesses 5 
longitudinal veins (L1 to L5) and two cross veins. The margin of the wing corresponds to the D/V 
boundary of the wing disc. Dorsal (D), Ventral (V), anterior (A) and posterior (P) axes of the wing 
disc are indicated at the bottom of the figure. 
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Signalling pathways including Notch, Wnt/Wg, Hedgehog (Hh), Decapentaplegic 

(Dpp) and Epidermal Growth Factor Receptor (EGFR) regulate the final organization of 

adult wing and eye structures. Physical binding of a ligand to its corresponding receptor 

is the hallmark of any of these signalling networks. The binding of the ligand to its 

receptor can cause a conformational change in the receptor, post translational 

modifications, inhibition of a downstream inhibitor or activation of an effector (Freeman 

and Gurdon, 2002). The signal transduction in most cases culminates in the nucleus, 

where it regulates transcriptional complexes and gene expression. These events are 

manifested at the cellular level as proliferation, apoptosis, cellular rearrangements, 

differentiation, activation or inhibition of signalling molecules. 

 Wnt/Wingless genes 

Wnt or Wingless (Wg; Drosophila homologue) is a secreted lipid-modified 

glycoprotein ligand that regulates various aspects of development. Across diverse 

organisms including Drosophila, worms, zebrafish and mammals including humans, 

Wnts have been shown to exert their effect on development. They are known to regulate 

cellular functions such as cell survival, proliferation, differentiation and several 

developmental functions ranging from convergent-extension to embryonic segmentation 

to limb formation (Cadigan and Nusse 1997).  

wnt-1 was the first identified gene of the Wnt family (Nusse and Varmus, 1982). It 

was identified as a protooncogene for mammary tumours in mice and was named ‘Int-1’ 

(integration-1). Later, it was renamed as Wnt-1 due to the similarity with the Drosophila 

wg gene and un-relatedness with int2 and int3 (Nusse and Varmus, 1992). Later studies 

confirmed the identical properties of wg and wnt1, thus identifying wg as a homolog of 

wnt-1 (Cabrera et al., 1987; Rijsewijk et al., 1987). Drosophila wg was originally 

identified in 1976 (Sharma and Chopra 1976). Loss of function of wg resulted in flies 

without wings and halters, which were replaced by a duplicated notum structure. In 

1980, Nusslein-Volhard & Wieschaus isolated wg from a screen for zygotic mutations 

responsible for embryonic patterning defects and classified it as a segment polarity gene 

(Nüsslein-Volhard and Wieschaus, 1980). In Drosophila, there are a total of 7 different 

Wnt genes (known as DWnts).  Except DWnt8, all the others have a vertebrate 
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homologue. Although the DWnts are implicated in different developmental contexts, 

none of the others have been studied to the same extent as Wg. DWnt2 is implicated in 

the development of the tracheal system in Drosophila (Llimargas and Lawrence, 2001) 

and also in the development of the male reproductive tract (Chen and Baker 1997; 

Kozopas et al., 1998). DWnt3/5 regulates the development of the embryonic CNS 

through its role in axon guidance (Fradkin et al., 1995; Fradkin et al., 2004). DWnt4 is 

known as a Wg antagonist and is required for denticle formation in the anterior 

compartment of the parasegments (Gieseler et al., 1999). DWnt4 is also known to play a 

role in ovarian cell motility, innervation, retinal axon guidance and specificity of ventral 

muscles (Cohen et al. 2002; Seto and Bellen 2006). Dwnt6 is expressed in a similar 

pattern as Wg in the imaginal discs of Drosophila, but its function is not yet known. 

DWnt8 mutation leads to hyper activation of the dorsal target genes, which results in a 

defective immune system (Gordon et al., 2005). DWnt10 is expressed in the embryonic 

mesoderm, CNS and the gut, but its function is still unknown (Janson et al., 2001). 

  Role of Wg in the development of Drosophila imaginal 
discs 

The Wnt/Wg pathway in Drosophila is primarily known for its role in embryonic 

patterning. wg along with other segment polarity genes, engrailed (en) and hedgehog 

(hh), creates the segmental patterning along the proximal distal axis during early 

embryogenesis. This acts as a blueprint for epidermal cell types and larval patterning 

(Sharma & Chopra, 1976; Nusslein-Volhard & Wieschaus, 1980; Rijsewijk et al, 1987). 

Besides embryonic patterning, Wg is also involved in the primary formation of 

imaginal disc primordia and the patterning of the imaginal disc later in the development. 

Wg is expressed in almost all imaginal discs. Only its role in the development of wing, 

eye and leg imaginal discs will be described here.  

The wing imaginal disc is a polarised columnar epithelial cell sac. It starts 

developing from around 5 cells and proliferates exponentially during larval development, 

reaching 50,000 cells at the end of third instar stage (Whittle, 1990). Wg is expressed 

starting at early second instar where it is expressed in approximately 10 cells in the disc 
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(Fig 1.2). By the end of the second instar stage the Wg expression pattern expands and 

it is also expressed in the ventral cells of the disc. Finally, by the end of the third instar 

stage, Wg expression is stabilized and restricted to the presumptive wing margin which 

acts as a cue for patterning and fate specification (Williams et al., 1993; Couso et al., 

1994) (Fig 1.2). 

The role of Wg in the wing disc development is temporally distinct (Couso et al., 

1994). Early loss of Wg leads to wing to notum transformation and a complete absence 

of wings.  However, blocking Wg at a later point of wing disc development creates loss 

of wing margin in the wing (Couso et al 1994; Ng et al. 1996; Diaz-Benjumea and Cohen 

1995; Neumann and Cohen 1996; Zecca et al., 1996). 

The wing imaginal disc is compartmentalized into the anterior-posterior (A/P) and 

dorsal-ventral (D/V) regions. Although the anterior-posterior compartmentalization 

occurs during early embryonic patterning (indicated by the expression of en which is 

maintained throughout development (Garcia-Bellido et al., 1973, Garcia-Bellido et al., 

1976; Vincent and O’Farrell 1992) the dorso-ventral compartmentalization takes place 

around the second instar larval stage (Garcia-Bellido et al, 1976). The opposing 

expression of apterous (ap) and wg establishes the dorso-ventral patterning. In the 

absence of wg, ap expression expands to the dorsal axis suggesting that the role of wg 

is to restrict ap to the ventral region of the disc (Williams et al.,l 1993). While the ap 

expression remains unaltered during development, wg expression gets restricted to the 

D/V boundary by Notch signalling. Notch regulates the transcription of wg in the D/V 

boundary of the wing imaginal disc. The mechanism of transcriptional regulation of wg 

will be discussed in detail in the following section. 

The Drosophila eye antennal imaginal disc gives rise to the adult head capsule 

and retina. In this bilayered epithelial tissue, Wg acts to promote the development of 

retina and the surrounding head capsule. Wg is expressed in the anterior lateral margins 

of the eye disc, which eventually forms the head capsule. Several studies suggest that 

Wg promotes the head capsule formation at the expense of retinal field by inhibiting Dpp 

signalling. The division of anterior head field and posterior eye field depends on the 

interaction between the antagonistic Wg signalling in the anterior and Dpp signalling in 
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the posterior part of the eye disc. Wg can also induce head capsule formation by 

inducing the expression of transcription factor homothorax (Hth) (reviewed in (Legent 

and Treisman, 2008).  

Besides anterior-posterior patterning, Wg also contributes to the separation of 

the dorsal and ventral domain of the eye disc. wg-lacZ expression is present in the 

dorsal half (Fig 1.2). Together with Hh signalling, Wg activates the expression of the 

Iroquois complex (Iro-C) in the dorsal half of the eye disc. The Iro-C proteins repress the 

expression of fringe (fng), which is a negative regulator of Notch signalling. Thus, Wg 

contributes to the localized activation of Notch at the equator, which stimulates the 

growth of the eye disc and determines the initiation point of the morphogenetic furrow 

(MF) (reviewed in(Legent and Treisman, 2008)). 

In the leg imaginal disc of Drosophila, Hh promotes Dpp expression in dorsal 

cells and wg expression in the ventral cells (Basler and Struhl, 1994) (Fig 1.2).The 

combined activity of Wg and Dpp patterns the leg.  Additionally, Wg has a separate 

function in the dorsal half of the leg disc. Here, it inhibits the differentiation and 

proliferation of the disc (Wilder and Perrimon, 1995). 
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Figure 1.2. The role of Wg in the development of the Drosophila organs and 
appendages. 

wg expression in the wing imaginal discs through different stages of larval development. At the 
2nd instar stage wg is expressed in the ventral portion of the wing disc. By the early 3rd instar 
stage wg expression occupies the entire wing primordium and then is stabilized and restricted to 
the presumptive wing margin by mid-late 3rd instar stage (Adapted from Martinez Arias, 2003). 
The adult wing is formed from the wing disc pouch whereas the wing margin (in green) is formed 
from the expression of wg at the D/V boundary. Similarly, defined expression of wg in the eye and 
leg imaginal disc promotes the adult eye and leg formation. 
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 Wnt/Wg pathway in Drosophila 

Wnt/Wg pathways can be classified into four different groups. The canonical 

Wnt/β-catenin pathway, the planar cell polarity pathway (PCP) and the Wnt/Ca+2 

pathway. The Frizzled receptor is common in all these pathways. Recently, a new Wnt 

signalling pathway has been described, which involves the orphan tyrosine kinase Ror2 

receptor (Mikels and Nusse, 2006; Liu et al., 2008; Angers and Moon, 2009). In the 

following text, only the canonical Wnt/Wg pathway will be discussed. The description of 

other pathways can be found elsewhere (Komiya and Habas, 2008). 

1.4.1. The Receptors of the Wnt/Wg pathway 

1.4.1. (A). Frizzled Receptors 

The seven pass transmembrane protein Frizzled (Fz) is a member of the G-

protein-coupled-receptor (GPCR) family and plays a key role in the Wnt/Wg pathway. Fz 

protein structure is composed of a conserved cysteine rich domain (CRD) containing 10 

cysteine residues, a hydrophilic region of 40-100 amino acids, a seven pass 

transmembrane domain and a conserved S/T-X-V sequence at the C terminal end 

(Bhanot et al., 1999) (Fig 1.3). Wnt/Wg proteins interact with the CRD domain of the Fz 

receptors (Conget al., 2004).  
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Figure 1.3. The Frizzled Receptor.  
Frizzled receptor consists of a cysteine rich domain at the N terminus, a hydrophilic domain of 40-
100 amino acids, 7 transmembrane domains and a conserved region at its C terminus. Wnt/Wg 
binds to the CRD domain and the Dsh binding sites reside in the first and third intracellular loop. 

Drosophila has four Frizzled receptors, each with a distinct function. DFz, the first 

Fz receptor was originally identified to play a role in the noncanonical PCP pathway 

(Vinson et al., 1989). Loss of Dfz leads to the loss of trichomes/wing hairs, bristles and 

ommatidial polarity (Gubb and García-Bellido, 1982). DFz has been shown to be 

essential for both the canonical and the noncanonical PCP pathway. The second type of 

Fz, DFz2, has a higher affinity for Wg than DFz and is considered the receptor of the 

canonical Wnt/Wg pathway (Kennerdell and Carthew, 1998; Bhanot et al., 1999; Sato et 

al., 1999; Lecourtois et al., 2001; Wu and Nusse, 2002) Studies done in Drosophila S2 

cells suggest a functional redundancy between DFz and DFz2. Transfection with either 

DFz or DFz2 led to the activation of the target genes and armadillo in Drosophila S2 

cells (Bhanot et al. 1999; Chen and Struhl 1999). Also the knockdown of Dfz2 alone in 

the wing imaginal disc does not inhibit the Wnt/Wg pathway and the related wing 

development. However, the double knockdown of Dfz and Dfz2 results in reduced 
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expression of Wnt/Wg targets in the wing imaginal discs (Chen & Struhl, 1999). 

Simultaneous loss of both Dfz and Dfz2 in the embryo results in embryonic patterning 

defects and excess naked cuticle (Chen & Struhl, 1999). Despite the functional 

redundancy, DFz and DFz2 also have specific roles in signalling pathways. Whereas the 

overexpression of DFz results in strong PCP defects and mild canonical signalling 

phenotypes, the opposite is true for the overexpression of DFz2 (Boutros et al., 2000). 

DFz3 binds to Wg; however, that results in the attenuation of signalling (Sato et 

al, 1999). DFz3 is transcriptionally upregulated following the Wnt/Wg pathway activation. 

The loss of wg phenotype in the wing can be partially rescued by the elimination of Dfz3 

(Baker, 1988; Sato et al., 1999). Unlike other Fz receptors, DFz4 does not bind to Wg 

(Wu and Nusse, 2002). It is expressed in the mesoderm, gut, and central nervous 

system and at low levels in the wing imaginal discs (Janson et al., 2001). The exact 

function of this receptor is unknown due to the unavailability of mutants. 

Wg and DFz2 distribution in the wing imaginal disc are dependent on each other 

(Cadigan et al. 1998; Piddini et al. 2005). Wg promotes the internalization and 

degradation of DFz2, along with downregulating its expression in the wing disc. In the 

wing disc, Wg expression at the D/V boundary is highest, which leads to low levels of 

DFz2 expression at that region. Wg secreted at the D/V boundary diffuses bidirectionally 

generating a concentration gradient. As the Wg concentration drops, the DFz2 levels 

increase. Therefore, increased levels of DFz2 distal to the D/V boundary can capture Wg 

molecules to activate the low threshold targets.  

DFz2 can also mediate Wg internalization. Studies on Drosophila S2 cells and 

the wing imaginal disc have shown that inhibiting DFz2 localization also inhibits the 

internalization of Wg (Cadigan et al, 1998; Piddini et al, 2005). In the wing imaginal disc, 

cell surface level of Fz bound to the membrane by glycophosphatidylinositol (GPI) 

anchor greatly reduces upon Wg internalization (Cadigan et al, 1998; Piddini et al, 

2005). In Drosophila S2R+ cells induced with Wg, blocking of internalization at a 

restrictive temperature leads to the accumulation of Wg at the cell surface. Upon shift to 

a permissive temperature which allows internalization, Wg gets internalized and 
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localizes to DFz2 positive endosomal vesicles. Therefore, the internalization of Wg and 

Fz is interdependent on each other (Piddini et al, 2005). 

1.4.1. (B).The Arrow Receptor 

The Arrow receptor, which is a member of the low-density-lipoprotein-receptor 

(LDLr) related protein family, acts as a co-receptor for Wg in the canonical Wnt/Wg 

pathway. It is homologous to the mammalian LRP5/6 proteins. Absence of maternal and 

zygotic arrow in Drosophila embryos leads to similar phenotypes as loss of wg. These 

embryos have excess naked cuticle and reduced en expression (Wehrli et al., 2000). In 

the wing imaginal disc, loss of arrow mimics the Dfz-Dfz2 loss phenotype with reduced 

expression of Wg targets and formation of wing notches. Moreover, overexpression of 

Arrow produces ectopic wing bristles, which is a hallmark of gain of wg function 

phenotype (Wehrli et al, 2000). Interdependence of DFz2 and Arrow is seen in both 

Drosophila S2 cells and wing imaginal discs. Whereas overexpression of DFz2 is unable 

to activate the target genes of the pathway in arrow mutant tissue, separate knockdown 

of each of the receptor and co-receptor can cause a reduction in the Wnt/Wg pathway 

targets. Taken together, these data implies the dual requirement of DFz2 and Arrow in 

the activation of the Wnt/Wg pathway (Wehrli et al., 2000; Schweizer and Varmus, 

2003). 

Drosophila Arrow is a single-pass transmembrane protein. It has 6YWTD spacer 

domains and 3 LDL type A repeats followed by 4 epidermal growth factor (EGF) like 

repeats at its extracellular side. All of these domains are implicated in ligand binding. A 

conserved PPPS/TP motif in the cytoplasmic tail is essential for Arrow/LRP6 activation 

through phosphorylation (Fig 1.4) (Wehrli et al., 2000; Tamai et al., 2004;). Studies on 

LRP6 have shown that PPPS/TP phosphorylation leads to the activation of the pathway 

by recruiting Axin, a scaffolding protein involved in the degradation of armadillo 

(MacDonald et al., 2008). GSK3β and CK1γ are protein kinases, which phosphorylates 

LRP6 by adding a phosphate group (PO4) in it (Davidson et al, 2005; Zeng et al, 2005). 

Whereas GSK3β phosphorylates and activates the PPPS/TP domain, Ck1γ 

phosphorylates a second phosphorylation site (PPPS/TPxS/T). The GSK3β 

phosphorylation precedes CK1γ phosphorylation and plays a fundamental role, as 
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mutant PPPS/TP motifs abolish Axin binding whereas the mutation of the CK1γ motifs 

only reduces it (Davidson et al., 2005; Zeng et al., 2005). 

Whereas Fz promotes the internalization of Wg, Arrow plays a role in Wg/DFz2 

internalization and degradation. The overexpression of Fz stabilises Wg in the cells and 

such stabilization is inhibited by the overexpression of Arrow (Piddini et al, 2005). The 

degradation motif of Arrow lies between AAs 1477 to 1472 and the mutant arrow lacking 

these domains further stabilizes Wg in the cell (Piddini et al, 2005). 

 

Figure 1.4. The Arrow Receptor. 
The structure of the single pass transmembrane protein Arrow. The extracellular domain is 
composed of 4 EGF domains and 3 LDL type A repeats. The intracellular region of Arrow consists 
of 5 PPPS/TP motifs. 
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 The Canonical Wnt/Wg pathway in Drosophila 

The key step in the canonical Wnt/Wg pathway is the regulation of the ß-catenin 

levels in the cytoplasm and the subsequent transport of ß-catenin to the nucleus 

(Swarup and Verheyen 2012). ß-catenin, called armadillo (Arm) in Drosophila, functions 

as a transcriptional regulator, which upon pathway activation interacts with the T cell 

factor (Tcf)/ Lymphoid Enhancer factor (Lef) family of transcription factors to promote 

target gene expression (Swarup and Verheyen 2012). In the absence of the canonical 

Wnt/Wg pathway activation, the levels of armadillo are low in the cytoplasm due to its 

constant degradation promoted by a group of proteins collectively referred to as ‘the 

destruction complex’. The destruction complex comprises Glycogen synthase kinase-3 

(GSK-3; Shaggy in Drosophila), Casein kinase-1 (CK1), Axin (Scaffolding protein), 

Adenomatous Polyposis Coli (APC), and Protein phosphatase 2A (PP2A) (Angers and 

Moon, 2009). The N terminus of cytosolic armadillo is constitutively phosphorylated by 

an Axin-coordinated dual kinase mechanism of shaggy and CKIα. CKIα phosphorylates 

armadillo at serine 45, which then promotes the successive phosphorylation by shaggy 

at serine 41, 37 and 33. This dual phosphorylation targets the protein for degradation by 

the ubiquitin proteasome system (Kimelman and Xu, 2006) (Fig 1.5).  

The first step in the activation of the canonical Wnt/Wg pathway is the binding of 

the ligand Wnt/Wg to the receptors of the Frizzled family along with the help of 

coreceptors LRP5/6/Arrow by forming trimeric complexes referred as “signalosomes” 

(Bilic et al., 2007). This leads to the activation of the receptor complex by Wg-induced 

phosphorylation of the coreceptor LRP6 by (Tamai et al., 2004), followed by downstream 

phosphorylation of the cytoplasmic protein, Dishevelled (Dsh) (Yanagawa et al., 1995). 

After this, by a yet unknown mechanism involving Dsh, the destruction complex is 

inhibited and thus armadillo is no longer degraded. Dsh is known to bind Axin 

(Wallingford and Habas, 2005) and also recruit Axin to the plasma membrane (Cliffe et 

al., 2003) by inducing LRP6 phosphorylation (Bilic et al., 2007). This leads to 

accumulation of armadillo in the cytoplasm, which eventually goes into the nucleus and 

activates the transcription of Wnt/Wg target genes (Fig 1.5). 
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Figure 1.5. The canonical Wnt/Wg pathway 
(A) In the absence of Wg ligand, the pathway is in the “Off state”. Absence of the ligand 

leads to degradation of armadillo by the destruction complex consisting of Axin, APC, 
Shaggy and CK1. In the absence of armadillo, TCF forms a complex with Groucho in the 
nucleus resulting in inhibition of the expression of Wnt/Wg pathway targets. 

(B) Presence of Wg ligand switches on the pathway. Wg binds to its receptors Fz and Arrow 
which activates the downstream component Dsh. Dsh binds to Axin and inhibits the 
formation of the destruction complex. Armadillo, in the absence of the destruction 
complex, accumulates in the cytoplasm and translocates to the nucleus. At the nucleus 
the binding of armadillo to TCF inhibits Groucho binding and leads to activation of 
Wnt/Wg pathway targets. Image is adapted from (Verheyen and Gottardi, 2010) 
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The factors involved in Wnt/Wg signaling in the ligand receiving cells are 

comparatively well studied, whereas the information regarding events in Wnt/Wg 

secreting cells is still incomplete. The mechanism of Wnt/Wg secretion has been 

elucidated by several recent studies (reviewed in (Gross & Boutros, 2013). In the 

endoplasmic reticulum, Wnts are lipid-modified by the acyl transferase Porcupine (Porc) 

(van den Heuvel et al., 1993; Kadowaki et al., 1996; WD et al., 1997; Tanaka et al., 

2000; Tanaka et al., 2002; Herr & Basler, 2012) and then shuttled to the Golgi with the 

help of the P24 protein family (Hausmann et al., 2011; Spirohn et al., 2011). At the Golgi, 

Wntless (Wls) binds to Wnt/Wg and transfers it to the plasma membrane (Banziger  et 

al., 2006, Bartscherer et al., 2006). At the plasma membrane, Wls molecules are 

retrieved by endocytosis, and the retromer complex consisting of vacuolar protein sorting 

(Vps) 35, 26, and 8 recycles Wls back from the early endosome to the Golgi for the next 

round of Wnt/Wg transport (Coudreuse et al., 2006; Belenkaya et al., 2008; Pan et al., 

2008; Yang et al., 2008). This process, which depends on the endosomal protein sorting 

nexin 3 (SNX3), is a nonclassical pathway for cargo retrieval and it is specific for Wnt 

secretion (Belenkaya et al., 2011; Harterink et al., 2011) (Fig 1.6).  
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Figure 1.6. The Wnt/Wg signal production events. 
The Wnt/Wg protein undergo lipid modification in the ER, in a process that involves Porc. From 
the ER, Wg move through the Golgi, the trans-Golgi network (TGN) via P24 and then gets 
transported to the cell surface by Wls. Retromer complex retrieves back Wls from endosome to 
Golgi for its further function in Wnt/Wg secretion. Wnt/Wg is secreted from both the apical and 
basal surfaces of the cell. Apically secreted Wnt/Wg by the process of Transcytosis is internalized 
and is resecreted from the basal surface. 

  



 

18 

 Transcription to Trafficking:  Regulation of the Wnt/Wg 
pathway 

The Wnt/Wg pathway is regulated at various steps along its signalling network 

which insures its proper functioning. Several transcriptional, translational and post 

translational modifications determine the activity of this pathway. Modifications such as 

acylation, phosphorylation, dephosphorylation, ubiquitination, sumoylation have been 

shown to profoundly affect the pathway. Here I will present a synthesis covering the 

information on how the Wnt/Wg pathway is regulated at the level of transcription and by 

the endosomal trafficking machinery. 

1.6.1. Transcriptional regulation of Wnt/Wg 

The transcription of wg is a limiting factor for the Wnt/Wg pathway activation. wg 

transcription in different Drosophila tissues is regulated differently. Whereas the Dpp and 

Janus kinase (JAK) and Signal Transducer and Activator of Transcription (STAT) 

(JAK/STAT) pathways influence wg transcription in the eye imaginal disc, Hh and its 

receptor Patched (Ptc) limit the transcription of wg in the embryo (Ingham and Hidalgo 

1993; Pignoni and Zipursky 1997; Royet and Finkelstein 1996; Ekas et al. 2006).  

 In the wing imaginal disc of Drosophila, the directed expression of wg at the D/V 

boundary cells requires the presence of the transmembrane receptor Notch. Notch 

signals from the non-boundary cells to induce the expression of wg in cells at the D/V 

boundary of the wing imaginal disc  (Neumann and Cohen, 1996; Ng et al., 1996; 

Rulifson and Blair, 1995).  Studies have shown that Notch signaling is necessary and 

sufficient to promote the expression of wg at the D/V boundary and the absence of 

Notch results in reduced transcription of wg and therefore, reduced Wg activity. Once 

Wg is activated it induces the expression of Notch ligands Delta (Dl) and Serrate (Ser) in 

the nonboundary cells. This creates a positive feedback loop for Notch activation 

followed by directed expression of Wg in the boundary cells (Diaz-Benjumea and Cohen, 

1995; Rulifson and Blair, 1995) (Fig 1.7).  

 

http://en.wikipedia.org/wiki/Janus_kinase


 

19 

 

 
Figure 1.7.  Transcriptional regulation of wg in the wing imaginal disc. 
wg expression is regulated by Notch signalling in the 3 rd instar wing imaginal disc. In boundary 
cells (marked in red) Notch activity induces wg and cut expression. Wingless triggers Dl/Ser 
expression in flanking cells thus creating a positive feedback loop further activating Notch 
signalling. Notch ligands Ser and Dl from the non-boundary cells promotes the expression of wg 
at the boundary cells. 
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1.6.2. Regulation of the Wnt/Wg pathway by endosomal 
trafficking/endocytosis 

1.6.2. A.  Endocytosis and signalling 

Endocytosis is the process by which molecules are trafficked into a cell through a 

series of vesicle compartments (Schneider et al., 1985; Doherty and McMahon 2009). 

After internalization at the cell membrane, a molecule travels to the early endosome. In 

the early endosome, the decision is made whether to recycle it back to the cell surface 

or to continue with further inward trafficking first to the late endosome/multivesicular 

body (MVB) and then to the lysosome for degradation (Schneider et al., 1985; Doherty 

and McMahon 2009) (Fig 1.8). Endocytosis has been traditionally viewed as a method to 

terminate signaling by targeting proteins to lysosomes for degradation. However, there 

are instances where endosomal trafficking acts as a positive regulator of signaling. 

Signalling networks such as EGFR, Notch, Dpp, Hh and Wnt/Wg are known to require 

endosomal trafficking (Sorkin and Von Zastrow, 2002) 
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Figure 1.8.  Endocytic compartments regulate different steps of endocytosis. 
 After internalization at the cell membrane, a molecule travels to the early endosome. From the 
early endosome, proteins to be recycled travels back to the cell surface, whereas other proteins 
continue with further inward trafficking first to the late endosome/MVB and then to the lysosome 
for degradation. Different Rab proteins associate with endosomal compartments. Rab5 with early 
endosomes, Rab7 with late endosomes and Rab4 and 11 with the recycling endosomes. From 
the endosomes, proteins can also travel to the Golgi in a retrograde manner for recycling 
purposes. 
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1.6.2. B.  Endocytic pathways 

The endocytic pathways can generally be classified into clathrin and caveolin-

mediated processes, phagocytosis and micropinocytosis (Fig 1.9). In the following text, 

only the clathrin and caveolin- mediated endocytosis will be discussed.  

Clathrin-mediated endocytosis is the most widely studied endocytic process. It 

requires the formation of clathrin-coated vesicles of 100-200 nm in diameter. Clathrin is 

a triskelion protein made up of three light and three heavy chains. It interacts with 

different adaptor proteins (generally AP-2) to form the clathrin lattice along the plasma 

membrane (Roy and Wrana 2005). Following this event, various downstream adaptor 

and accessory proteins function in this process for target recognition, membrane 

curvature and vesicle budding. Among the accessory proteins involved in this process, 

Dynamin (Shibire in Drosophila) plays a significant role in vesicle formation and mutants 

of shibire lead to a decrease in vesicle formation (Kosaka and Ikeda, 1983). 

Caveolin-mediated endocytosis forms the flask shaped membrane invaginations 

named caveolae, which resemble the shape of a cave (hence the name). These 

structures are rich in the protein Caveolin, and a bilayer of cholesterol and glycoprotein. 

In some cases caveolin is replaced by flotilin, another integral membrane protein (Bickel 

et al., 1997). The total absence of caveolin gene and the presence two flotilin like genes 

in Drosophila indicates the importance of Flotilins in caveolae formation (Galbiati et al., 

1998). As seen with clathrin-mediated endocytosis, Shibire is also required in the 

caveolin-mediated internalization (Frick et al. 2007; Sverdlov et al., 2007). 
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Figure 1.9.  Different internalization routes for endocytosis.  
Clathrin-mediated, caveolin-mediated and flotillin-mediated forms of internalization (Adapted from 
Kumari et al, 2010). 
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1.6.2. C. Endocytic compartments: Endosomes and Lysosomes 

Upon internalization, vesicles interact with early endosomes in a Rab5-

dependent manner (Gorvel et al., 1991). Rab proteins are GTPases involved in the 

vesicle formation and membrane fusion. Different Rabs associate with different 

endosomal compartments. Rab5 associates with early endosomes, Rab7 with late 

endosomes and Rab4 and Rab11 with recycling endosomes (reviewed in (Zerial and 

McBride, 2001)). In early endosomes, proteins are sorted for trafficking either to the 

membrane for recycling, or through late endosomes to the lysosome for degradation. 

Early endosomes are positioned closer to the membrane and are made up of tubular 

and vacuolar domains. The tubular domain gives rise to recycling endosomes marked by 

Rab4/Rab11, whereas proteins to be degraded are sorted through the vacuolar domain 

which eventually develops into late endosomes (Geuze et al., 1987; Mayor et al., 1993). 

This process includes the following steps: 1) Rab7 is recruited to late endosomes 

possibly by Rab5; 2) luminal acidification by the V-ATPase proton pump which promotes 

the hydrolytic reaction; (3) the formation of multivesicular bodies (MVB) where the final 

sorting of proteins for degradation takes place. This process inhibits signalling by 

removing the intracellular domain of the receptors from the cytosol.  

MVB formation includes the inward budding of vesicles from the late endosomes 

by the sequential activity of ESCRT (Endosomal Sorting Complex Required for 

Transport) complexes. ESCRT complexes are further classified into 5 different groups, 

ESCRT 0, I, II, III, and VPS 4 complex. ESCRT 0 is composed of Hrs (Hepatocyte 

growth factor-Regulated tyrosine kinase Substrate) and STAM (Signal-Transducing 

Adaptor Molecule). Subunits of other ESCRT are ESCRT- I: Tsg101, Vps28, Vps37, and 

Mvb12; ESCRT-II: Vps36, Vps22 and Vps25; ESCRT-III: Vps20, Vps32, Vps24 and 

Vps2 (Rusten et al., 2011).  

Hrs binds to phosphatidyl-inositol-3-phosphatase (PI3P) thus recruiting ESCRT0 

to the membrane. At the membrane, ESCRT0 binds to the membrane receptors and 

promotes their ubiquitination. Hrs also interacts with a subunit of ESCRT-I, TSG101, and 

recruits the ESCRT-I complex to the membrane. Another subunit of ESCRT-I, VPS28 

recruits the ESCRT-II complex to the membrane, which causes membrane invagination 

promoting the recruitment of ESCRT-III complex. Members of ESCRT-III (Vps20, Vps32, 
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Vps24 and Vps2) activate each other sequentially and form spiral filaments around the 

neck of the vesicle. Finally, the Vps4 complex causes membrane abscission by 

promoting constriction of the newly formed filaments. Prior to the membrane abscission, 

ESCRT-III recruits the deubiquitinating enzymes to deubiquitinate certain endosomal 

cargos in case recycling is needed (Rusten et al., 2012) (Fig 1.10). 

After the formation of MVBs, they fuse with the lysosomes which are the final 

destination for proteins destined to be degraded. Lysosomes are characterized by 

markers such as lysobisphosphatidic acid (LBPA) and lysosomal-associated membrane 

proteins (LAMPs). The transfer of proteins from the MVB to the lysosome can either 

occur as a direct transfer or by a transient fusion known as the kiss and run event. In the 

direct transfer method, tubules derived from the lysosome bind to the late endosomes 

and form a hybrid compartment to enable degradation (Bright et al., 2005; Luzio et al. 

2005). In the Kiss and Run event, the late endosome and lysosome interact transiently 

keeping their separate entities intact (Bright et al, 2005).   
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Figure 1.10. The components of the ESCRT machinery. 
The ESCRT complex consists of different subunits from 0 to III. ESCRT0 and ESCRT-I bind to 
the internalized receptors and promotes MVB membrane invagination by recruiting ESCRT-II to 
the MVB/MVE membrane. ESCRT-III and Vps 4 complex then promotes the membrane 
abscission and promotes recycling of some substrates if needed. Multivesicular endosome (MVE) 
lumen is synonymous to MVB. Image is taken from Physiology Jun 2011, 26(3)171-180; 
DOI: 10(with permission to reprint). 
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1.6.2. D. Regulation of the Wnt/Wg pathway by endosomal trafficking 

Several signalling receptors undergo diversely regulated endocytic processing 

following the ligand-directed activation and internalization (Sorkin & Von Zastrow, 2002). 

Previous models have proposed that the primary role of endocytosis is to attenuate 

signalling by removing receptors from the plasma membrane (Fiore and Gill, 1999). 

However, further studies have fuelled alternate theories about the role of receptor 

trafficking in cell signalling. These studies propose that  endocytosis may aid in the 

recycling of receptors back to the plasma membrane to restore cellular responsiveness 

to the ligand (Sorkin & Von Zastrow, 2002) . Trafficking can also prolong the lifetime of 

the receptor-ligand complexes inside the endosomes thereby enhancing the duration of 

signalling (Miaczynska et al., 2004; Polo & Di Fiore, 2006). Wnt/Wg is one of the 

signaling pathways that requires both exocytosis and endocytosis for its function. 

Whereas exocytosis promotes Wnt/Wg secretion by acting on the signal producing cells, 

endocytosis is reported to act both on the signal producing and receiving cells. In this 

thesis work, I have focused on the role of endocytosis in Wnt signaling pathway. 

Although it appears that Wnt/Wg signaling and endocytosis are intricately intertwined, 

there is an ongoing debate whether endocytosis plays a positive or a negative role in 

Wnt/Wg signalling (reviewed in Seto & Bellen, 2004, Gagliardi et al., 2008) . In the 

following text, I will discuss how endocytosis regulates: 1. The Wnt/Wg pathway 

activation, 2. The Wnt signal production and 3. The spreading of the Wnt/Wg gradient. 

1.6.2. D. 1. The role of endocytosis in the Wnt/Wg pathway activation 

The first evidence that internalization is required for Wnt/Wg signalling was 

gained from studies in mouse L cells. Blocking internalization in these cells led to 

reduced activity in the Wnt reporter luciferase assay and western blot analysis revealed 

reduced β-catenin levels following blockage of internalization. These findings 

demonstrated that internalization is essential in the Wnt pathway (Blitzer and Nusse, 

2006). Studies using in vitro and in vivo approaches further suggested that the loss of 

Dynamin results in a significant reduction in Wnt/Wg signalling (Seto and Bellen, 2006). 

As internalization was proven to be essential for Wnt/Wg signalling, the next goal 

was to elucidate the role of endosomal compartments in Wnt/Wg signalling. Knockdown 
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of early endosomal component Rab5 in Drosophila S2R+ cells resulted in a 93% 

decrease in the Wnt/Wg pathway reporter (Super8TOPFlash; a Wg reporter driving the 

expression of firefly luciferase) activity (Seto and Bellen, 2006). In contrast, an earlier 

study (Rives et al 2006) reported the opposite effect. The discrepancy in these results 

was attributed to different normalizing conditions of the reporter constructs used in these 

studies. In vivo studies in the Drosophila wing imaginal disc using dominant negative 

Rab5 resulted in reduced levels of the Wnt/Wg pathway targets Sens and Dll, whereas 

the overexpression of Rab5 led to increases in Sens and Dll levels suggesting that the 

early endosomal trafficking is required for Wnt/Wg signalling (Seto and Bellen, 2006). 

Although (Rives et al., 2006) observed the same phenotype upon Rab5 knockdown, they 

argued that Rab5 knockdown was associated with an increase in apoptosis and 

therefore, the reduction in Wg targets could be due to unhealthy cells. In contrast, Seto 

and Bellen have reported that Rab5 knockdown does not lead to an increase in 

apoptosis. Thus, the role of Rab5 in regulating the Wnt/Wg pathway remains debatable. 

More recent studies have demonstrated Gα0 mediated recruitment of Rab5 to Fz 

receptors and the activation of both canonical and PCP signalling (Purvanov et al.,2010). 

Among the different subunits of ESCRTs, Hrs was shown to play a role in 

Wnt/Wg signalling. Based on the finding that the loss of hrs results in increased Wg 

targets, while its overexpression results in reduced level of Sens and Dll, Seto and 

Bellen, 2008, suggested that Hrs terminates Wnt/Wg signalling.  In contrast, earlier 

studies suggested no effect of Hrs on Wnt/Wg signalling as hrs loss did not cause any 

changes in Sens and Dll levels (Piddini et al., 2005, Rives et al., 2006). These earlier 

works reported accumulation of Fz receptors along with Wg, without any change in 

target gene expression suggesting that signalling is attenuated before lysosomal 

targeting of the proteins. Thus, lysosomal accumulation does not affect the target gene 

expression of the pathway. In further contrast, Taelman et al reported a reduction in 

Wnt/Wg pathway targets following hrs knockdown.  In addition, they also suggested that 

Hrs sequesters GSK3 in the MVB thereby activating signalling. Recently, in vivo and in 

vitro studies have challenged the requirement of internalization and MVB sorting in the 

Wnt/Wg pathway (Gaglardi et al., 2014). Notably, most of the findings from in vivo and in 

vitro studies contradict each other by supporting different models. Further studies will be 
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necessary to resolve the mechanism by which endocytosis can regulate the Wnt/Wg 

pathway activation. 

1.6.2. D. 2. Role of Endocytosis in Wnt/Wg signal generation 

Wnt/Wg signalling typically begins with the production of Wnt/Wg in the signal 

producing cells (secreting cells) followed by its successful release to the extracellular 

space. Trafficking through endocytic compartments is implicated for successful 

production and release of Wnt/Wg in the secreting cells (Port and Basler, 

2010).Following its release from the endoplasmic reticulum, Wnt/Wg protein travels to 

the Golgi. In the Golgi Wg interacts with its dedicated secretion factor Wntless (Wls, also 

called Sprinter or Evi) (Banziger et al. 2006; Bartscherer et al. 2006; Goodman et al. 

2006), which acts as a cargo receptor for Wnt/Wg. The Wls and Wg complex then 

travels to the plasma membrane. After docking Wnt/Wg at the plasma membrane, Wls is 

internalized through clathrin-mediated endocytosis (Pan et al. 2008 Gasnereau et al. 

2011) and recycled back to the Golgi with the help of the retromer complex (Coudreuse 

et al. 2006; Belenkaya et al. 2008; Franch-Marro et al. 2008; Pan et al. 2008; Port et al. 

2008; Yang et al. 2008) and the sortin nexin SNX3 (Harterink et al. 2011;Zhang et al. 

2011). Blocking retromer function leads to accumulation of Wls in the endosomes. 

Acidification of the endocytic compartments by vacuolar ATPases is required for the 

early to late endosomal trafficking of proteins. In a recent study (Coombs et al., 2010), 

inhibition of the vacuolar ATPases led to the accumulation of Wg-Wls complex at the 

plasma membrane. Thus, endocytosis influences the Wnt/Wg secretion by contributing 

to the retrieval and recycling of Wls, which is an essential factor for Wnt secretion. 

Although several competing hypotheses have been proposed to explain how 

Wnt/Wg is secreted to the extracellular matrix, the theory of exosome mediated Wnt/Wg 

secretion has received maximum attention recently (Gross et al. 2012). Exosomes are 

produced from the MVBs and fuse with the plasma membrane, thus releasing the protein 

contents to the extra-cellular matrix. Recent studies have confirmed that the active Wg 

proteins are secreted through exosomes in the wing discs and in vitro cultured cells 

(Gross et al., 2012). The exosome-mediated secretion of Wnt/Wg protein requires the 

activity of Hrs and the R-Snare group of proteins Ykt-6 (Gross et al., 2012), which are 

involved in various trafficking events. In the Drosophila neuromuscular junction, Wls is 

http://cshperspectives.cshlp.org/content/6/3/a017020.full#ref-142
http://cshperspectives.cshlp.org/content/6/3/a017020.full#ref-142
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transferred from one cell to another through exosome-mediated release, which is also 

dependent on the endosomal proteins Rab5 and Rab11. Although the exosome 

mediated Wg secretion can conceivably contribute to the long range Wg signalling in the 

Drosophila wing disc, there are clearly other mechanisms of Wg secretion that do not 

rely on the endocytic pathway (Port and Basler, 2010).  

1.6.2. D. 3. Role of Endocytosis in the establishment of Wnt/Wg gradient 

Theoretically, the secreted Wg protein is capable of passive diffusion across all 

directions at a relatively fast rate. However, Wg travels at a much slower rate than 

predicted and to a shorter distance in the embryo (Bejsovec and Martinez Arias, 1991; 

Pfeiffer et al., 2002a) as well as wing imaginal disc (Strigini and Cohen, 2000). Wg can 

travel up to 4-cell diameters in the embryo, whereas it travels up to 10-cell diameters in 

the wing imaginal disc. This suggests that the movement of Wg in the extracellular 

environment is regulated. 

Once secreted, Wg interacts with membrane bound receptors, heparin sulphate 

proteoglycans and lipid based transport molecules which promote its restricted diffusion 

(Lin and Perrimon 1999; Baeg et al. 2001; Bornemann et al. 2004; Kirkpatrick et al. 

2004; Panáková et al. 2005; Piddini et al. 2005, Han et al. 2005; Katanaev et al. 2008; 

Mulligan et al. 2012).  Additionally, a specialized process known as ‘Planar transcytosis’ 

can promote internalization of the secreted Wg followed by its re-secretion from the cell 

by vesicle-mediated endocytosis (Pfeiffer et al., 2002b).  

Wg can be detected in the extracellular environment and also within the 

intracellular vesicles and the MVBs of the receiving cells. Its localization in puncta-like 

vesicles and endosomal compartments strongly suggests that Wg undergoes 

internalization and that its gradient formation is regulated by endocytosis. Further 

evidence to support this came from the studies done with HRP-tagged Wg (Dubois et al. 

2001). Since HRP is stable throughout the endosomal trafficking events, it was used to 

detect the degradation route of Wg. Interestingly, HRP-tagged Wg was detected in 

intracellular vesicles and lysosomes suggesting that endocytosis limits the range of Wg 

gradient by promoting its degradation (Dubois et al., 2001).  
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Blocking essential components of endocytosis also had an effect on the Wg 

gradient. Clathrin heavy chain mutants cannot initiate clathrin-mediated internalization.  

Wg gradient extension is blocked in these mutants (Desbordes et al., 2005), which 

suggests that clathrin is required for Wg gradient extension. Also, in the absence of deep 

orange (dor), which impairs lysosomal degradation of proteins, Wg accumulates in 

MVBs. These studies further support the role of endocytosis in the formation of Wg 

gradient (Piddini et al., 2005). 

Although the role of endocytosis in establishing the Wg gradient is supported by 

the above-mentioned studies, a handful of studies also provide contradictory evidence. 

In the Drosophila embryo, shibire mutants cause a narrow expression range of the Wg 

gradient (Moline et al., 1999). However, the Wg gradient is extended normally in the 

absence of shibire in the Drosophila wing imaginal disc, which suggests Wg can travel 

through endocytosis-independent pathways in the wing disc (Strigini and Cohen, 2000). 

Surprisingly, blocking endocytosis in the wing disc leads to extended expression of the 

Wg gradient suggesting a potential negative role of endocytosis in Wg expression 

(Strigini and Cohen, 2000, Piddini et al., 2005). Since current studies suggest opposite 

roles for endocytosis in Wg gradient extension in embryo and wing disc, future 

investigations are warranted to elucidate the precise mechanism by which endocytosis 

influences the movement of Wnt/Wg in the extracellular matrix to establish its gradient. 

1.6.2. E. Mechanism of Ubiquitination 

Protein ubiquitination is one of the major forms of post-translational regulatory 

mechanism that modulates protein trafficking and stability (Hershko and Ciechanover 

1998; Traub and Lukacs 2007; Grabbe et al., 2011; Clague et al., 2012). The 

ubiquitination process is catalyzed by distinct enzyme complexes (E1, E2 and E3) which 

together act to ubiquitinate diverse substrates. Removal of ubiquitin by deubiquitinases 

(or DUBs) reverses this process (Grabbe et al., 2011). Therefore, ubiquitination-

deubiquitination is considered as a rate-limiting step that affects the trafficking of 

internalised proteins (Wilkinson 2000; Bonifacino and Traub 2003). Signalling pathways 

such as EGFR, TGF, Hh, NFκB and Wnt/Wg pathways are regulated by the 

ubiquitination machinery at a single or various points within the individual pathway. 
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The attachment of an ubiquitin moiety to a substrate protein occurs in a three 

step process. First, the E1 activating enzyme forms a high-energy thioester bond with 

ubiquitin. Second, the bound ubiquitin gets transferred to the E2 conjugating enzyme 

complex. Finally, the E3 ligase catalyzes the transfer of ubiquitin from E2 to the protein 

meant to be ubiquitinated. Attachment of ubiquitin moieties to different lysine residues 

can induce different fates to substrates. Substrates which are polyubiquitinated at 

multiple lysine residues undergo proteasomal degradation, whereas monoubiquitination 

can lead to change in localization or function (Sadowski et al., 2012). 

1.6.2. F. Regulation of the Wnt/Wg pathway by Ubiquitination 

The ubiquitination of β-catenin/armadillo is the most widely studied ubiquitination 

event in the Wnt/Wg pathway. However, studies done over the last decade have 

revealed additional regulation by ubiquitination of the Wnt/Wg pathway. 

Fz is one of the components of the Wnt/Wg pathway that is regulated by the 

ubiquitination-deubiquitination cascade (Mukai et al., 2012). Although the identity of the 

E3 ubiquitin ligase is not confirmed, it has been shown that Fz undergoes both mono- 

and poly-ubiquitination (Mukai et al., 2012). Ubiquitinated Fz accumulates in the 

endolysosomes, which results in reduced level of Fz at the membrane and reduction of 

the Wnt/Wg pathway activity. The Deubiquitinase Ubpy deubiquitinates Fz and promotes 

its membrane localization (Mukai et al., 2012). Thus, the role of ubiquitination in Fz 

trafficking is to promote its degradation and thereby reduce the Wnt/Wg pathway activity. 

Similar to Fz, Dsh is also negatively regulated by ubiquitination. Studies have 

shown that the E3 ligase Cullin and a substrate specific adaptor protein KHLH-2 regulate 

the ubiquitination of Dsh (Angers et al., 2006). Wnt pathway activation triggers KHLH-2 

dependent recruitment of Dsh to Cullin3. Both KHLH2 and Cullin3 negatively regulate 

the Wnt/Wg pathway. Whereas the knockdown of khlh-2 leads to Wnt pathway 

reduction, its overexpression can inhibit the pathway. In Drosophila S2 cells RNAi 

knockdown of khlh-2 leads to increased luciferase activity. This activation can be 

prevented by dominant negative Cullin3, thus, suggesting the combinatorial role of 

Cullin3-KHLH-2 complex in Dsh ubiquitination (Angers et al., 2006). A recent study has 

reported the role of another E3 ligase Malin in Dsh ubiquitination and thereby the 
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Wnt/Wg pathway reduction. Loss of vertebrate malin causes a severe form of 

progressive epilepsy, demonstrating the role of aberrant Wnt signalling in epilepsy 

(Sharma et al. 2012). 

β-catenin ubiquitination by EDD (E3 ligase identified by differential display) 

(Drosophila hyperplastic disc (hyd)) is another example of the Wnt pathway regulation by 

ubiquitinases (Hay-Koren et al., 2011). However, the role of EDD in Wnt/Wg pathway is 

still not clear. Among other components of the pathway, ubiquitination of Axin and APC 

has been observed (Ohshima et al., 2007). Along with Ubpy, a few other deubiquitinases 

are linked to the Wnt/Wg pathway. Trabid is one such deubiquitinating enzyme, which 

acts on APC (Tran et al., 2008). Deubiquitination of APC stabilises it to the cytoplasm 

and thereby inhibits the Wnt/Wg pathway. Similarly, USP34 deubiquitinates Axin and 

acts as a positive regulator of the Wnt/Wg pathway (Wiechens et al., 2004). USP34 

deletion leads to inhibition of the signalling even in the presence of constitutively active 

armadillo, suggesting its role in the pathway downstream of the destruction complex. 

 Phosphoregulation of the Wnt/Wg pathway 

Among many of the unanswered questions of the Wnt/Wg pathway the 

incomplete knowledge on phosphoregulation of the Wnt/Wg pathway caught our 

attention. Reversible phosphorylation refers to the attachment and removal of one or 

more phosphate groups in a process that is mediated by enzymes called kinases and 

phosphatases respectively. This is the most frequent form of post-translational protein 

modification. Protein phosphorylation is highly dynamic and is reversed in a 

phosphatase-mediated hydrolysis reaction known as de-phosphorylation. It is estimated 

that a third of all cellular proteins are phosphorylated on at least a single residue. The 

phosphorylation state of a protein can affect its conformation which influences its 

functional properties, including its activity, stability, interacting partners or sub-cellular 

localization.   

The Wnt/Wg pathway consists of numerous phosphorylated proteins 

(phosphoproteins), including the receptors, effectors, intermediaries and transcription 

factors. The reversible phosphorylation process is of paramount significance for its role 



 

34 

in the regulation of the Wnt/Wg pathway. However, thus far only few kinases and 

phosphatases were found to be instrumental in Wnt/Wg signalling (Verheyen and 

Gottardi, 2010). It is likely that this list of enzymes is incomplete as the recent in vivo 

phosphoproteome analysis conducted in Drosophila and mammalian cells have 

identified a wide number of novel phosphoproteins and novel phosphorylation sites of 

the known proteins of the Wnt/Wg pathway (Bodenmiller et al. 2007; Tang et al. 2007).  

 Aim of the Thesis 

My doctoral thesis attempts to further the understanding of the 

phosphoregulation of the Wnt/Wg pathway. The first aim of this thesis was to identify the 

novel kinase and phosphatase regulators of the Wnt/Wg pathway by performing an in 

vivo RNAi screen in the Drosophila wing disc. The second aim was to characterize the 

role of two phosphatases (identified in Aim 1), Myopic (Mop) and Protein phosphatase 4 

(PP4) in the Wnt/Wg pathway.  

The second chapter of this thesis describes the methodology and results of the 

RNAi screen, which was conducted to identify the novel kinase and phosphatase 

regulators of the Wnt/Wg pathway. 

The third and fourth chapters of this thesis illustrate the role of Mop in the 

Wnt/Wg signal sending and receiving cells, respectively.  

The fifth chapter of this thesis addresses the role of PP4 in regulating the Notch 

pathway driven wg transcription. 
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Chapter 2.  
 
Screening the Drosophila Kinome and Phosphatome 
in vivo for regulators of the Wingless signalling 

The experimental data for this chapter is published in Development (2015). 
142(8):1502-15. In this study I contributed equally to the primary screen which is 
discussed here. 

 Abstract 

Evolutionarily conserved intercellular signaling pathways regulate embryonic 

development and adult tissue homeostasis in metazoans.  The precise control of the 

state and amplitude of signaling pathways is achieved in part through the kinase- and 

phosphatase-mediated reversible phosphorylation of proteins.  In this study, we 

performed a genome-wide in vivo RNAi screen for kinases and phosphatases that 

regulate the Wnt pathway under physiological conditions in the Drosophila wing disc.  

Our analyses have identified 54 high-confidence kinases and phosphatases capable of 

modulating the Wnt pathway, including 22 novel regulators.  These candidates were also 

assayed for a role in the Notch signalling, and numerous phosphoregulators were 

identified.   

 Introduction: 

2.2.1. Advantages of RNAi screen over forward genetic screens in 
Drosophila 

Drosophila is a useful model for genetic studies due to the conventional use of 

forward genetic screens to identify genes involved in various cellular and biological 
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processes. The forward genetic screen uses the approach of random mutagenesis of the 

genome and identifies mutants with an abnormal phenotype. In this approach, the gene 

responsible for the non-wild type phenotype is not known and is identified via candidate 

gene approach and positional cloning. Screens for zygotic mutations that affects the 

patterning of the embryo (Nusslein-Volhard and Wieschaus, 1980; Nusslein-Volhard et 

al., 1987) and modifier screens to identify regulators of photoreceptor differentiation 

(Simon, 1994) are the examples of this type of screening approach. The opportunity to 

isolate both loss and gain of function alleles of a particular gene through forward genetic 

screening is helpful for obtaining useful information about the structure and function of 

the gene. One of the main disadvantage of this type of screen is that the identification of 

the gene responsible for a phenotype is a time consuming and laborious process. Also, 

the dominant phenotype caused by particular gene found in forward screening can be 

due to secondary function of that gene or genetic redundancy (Boutros and Ahringer, 

2008). 

With the discovery of RNAi screening method, it has gained more popularity and 

usage over the forward genetic screen approach. In the RNAi screen method, short 

double stranded RNAs are expressed in the tissue of interest. They target homologous 

mRNA for degradation, which leads to silencing of the particular gene corresponding to 

the mRNA. It can be used in different organisms to identify the function of a gene in an 

easy straight-forward manner by targeted inactivation of a particular gene in the 

genome. RNAi screening is easily quantifiable and both positive and negative hits can 

be obtained from a single screen. The main advantage of the RNAi screening is that the 

genes which are responsible for a particular phenotype are known immediately. Also 

with the help of RNAi screening genes which cause lethality or responsible for early 

development can also be identified. Like all screening strategies, RNAi also has a few 

disadvantages such as the incomplete knockdown of gene function and non-specific 

effects in the cell (Boutros and Ahringer, 2008).    

2.2.2.  Wnt screens in the past 

Over the last decade, a number of in vivo and in vitro RNAi screens have been 

performed to identify novel regulators of the Wnt/Wg pathway.  The in vivo screens were 
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performed in different Drosophila tissues using a sensitized background generated by an 

artificial level of pathway activity and accessing the ability of reduced or enhanced gene 

function to modify a non-specific adult phenotype ( Greaves et al. 1999; Cox et al., 2000; 

Desbordes et al.,2005; Schertel et al. 2013). Moreover, high-throughput in vitro screens 

have also been carried out in Drosophila and vertebrate cell lines using a synthetic 

reporter for the Wnt/Wg pathway. Both loss-of-function (dsRNA/siRNA) and gain-of-

function (cDNA) high-throughput screens have been performed in cell culture ( 

DasGupta et al., 2005; DasGupta et al., 2007; Firestein et al., 2008; Caspi and Rosin-

Arbesfeld, 2008; Tang et al., 2008; Major et al., 2008; James et al., 2009; Kategaya et 

al., 2009; Miller et al., 2009; Buechling et al., 2011; Groenendyk and Michalak, 2011; 

Jacob et al., 2011; Port et al., 2011b;).  As with the in vivo screens, these in vitro studies 

also employed an artificial level of pathway activity either through the use of ectopic 

ligand, a constitutively-active form of the receptor or a stabilized form of the effector.  

Due to the nature of the cell line and screen design in many of the aforementioned in 

vitro screens it was impossible to screen for regulators at every level of the pathway, 

from the signal-sending cell that secretes the ligand, to the extracellular matrix that 

regulates the diffusion of the ligand and finally to the reception of the ligand at the signal-

receiving and transmission of the intracellular signal. 

2.2.3.  in vivo RNAi screen design 

In an attempt to identify the complete cascade of kinases and phosphatases that 

regulate Wnt/ Wg signaling through phosphorylation/de-phosphorylation, we designed 

an in vivo RNAi screen in the third instar larval wing imaginal disc in Drosophila. The 

Wnt/Wg pathway is well characterized in the Drosophila wing imaginal disc where during 

the third instar larval stage, the Wg morphogen is secreted from cells at the D/V 

boundary of the wing disc and diffuses bi-directionally to stabilize armadillo and specify 

cell fate through the nested expression of different target genes including Sens (high 

threshold target of Wg, which expresses as two narrow stripes in the D/V boundary 

flanking the Wg expression domain) and Dll (low threshold target of Wg, which 

expresses at a broader domain on either side of the D/V boundary) (Fig 2.1).  
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Figure 2.1. Morphogen gradient of Wingless. 
In the third instar wing imaginal disc Wg expressed itself at the DV boundary and forms a 
concentration gradient bidirectionally to regulate the expression of target genes. High threshold 
target such as Sens requires high level of Wg for its expression and is expressed in cells abutting 
the SDV boundary. Whereas low threshold target Dll requires low amount of Wg and in 
expressed in a graded manner in the wing pouch. Adapted from Swarup and Verheyen, 2012. 
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A genome wide transgenic library of UAS driven inverted repeats was 

constructed covering 97% of the protein coding genes by Dietzel et al., 2007,. These 

lines were made available by the Vienna Drosophila Research Centre (VDRC). Different 

classes of kinases and phosphatases present in Drosophila have been described 

previously (Morrison et al., 2000) and a complete list of kinases and phosphatases was 

available from the Harvard RNAi facilities, which helped us to select a total of 1172 RNAi 

lines (for the 384 kinases and 204 phosphatases genes) which covers the entire 

Drosophila kinome and phosphatome. Two different sets of RNAi lines were ordered for 

each gene that target different regions of the mRNA with few or no predicted off targets. 

The primary screen design was set up using a combination of the dpp-Gal4 and 

hh-Gal4 drivers. The dpp-Gal4 driver is expressed along the A/P boundary of the wing 

disc while the hh-Gal4 driver expression domain is in the posterior compartment of the 

wing disc (Fig 2.2).  These Gal4 drivers have been used frequently over the last decade 

to perform assays in the wing disc and provide an easily identifiable expression domain 

with an internal negative control region (i.e. unaffected region where the driver is not 

expressed) in every wing disc.  To enhance the efficiency of RNAi-mediated gene knock-

down, a UAS-dicer-2 transgene was incorporated in to the screen design.  Dicer is an 

enzyme in the RNAi pathway that cleaves long double-stranded RNA molecules into 

short siRNA fragments to initiate the process of gene knock-down. Expression of the 

target genes Sens and Dll was monitored by immunostaining the discs with respective 

antibodies (Fig. 2.2).  
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Figure 2.2. Design of Wnt/Wg pathway screen in the Drosophila wing disc. 
Schematic illustration of in vivo Wnt pathway screen.   590 kinases, phosphatases, and 
associated factors were spatially knocked-down in the wing disc through the use of Gal4 
drivers/UAS-IRs.  Secondary screens were performed to further functionally classify the 
regulators, as described in the text.  90 primary screen candidates were classified into 54 high-
confidence Group I, Group II, and Group III regulators based on secondary screens.   
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2.2.4. 2.2.5 Proof of Principle 

A number of known Wnt/Wg pathway genes were selected at the primary level to 

verify the reproducibility of the effect of these known genes under our screening 

condition and also to optimise different parameters such as temperature and the use of 

Dicer2. 

Among the, known regulators of the Wnt/Wg pathway a few positive (such as 

Wg, Dsh, Fz) and negative regulators (such as Axin and Slimb) of the pathway were 

selected to test the effect of knockdown of these genes by RNAi lines in our 

experimental condition; UAS-GFP line was selected as a control for this screening. We 

consistently observed reproducible and expected defects in pathway targets (and Wg 

protein) with known components of signaling, although some effects were subtle, yet 

highly penetrant and reproducible (e.g. Fig. 2.3, porcupine panels). 

 



 

43 

 

Figure 2.3. The Wnt pathway proof of Principle Screen 
A subset of known components of the Wnt pathway were knocked-down using dpp-Gal4 and hh-
Gal4 in the wing disc to evaluate their effects on the levels of Sens, Dll, and Wg.  Knock-down of 
lacZ (negative control) did not affect the levels of Sens, Dll, or Wg.  Knock-down of the positive 
regulator porcupine (porc) resulted in a decrease of Sens and Dll levels (arrowheads) in the 
ligand-receiving cells due to the impaired secretion of Wg (arrow) (detected as an increase in 
levels) from the ligand-producing cells. Knock-down of the negative regulator Axn resulted in 
increased levels of Sens and Dll (arrowheads) in the ligand-receiving cells, but had no effect on 
Wg levels.  Knock-down of the ligand wg resulted in the loss of Wg (arrow) in the ligand-
producing cells and a corresponding loss of Sens and Dll (arrowheads) in the ligand-receiving 
cells.  
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 Primary Screen results: 

19 of the 90 primary candidates (RNAi lines corresponding to genes) those 

affected Sens and Dll levels had no observable effect on Wg levels or distribution, and 

thus do not function upstream of or at the level of the ligand-receptors interaction to 

affect the secretion, diffusion, or reception of Wg.  These candidates were classified as 

Group I high-confidence regulators of the Wnt pathway that function downstream of 

the ligand-receptors interaction in the ligand-receiving cells (Fig. 2.4).  Group I includes 

known regulators of signaling such as Wnk (Serysheva et al., 2013) and novel regulators 

such as Myosin binding subunit (Mbs), Cyclin A (CycA), MYPT-75D, corkscrew (csw), 

and Cdc37 (appendix B). 

71 of the 90 candidates modified the levels of Wg (Fig 2.4).  The Notch pathway 

signals from non-boundary cells to induce the expression of wg in cells at the D/V 

boundary of the wing disc (Diaz-Benjumea and Cohen, 1995; Neumann and Cohen, 

1996; Rulifson and Blair, 1995).  To test whether the candidates that affect Wg levels do 

so as a result of their regulation of the ligand after translation or by affecting expression 

of the ligand via the Notch pathway, they were re-analyzed in a secondary screen.  We 

first determined if they also modified the levels of another Notch pathway target, Cut (Ct) 

(Micchelli et al., 1997).  3 of the 71 candidates when knocked-down with either dpp-Gal4 

or hh-Gal4 had no effect on Ct levels.  We inferred that these 3 candidates have no 

effect on the Notch pathway and wg expression, but rather modify the secretion, 

diffusion, or reception of Wg, which was detected as a change in its levels.  These 

candidates were classified as Group II high-confidence regulators of the Wnt pathway 

that function upstream of or at the level of the ligand-receptors interaction in the ligand-

producing cells or extracellular environment, respectively. Group II includes a known 

regulator of signaling, myopic (mop) (Miura et al., 2008; Pradhan-Sundd and Verheyen, 

2014), and a novel regulator, wunen2 (wun2) (Fig. 2.4).  

The remaining 68 of the 71 candidates modified Ct levels and were inferred to 

regulate wg expression as a result of their effect on the Notch pathway (Fig.2.4).  These 

candidates were further tested to determine if they also affected the Wnt pathway 

independent of their regulation of wg expression.  The majority of regulators of 
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developmental pathways function in the ligand-receiving cells and not the ligand-

producing cells.  Therefore, if a gene independently affects the Wnt and Notch pathways 

in the wing disc, it would likely do so in the ligand-receiving cells of both pathways, 

regulating Wnt signaling in the non-boundary cells and Notch signaling in the boundary 

cells.  We knocked-down the 68 candidates that we identified as regulators of the Notch 

pathway using the C5-Gal4 driver, which is expressed in only non-boundary cells 

adjacent to the D/V compartment boundary.  By knocking-down gene function in only the 

ligand-receiving cells of the Wnt pathway which correspond to the ligand-producing cells 

of the Notch pathway, we could distinguish candidates that independently regulate both 

Wnt and Notch signaling from those that regulate only Notch signaling in the wing disc.  

32 of the 68 candidates when knocked-down in the non-boundary cells modified the 

levels of the Wnt pathway targets Sens and Dll, but not Wg, and thus did not affect the 

Notch pathway in these cells to regulate wg expression at the D/V compartment 

boundary.  These 32 candidates were classified as Group III high-confidence 

regulators of the Wnt pathway that function downstream of the ligand-receptors 

interaction in the signal receiving cells and that independently affect the Notch pathway 

(Fig.2.4).  Group III includes known regulators of signaling such as string (stg) (Davidson 

et al., 2009) and gilgamesh (gish) (Davidson et al., 2005; Zhang et al., 2006), and a 

novel regulator, CG8878.  The remaining 36 candidates when knocked-down in the non-

boundary cells had no effect on the levels of Sens, Dll, or Wg, and thus do not regulate 

the Wnt or Notch pathway in these cells.  While these 36 candidates regulate the Notch 

pathway and wg expression in the boundary cells, through our analyses we could not 

determine whether any of these candidates, albeit unlikely, also independently regulate 

Wg secretion from these cells to affect the Wnt pathway.   

In summary, the 590 phospho-regulators screened in the wing disc yielded 90 

candidates that were classified into 54 high-confidence regulators of the Wnt pathway 

and 36 candidates that regulate wg expression to indirectly affect the Wnt pathway.  The 

high-confidence regulators were further classified into three phenotypic categories, 

referred to as Groups I, II, and III, each of which comprise known and novel regulators of 

signaling.  Of the high-confidence regulators, 33 are kinases (and associated factors) 

and 21 are phosphatases (and associated factors).  45 of the 54 high-confidence 

regulators promote, while the remaining 9 inhibit, signaling (Fig 2.5, Appendix A)  
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Remarkably, 32 of the 90 candidates are known regulators of the Wnt pathway.  

This large subset of known regulators is reflective of the robustness and low false 

negative error rate of our screen design.  Moreover, based on our unbiased genetic 

analyses, all 32 of these known regulators cluster together in the category of high-

confidence Groups I, II and III regulators.  This strongly suggests that at least some of 

the 22 novel high-confidence regulators identified are bona fide regulators of the Wnt 

pathway.  We classified the high-confidence regulators of the Wnt pathway according to 

their respective kinase and phosphatase groups.  The Drosophila kinome comprises 13 

groups, of which 12 are represented by the high-confidence regulators of the Wnt 

pathway.  The Drosophila phosphatome comprises 9 groups, of which 6 are represented 

by the high-confidence phosphatases (and associated factors) of the Wnt pathway. (Fig 

2.5) 
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Figure 2.4. High-confidence regulators of the Wnt pathway identified in the 
Drosophila wing disc. 

(A) A wild type wing disc that displays the levels of Sens, Dll, Wg, and Ct.  (B-G) Group I 
regulators knocked-down using dpp-Gal4 or hh-Gal4 modified the levels of Sens and Dll, but not 
Wg.  Knockdown of Mbs, MYPT-75D, csw, and Wnk decreased the levels of Sens and Dll 
(arrowheads), while knockdown of CycA and Cdc37 increased the levels of Sens and Dll 
(arrowheads).  (H-I) Group II regulators modified the levels of Sens, Dll, and Wg, but not Ct.  
Knockdown of mop and wun2 decreased the levels of Sens and Dll (arrowheads), and increased 
Wg levels (arrowheads).  (J-O)  Group III regulators, such as CG8878, stg, and gish, modified the 
levels of Sens, Dll, Wg, and Ct (arrowheads).  (M-O)  Knockdown of these regulators in only the 
ligand-receiving cells with C5-Gal4 modified the levels of Sens and Dll (arrowheads), but not Wg.  
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Figure 2.5. Summary of phospho-regulators of the Wnt pathway identified in the 
Drosophila wing disc. 

(A) 90 candidates of the Wnt pathway were refined into 54 high-confidence regulators (Group I, 
Group II, and Group III).  46 high-confidence regulators promote (blue) and 9 inhibit (yellow) the 
Wnt pathway.  3 high-confidence regulators function upstream or at the level of the ligand-
receptors interaction (Group II), while the remaining 51 function downstream of the ligand-
receptors interaction (Group I, Group III).  32 of the 90 candidates identified are previously 
validated regulators of the Wnt pathway (grey). Graphical summary of the kinase (B) and 
phosphatase (C) groups in the Drosophila genome and the subset of these that regulate the Wnt 
pathway.   
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 Discussion and conclusion: 

We have performed a comprehensive in vivo loss-of-function RNAi screen for 

Wnt regulators in the Drosophila wing disc.  In addition to protein kinases and 

phosphatases, we also tested a large collection of proteins that associate with these 

groups of enzymes as well as non-protein (lipid, carbohydrate and nucleotide) kinases 

and phosphatases.  Genes whose knock-down reproducibly modified the expression 

pattern of direct targets of the pathway with at least two independent, non-overlapping 

RNAi transgenes were considered candidate regulators of Wnt signaling.  The primary 

screen yielded 90 such candidate regulators.  This initial list of candidate regulators was 

refined to 55 high-confidence Wnt regulators (53 of which have identified orthologues in 

humans) after excluding false positives due to genes that regulate cell death, cell 

proliferation, transcription of the ligand and non-specific regulators of gene transcription.  

Of the 55 high-confidence regulators, 32 have been previously identified as Wnt pathway 

components, representing a >90% screening efficiency.  Screening efficiency is the 

percentage of known pathway components that was identified in our blind screen and is 

an indication of the false negative error rate.  The high screening efficiency suggests that 

the 23 previously unidentified regulators may in fact be bona fide Wnt pathway 

components. 

Compared to past high-throughput studies, we believe that our screen design is 

the most robust and stringent to date, yielding biologically relevant high- confidence data 

for the reasons elaborated here. The screen was performed entirely in vivo (as opposed 

to cell culture) in Drosophila, an animal that has low functional redundancy but high 

functional conservation of genes with humans.  A minimum of 2 non-overlapping RNAi 

transgenes per gene were used to keep false discovery to a minimum.  As opposed to 

relying on non-specific phenotypes in the animal such as rows of denticles/naked cuticle 

in the embryo, formation of the wing margin or the size of the eye which can be 

attributed to multiple signaling pathways and processes, wing discs were assayed for 

direct targets of the Wnt pathway.  These direct targets respond to the entire gradient of 

signaling as opposed to a synthetic transcriptional reporter that variably responds to the 

level of pathway activity based on its composition (i.e. the number of high-affinity TCF 

binding sites) and the availability of signal-independent factors (i.e. cooperative 
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activation).  Most importantly, the screen was performed at a physiological (and not 

artificial) level of signaling in a tissue that normally secretes and responds to the ligand.  

Due to the aforementioned factors, we believe that we have identified a comprehensive 

list of kinases and phosphatases that regulate the Wnt pathway at one or more levels in 

a biologically relevant context. 

From the screen I selected two phosphatases to characterize and determine their 

role in the Wnt/Wg pathway. The role of these phosphatases will be discussed in the 

following chapters of this thesis. 
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Chapter 3.  
 
The role of Bro1 domain-containing protein Myopic 
in endosomal trafficking of Wnt/Wingless 

Tirthadipa Pradhan Sundd and Esther M Verheyen 

An abbreviated version of this chapter was published in Developmental Biology 
(2014), volume 392, Page 93-107. Reprinted with the permission from Elsevier. As the 
first author I conceived, designed and performed the experiments, analyzed and 
interpreted the data and wrote the manuscript, all under the supervision of EMV. 

  Abstract 

Wg proteins are secreted-lipid-modified glycoproteins involved in tissue 

patterning and cell-fate specification. Wg secretion is regulated by a specialized 

mechanism involving a repertoire of proteins including Wntless (Wls). Here, we show 

that the Bro1-domain-containing protein Myopic (Mop) is indispensable for endosomal 

trafficking of Wg and Wls. Reductions in Mop leads to trapping of Wg and Wls in the 

early endosomes. Overexpression of the endosomal sorting protein Hepatocyte growth 

factor-regulated tyrosine kinase substrate (Hrs) rescues the trafficking defect caused by 

the mop loss of function. The vertebrate homolog of Mop, Histidine domain-containing 

protein tyrosine phosphatase (HDPTP), was also found to have a conserved role in Wnt 

trafficking. Our study highlights the importance of early endosomal trafficking for Wg 

secretion, and identifies a novel role for Mop in Wg signaling. 

  Introduction 

Drosophila Myopic (Mop) was originally discovered in an eye screen aimed at 

finding out novel regulators of photoreceptor differentiation (Janody et al., 2004). Mop is 
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the Drosophila homolog of His domain containing protein tyrosine phosphatase (HD 

PTP) (Miura et al., 2008). It is highly conserved among the metazoans and is involved in 

regulating endosomal trafficking of components of EGFR, Hippo and Toll innate immune 

signaling (Miura et al., 2008, Huang et al., 2010, Gilbert et al., 2011). Mop localizes to 

early endosomes, and loss of mop causes enlargement of the endocytic compartment 

(Miura et al., 2008), a phenotype that is associated with abnormal endosomal structures 

and impaired protein sorting. The role of Mop in regulating Toll (Huang et al., 2010) and 

Hippo pathways (Gilbert et al., 2011) is established, and it is known to interact with the 

early endosomal marker Rab4 to regulate cell migration and cell-cell adhesion (Chen et 

al., 2012). 

Here we show Mop is required for endosomal trafficking of Wg both in vivo and in 

vertebrate cell culture. We find that Mop assists in the early-to-late endosomal sorting of 

Wg and this role cannot be solely attributed to a global effect on endocytic regulation by 

Mop. Mop assists in the retrograde trafficking of Wls from early endosomes to the Golgi. 

In the absence of Mop, the stability of Wls in the Golgi complex is reduced. We also 

show that, following reduction of mop, Wg and Wls are retained in early endosomes, 

resulting in reduced secretion of Wg from the basal surface. Overexpression of the 

endosomal sorting protein Hrs can compensate for the absence of Mop. The 

phosphatase domain of Mop is not necessary for its role in Wg trafficking. Finally, we 

show that the role of Mop is conserved across organisms, suggesting an essential role 

of Mop in trafficking of Wg and Wls. 

  Results 

3.3.1.  Mop is an essential positive regulator of Wg signaling 

In Drosophila, Wg signaling is responsible for numerous cell patterning events, 

including the well-established role in wing imaginal disc patterning.  In the wing Wg is 

secreted from a row of cells at the D/V boundary (Wg secreting cells), and spreads bi-

directionally across the tissue from its origin (to Wg receiving cells) to regulate the 

stabilization of armadillo (Arm) and activate subsequent target gene expression, 

including Distalless (Dll) and Senseless (Sens) (Fig. 3.1A-A”) (Neumann and Cohen 
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1996; Zecca et al., 1996). We identified Mop as a novel regulator of Wg signaling while 

performing an in vivo kinome and phosphatome RNAi screen in the third instar wing 

imaginal disc (Swarup et al, 2015). 

We separately expressed two independent RNAi lines targeting the mop gene 

with multiple Gal4 drivers (dpp-Gal4, en-Gal4 and actin-Gal4) in the wing disc and 

examined the expression of both high- (Sens) and low-threshold (Dll) targets of Wg. 

Knockdown of mop by RNAi (hereafter referred to as mopRNAi) caused a weak reduction 

in Dll (Fig. 3.1B”) and reduction of Sens (Fig. 3.1C”). To confirm the specificity of the 

mopRNAi phenotype, we performed somatic clone analysis with a mop loss-of-function 

allele in the wing imaginal disc and observed reduced Sens and weakly reduced Dll (Fig. 

3.1D-D’”).  Mop knockdown also caused a reduction in Arm stabilization (Fig. 3.1F’) and 

mopRNAi flies had wing defects such as loss of wing veins and wing margin tissue (Fig. 

3.1G’). Together, these data suggest that Mop plays a positive role in the Wg pathway.  
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Figure 3.1. Mop regulates the Wg pathway 
(A-A”) The expression domains of Dll (A’) and Sens (A”) in a wild type wing disc.  (B-B”) Knock-
down of mop using the actin flip-Gal4 driver resulted in a weak reduction in Dll (B”) and reduction 
of Sens (C”). (D-D”) mop mutant clones also show reduction of Dll (D’) and Sens (D”).  Clones are 
marked by GFP. Arrow indicates the mutant tissue in each case. (E-E’) The expression domain of 
armadillo in a wild type wing disc. (F-F’) Knock-down of mop using the en-Gal4 driver resulted in 
a reduction in armadillo. (G) Wild type adult wing. (H) Knock down of mop in the posterior half of 
the wing by en-gal4 causes loss of veins and wing margin.  
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Several studies have highlighted Mop’s role as a regulator of endocytosis ( Miura 

et al. 2008; Huang et al. 2010;Chen et al. 2012). Miura et al., 2008 previously showed 

aberrant EGFR and Wg signaling with mop loss-of-function. While Mop’s role in EGFR 

signaling has been attributed to internalization of the receptor, its role in Wg signaling 

has not been characterized. To test whether Mop’s effect on Wg signaling is a 

consequence of non-specific endocytic defects, we examined the activity of other 

conserved cell signaling pathways (Hedgehog (Hh) and Notch) known to be influenced 

by endocytic mechanisms in wing imaginal discs following mop knockdown (Fig. 3.2). 

Reducing Mop did not cause a change in the levels of the Hh effector Cubitus interruptus 

(Ci; full-length) (Fig. 3.2A”), Notch target Cut (Fig. 3.2B”) or the Hh target gene dpp-lacZ 

(Fig. 3.2C), suggesting that these signaling networks do not require Mop. Thus, while 

reducing Mop results in endocytic defects, Mop appears to play specific roles in certain 

signaling pathways, and does not function in global protein trafficking. 
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Figure 3.2. Mop is required for Wg signaling in other tissues, but is not a 
universal regulator of the signaling network.  

(A) Expression of mop RNAi does not change Hh effector Ci levels in the wing disc. mop RNAi 
was expressed under actin flip marked by GFP (A’). Ci level remains unchanged in control and 
GFP positive cells (A”). (B) Similar reduction of Mop does not cause a change in Notch target Cut 
levels (B”). mop RNAi was expressed under dpp-Gal4 shown by GFP (B”). (C) Hh target gene 
dpp-Lacz is also unaffected by the absence of Mop. mop RNAi was driven by MS1096-Gal4 in 
the wing pouch. Lacz levels show no change. (D) Orientation of Notum Bristles of a control fly. 
(D’) Expression of dsh RNAi by pnr-Gal4 causes change in orientation of the notum bristles. (D”) 
Expression of mop RNAi in the notum does not change the bristle orientation.   
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Several components of canonical Wnt/Wg pathways have been implicated in the 

non-canonical Wg/planar cell polarity (PCP) pathway (Klein and Mlodzik, 2005). We 

investigated if mop mutants have PCP defects. As shown in Fig. 3.2D’, typical PCP 

phenotypes such as those caused by loss of dsh (Fig. 3.2D’) could not be detected in 

the notum of mopRNAi (Fig. 3.2D”), suggesting that Mop is not required for the non-

canonical Wg/PCP pathway. 

3.3.2.  Mop regulates Wg levels in the Drosophila wing imaginal 
disc 

Previous work on Mop suggested that it functions as an early endosomal protein  

Since impaired endocytosis is known to affect Wg trafficking (Marois et al., 2006; Rives 

et al., 2006; Seto & Bellen, 2006), we investigated the effect of knocking down Mop on 

Wg levels and distribution. Reduction of mop in the posterior compartment of the wing 

disc using en-Gal4 caused a dramatic increase in Wg levels (Fig. 3.3B’). In the receiving 

cells, Wg appeared more punctate compared to wild-type tissue (Fig. 3.3B and B’). 

Staining for extracellular Wg using an established protocol (Strigini and Cohen, 2000) 

revealed a slight reduction of secreted Wg following expression of two copies of the 

mopRNAi transgene (Fig. 3.3D’). This suggests that the increased levels of Wg result from 

the accumulation of Wg inside the secreting cells. 

To independently verify the role of Mop in Wg secretion, we used the loss-of-

function allele mopT612. We generated mopT612 homozygous mutant clones in wing discs 

and stained for endogenous Wg protein. Mutant cells accumulated Wg protein, as with 

the RNAi lines (Fig. 3.3E’) and Wg appeared more punctate across the D/V boundary 

(Fig. 3.3E’, E’). Quantification of Wg positive puncta across the DV boundary confirmed 

appearance of more puncta like structures in the absence of Mop (Fig. 3.3E’). Therefore, 

we conclude that Mop is required for Wg trafficking and secretion. The hallmarks of the 

defect caused by the absence of mop (Fig. 3.3C’) were distinct from those of defects 

caused by the absence of dedicated proteins involved in Wg secretion (such as Porc, 

Wls) (Fig. 3.6C-E). Whereas absence of Wls and Porc causes accumulation of Wg 

throughout the DV boundary with almost no Wg-positive puncta across the boundary 

(Fig. 3.6C-E), loss of Mop caused accumulation of Wg in patches in the D/V boundary 
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with a significant increase in Wg positive puncta across the boundary (Fig. 3.3C’). This 

suggests that Mop may not act solely in Wg secreting cells but may play a role in other 

aspects of Wg signaling.  
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Figure 3.3. Mop regulates Wg levels in the Drosophila wing imaginal disc 
(A-A’) The expression domains of Wg in wild type wing disc.  (B-B‘) Knock-down of mop using the 
en-Gal4 driver resulted in accumulation of Wg (B’). (C-C‘) mop mutant clones also shows 
accumulation of Wg in the DV boundary and increased punctae across the DV boundary. Clones 
are marked by the presence of GFP.  (C”) Quantification of small punctae across the DV 
boundary in a wild type and mop RNAi tissue. Quantification was done by counting the number of 
punctae in a control and mutant tissue. (D-D’) Expression of secreted Wg in a control disc. (E-E”) 
Knock-down of two copies of mop using the en-Gal4 driver resulted in reduced secretion of Wg 
(E’). The error bar represents error of percentage from three independent replicates. Scale bars, 
50 and 100 μm. AU, arbitrary units;  



 

62 

 

Taken together, these findings suggest that Mop regulates Wg levels and 

secretion.  As Wg signaling is required for development of other Drosophila larval discs 

(Fig.3.4A, C), we looked at Wg distribution in other discs of mopRNAi flies. Reductions of 

Mop caused a similar accumulation of Wg in eye and leg discs characterized by more 

Wg punctae (Fig. 3.4B-B’, D-D’) as well as in the hinge region of wing discs. These data 

suggest that Mop is essential for Wg trafficking in other tissues. 

 

 
Figure 3.4. Mop regulates Wg accumulation in imaginal discs of Drosophila 
(A-D) Expression of mop RNAi causes increased Wg levels and punctuated distribution in the 
Drosophila eye (B-B’) and leg disc (D-D’) as compared to wild type eye (A) and leg disc (C). mop 
RNAi was expressed under dpp-Gal4. Dotted box represents zoomed in region shown in (A-D). 
Arrow represents appearance of punctuate Wg in the absence of Mop. 
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3.3.3.  Mop is required in both Wg-producing and Wg-receiving 
cells 

Loss of mop causes the accumulation of Wg at the DV boundary (Wg-producing 

cells) and numerous Wg punctae in cells surrounding the DV boundary (Wg-receiving 

cells) suggesting it affects both the secreting and the receiving cells. To confirm the role 

of Mop in Wg secreting and receiving cells, we used two different Gal4 drivers to 

separately analyze the effect of mopRNAi on Wg secretion and signaling by looking at the 

L3 stage of larval development. wg-Gal4, which drives Gal4 expression at the DV 

boundary, enabled analysis of Wg transcription and secretion (Fig. 3.5A). In contrast C5-

Gal4 induces expression throughout the wing pouch except at the DV boundary (Fig. 

3.5C). 

When mopRNAi was expressed with wg-Gal4, Wg levels increased with the 

appearance of more punctate structures surrounding the DV boundary (Fig. 3.5B’) as 

compared to controls (Fig. 3.5A'), which could indicate altered Wg secretion or 

transcription. Elevated levels of Wg did not result from an increase in Wg transcription, 

as the expression of a wg-lacZ reporter was unchanged (Fig. 3.6A). As shown in Fig. 

3.5B”, wg> mopRNAi discs showed reduced levels of Sens expression compared to 

controls (Fig 3.5A”). This result suggests that Mop promotes Wg signaling at least in part 

from the Wg secreting cells. Elevated Wg levels in the secreting cells along with the 

reduction in Wg target expression when Mop is knocked down in only the secreting cell 

is consistent with the notion that Wg is trapped intracellularly.  

To investigate the effect of Mop on Wg-receiving cells, we examined the effect of 

knocking down mop in the wing pouch except in the signal sending cells (C5-Gal4). 

Expression of C5>mopRNAi caused a strong perturbation in target gene expression (Sens 

and Dll; Fig. 3.5D-D”). We also confirmed that the cellular architecture of mop mutants is 

not disrupted (by looking at overall tissue integrity and organelle structure) using 

transmission electron microscopy (TEM) imaging of mop mutant discs (Fig. 3.6B-B’).  
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Figure 3.5. Mop plays a role in both Wg producing and Wg receiving cells.  

Analysis of Wg and target proteins distribution in control tissue and  mop knockdown using wg-Gal4 (A-B) 
and C5-Gal4 (C-D). As wg-Gal4 and C5-Gal4 cause no change in expression pattern of Wg and targets 
(Sens and Dll) when crossed to wild type, representative control images are shown in both (A –A”) and (C-
C”). (B-B”) Wg staining of wg-Gal4> mop RNAi discs reveal increased Wg levels (B’), Sens expression is 
reduced (B”). Expression of Dll (D’) and Sens (D”) both are reduced in C5-Gal4> mop RNAi discs (D-D”). 
Arrows in each case denotes the change in Wg and targets in RNAi tissue. 
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Figure 3.6. Mops role in Wg producing and Wg receiving cells.  

(A)Wg transcription is not affected by the absence of Mop. mop RNAi was expressed 
under hhGal4 (at the posterior half of the wing). wg Lacz levels across the DV boundary 
remain unaffected. (B) TEM images of wild type disc (B) and mop RNAi discs (B’) 
suggests overall tissue architecture (organelle structure) is not disrupted in the absence 
of Mop. Organelles marked here are mitochondria (Mt), nucleus (N), and plasma 
membrane (PM). Wg expression in mop RNAi (C-C’) causes a unique phenotype which 
is different than that of Wg secretion regulators (D and E). (C ‘) Absence of Mop causes 
an increased level of Wg in the secreting cells (S) and appearance of punctae in the 
receiving cells (R). Absence of Wls (D’) or Porc (E’) causes accumulation of Wg the S 
cells with almost no puncta observed in the R cells. RNAi lines were expressed under 
actin flip. Presence of GFP marks the RNAi tissue. Wt-Wild type tissue, M- mutant 
tissue. (F-F’) Mop does not regulate exosome production. mop RNAi was expressed 
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under wg-Gal4 and exosome marker (CD63GFP) levels were analyzed. As compared to 
control (F) CD63 levels are unchanged in mop RNAi (F’). (G-H) G-Trace analysis of wg-
Gal4 (G-G”) and C5-Gal4 (H-H”) in the late third instar wing imaginal disc. Lineage 
expression and real time expression are shown in GFP and RFP channels respectively. 
(I-J) G-Trace analysis of wg-Gal4 (I-I”) and C5-Gal4 (J-J”) in the early to late second 
instar wing imaginal disc. Lineage expression and real time expression are shown in 
GFP and RFP channels respectively.(K-K””)Expression of Wg in mop RNAi clone in 
signal sending (K’1), signal receiving (K””4) and both sending and receiving cells (K’-
K””2,3) shows an accumulation of Wg. 
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Since we used wg and C5 Gal4 drivers to evaluate the role of Mop in sending 

and receiving cells, we further characterized their expression pattern throughout larval 

stages using the cell lineage tracing methodology G-Trace (Evans et al., 2009).  At the 

L3 stage, wg-Gal4 real time expression is restricted to the DV boundary cells, while 

lineage tracing also reveals low-level expression in the flanking pouch cells (Fig. 3.6G’-

G”).  At L2, wg-Gal4 revealed a broader expression domain at the DV boundary (Fig. 

3.6I-I”) (Wiliams et al., 1993, Couso et al., 1994, Ng et al., 1996, Garcia-Garcia et al., 

1999, Martinez-Arias 2003, Alexandre et al., 2014).  C5-Gal4 real time and lineage 

expression at L3 was restricted to the wing pouch, excluding the DV boundary (Fig. 

3.6H-H”). C5-Gal4 expression was not entirely absent at the DV boundary at earlier time 

points (Fig. 3.6J-J”). These data suggest that both wg-Gal4 and C5-Gal4 have a broader 

expression domain early in development, which later restricts almost exclusively to the 

secreting and receiving cells, respectively. 

Therefore to confirm the role of Mop in Wg secreting and receiving cells, we took 

another approach. We used actin flip Gal4 to generate mop mutant clones at different 

regions of the wing disc (Fig. 3.6K-K”). Clones expressed only in the DV boundary 

(secreting cells) (Fig. 3.6K’-1) and outside the boundary (receiving cells) (Fig. 3.6K’-4) 

were able to cause a change in Wg levels (Fig. 3.6K-K”) and the strongest effect on Wg 

was generated by clones that covered both secreting and receiving cells (Fig. 3.6K-K”2, 

3).  This suggests that Mop’s role is required in both Wg secreting and receiving cells.  In 

this study we have further characterized the role of Mop in the signal-producing cells. 

3.3.4.  Wg predominantly localizes to early endosomes in the 
absence of Mop 

To investigate how Mop functionally regulates Wg trafficking, we examined the 

subcellular localization of Wg in the wing disc following reduction of mop in GFP-marked 

flp-out clones.  Wg is an apically enriched membrane protein, and a significant 

proportion of Wg is reported to colocalize with early- and late-endosomal markers 

(Marois et al., 2006; van den Heuvel et al., 1989). Wg also colocalizes with Wls, its 

receptors Frizzled (Fz) and Arrow (Arr), and proteins involved in ER and Golgi pathways 

(reviewed in M Harterink & Korswagen, 2012). We compared the localization of Wg in 
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different cellular compartments in mopRNAi tissue and wild-type tissues using well-

established markers for the Golgi (GM130), early endosomes (RAB5), late-

endosomes/MVB (Rab7), recycling endosomes (Rab11) and septate junctions (Coracle). 

Following knockdown of mop, Wg is primarily localized to early endosomes as seen by 

enhanced co-localization with Rab5 (Fig. 3.7B-B”’, G). Colocalization of Wg with both 

Wls and Coracle increased when Mop was reduced (Fig.3.7 D-D”’, E-E”’, G). There were 

no significant changes in the colocalization of Mop with the Golgi marker GM130 (Fig 

3.7.A-A”’, G). Furthermore, Wg colocalization with Rab7 was strongly reduced 

(*p<0.002) (Fig 3.7 C-C”, G). Thus, we find that reduction of mop caused changes in 

subcellular localization of Wg protein, such that Wg is enriched in Rab5-expressing early 

endosomes and decreased in Rab7 expressing late endosomes. 
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Figure 3.7. Wg colocalizes with endosomal markers in the absence of Mop.  
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mop RNAi was expressed under the control of actin flip out clones together with a UAS–GFP 
marker. Samples were stained in parallel and imaged with identical settings, and confocal views 
of similar regions of the wing disc are shown. Wing discs were stained with Wg in each case 
along with GM130 (A), Rab5 (B), Rab7 (C), Wls (D), Rab11 (E), and Coracle (F) antibodies and 
colocalization was measured by analyzing Pearson’s coefficient was measured in wild type tissue 
and mop RNAi tissue across the DV boundary in each case. (G) Quantification of colocalization of 
Wg and markers across the DV boundary was done by measuring Persons coefficient (P) in a 
control and mutant tissue. Bar graph depicts the increased colocalization of Wg with early 
endosome in the absence of Mop. The error bar represents error of percentage from three 
independent replicates. N=10. Significance was calculated using unpaired t-test. P value of 
significance is p<0.001 for Wg and Rab5, p<0.002 for colocalization of Wg with Rab7, and p 
<0.01 for Wg and Coracle. 
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Wg is reported to localize at both apical and baso-lateral cell surfaces  (Strigini & 

Cohen, 2000; Simmonds et al., 2001; Marois et al., 2006 ). It has been proposed that 

apically secreted Wg recycles back to the same cell to be re-secreted from the basal 

surface (Pfeiffer et al., 2002; Simmonds et al., 2001). Therefore, we investigated 

whether depletion of mop affects Wg localization at the apical and basal surface. We 

generated GFP-marked mopRNAi expressing clones in the wing disc and probed for Wg 

and Coracle. Coracle is at the septate junction which separates the apical surface from 

the baso-lateral surface (Strigini and Cohen, 2000). When we examined the localization 

of Wg by looking at XZ sections perpendicular to the DV boundary of the disc epithelium, 

Wg appeared enriched near to the apical surface along with vesicle like dots close to the 

apical surface (Fig. 3.8A”). Wg localization in the mopRNAi clone also partially overlapped 

with Coracle (Fig. 3.8A’A” and zoomed in region of the disc in Fig. 3.8B). Furthermore, 

when we looked at single sections of the apical and basal surfaces of the wing disc, total 

Wg protein levels seemed to be extensively enriched at the apical surface (Fig. 3.9A’).  

Wg positive punctae across the DV boundary were also more at the apical surface (Fig. 

3.9A’). No such changes in Wg levels were seen at the basal surface (Fig. 3.9B’).  

 

 

Figure 3.8. Absence of Mop leads to apical localization of Wg. 
(A-A”) XY and XZ section of a wing imaginal disc showing localization of coracle (A’) and Wg (A”). 
Wg and coracle accumulates near to the apical surface of the wing disc in mop RNAi tissue as 
compared to adjacent control tissue. The arrows indicate the localization of Wg close to the apical 
surface. The punctate expression of Wg denotes its presence in endosomal vesicles. (B) A region 
of A is zoomed in to look at Wg and coracle levels 
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On the contrary, when we looked at secreted Wg [Wg (Ex)], it appeared reduced 

at the basal surface along the DV boundary in the mopRNAi clones (Fig. 3.9D’). No such 

reductions were seen at the apical surface of the disc (Fig. 3.9C’). Interestingly, the Wg 

positive punctae were occasionally seen on the apical surface with secreted Wg staining 

(Fig. 3.9C’).  Quantification of the flourescence intensity of secreted Wg across the DV 

boundary also suggested reduction of Wg (Ex) from the basal surface in mop mutant 

cells (Fig. 3.9 E, F graphs).  
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Figure 3.9. Wg localization in mop mutant discs 
(A-B) Wg staining in single confocal sections of Wg discs expressing mop RNAi. Apical (A’) and 
basal (B’) regions of the disc are shown. Absence of Mop causes accumulation of Wg protein in 
the apical surface (A’) as compared to the basal surface (B’). (C-D) Extracellular Wg staining in 
single confocal sections of Wg discs expressing mop RNAi. Apical (C’) and basal (D’) regions of 
the disc are shown. Absence of Mop causes reduced secretion of Wg from the basal surface (D’) 
as compared to the apical surface (C’). (E-F graphs) Quantification of florescent intensity of 
secreted Wg across the DV boundary suggests reduced Wg secretion from the basal surface (F 
graph). RNAi expressing tissue and wild type tissue are separated by black dotted line. Arrow 
indicates the amount of secreted Wg is reduced basally as compared to control cells. 
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Taken together, our data suggests that absence of Mop affects endocytosis of 

Wg from the apical surface resulting in increased Wg in the early endosomes close to 

the apical surface. As Wg secretion involves endosomal trafficking (of Wg and Wls) and 

re-secretion of Wg from the basal surface, secretion is reduced basally in the absence of 

Mop. 

3.3.5.  Mop regulates the subcellular localization of Wls 

Wls is the dedicated Wg partner required for proper Wg secretion. Subcellular 

localization of Wls protein in the Wg secreting cell is an important regulator of Wg 

secretion. At the Golgi, Wls binds to Wg and subsequently trafficks Wg to the plasma 

membrane from where it is released into the extracellular matrix  (Bänziger et al., 2006; 

Bartscherer et al., 2006).  From the plasma membrane, Wls molecules are internalized 

by clathrin and AP2-mediated endocytosis (Pan et al., 2008; Gasnereau et al.,2011;) for 

the next round of Wg transport.  The retromer complex, consisting of vacuolar protein 

sorting (Vps) 35, 26, and 8 recycles Wls back from the early endosome to the Golgi 

(Coudreuse et al., 2006; Belenkaya et al., 2008; Pan et al., 2008; Yang et al., 2008). As 

Wls retrograde trafficking is endocytosis dependent, we next tested whether the 

reduction of Mop affects the subcellular localization or stability of Wls.   

Wls is ubiquitously expressed throughout the wing imaginal disc with enrichment 

in a narrow punctate stripe across the DV boundary (Fig. 3.10A; Bänziger et al., 2006). 

The punctate distribution of Wls along the DV boundary is thought to be due to its 

localization to the Golgi. Wls also localizes to the cell membrane and endosomes 

(Bänziger et al., 2006; Bartscherer et al., 2006; Yang et al., 2008; Franch-Marro et 

al.,2008; Port & Basler, 2010;).  

Depletion of mop in wing discs caused a reduction in the levels of Wls protein at 

the DV boundary (Fig. 3.10A”’). The punctate distribution of Wls along the DV boundary 

was lost in the absence of Mop, suggesting that Wls is no longer enriched in the Golgi. 

Wls levels were reduced only within Wg-expressing cells at the DV boundary.  
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Figure 3.10. Expression of mop RNAi causes reduction of Wls in the Golgi in the 
wing imaginal disc.  

(A-A”’) mop RNAi was expressed with the help of actin flip and clones are marked by the 
presence of GFP. Wls localization is changed inside the clones (A”) Clones are marked by the 
presence of GFP. (B) Quantification of colocalization of Wls and markers across the DV boundary 
was done by measuring Persons coefficient (P) in a control and mutant tissue. Bar graph depicts 
the increased colocalization of Wls with endosomes and membrane marker in the absence of 
Mop. The error bar represents error of percentage from three independent replicates. N=6. 
Significance was calculated using unpaired t-test. P value of significance is p <0.002 for Wls and 
Coracle, p<0.01 for Wls and Rab5 and p<0.001 for colocalization of Wls and Rab7,  
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Next, we performed colocalization studies to determine whether Wls’ subcellular 

localization at the cell surface, early, and late-endosomes were affected by knockdown 

of Mop in the wing discs. Compared to wild-type cells, a significant increase in 

colocalization was observed between Wls and early endosomal and membrane markers 

in Mop-deficient cells (Fig. 3.10B). This is statistically supported by Pearson’s coefficient 

values that show significant increases in the colocalizaion of Wls to early endosomes 

and the cell membrane in the absence of Mop. Wls localization to late endosomes 

(Rab7) was not significantly changed (Fig. 3.10B). 

3.3.6.  Early to late endosomal trafficking of Wg is impaired in the 
absence of Mop 

In the absence of Mop, we observed reduced Wg secretion and increased 

accumulation of Wg and Wls proteins in early endosomes. Although Mop was previously 

reported as an early endosomal protein, its role in endosomal sorting in Drosophila is not 

well characterized. Therefore, we wanted to further characterize the processes of 

endocytosis and/or cargo sorting that are affected by the absence of Mop. 

To analyze different stages of endocytic trafficking and cargo sorting, we 

examined the uptake and degradation of fluorescently labeled dextran at different time 

intervals in en> mopRNAi wing discs (Fig. 3.11A-F). Endocytic uptake of dextran was 

normal in mop RNAi cells and control cells after a 5-min chase. In control cells, the 

levels of endocytosed dextran significantly decreased after a 20 minute chase, due to 

lysosomal degradation of proteins (Fig. 3.11D-D’, F). In contrast, dextran remained 

trapped in vesicles following mop knockdown (Fig. 3.11E-E’, F) suggesting that early to 

late endosomal trafficking is blocked in the absence of Mop.  
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Figure 3.11. Early endosomal trafficking is impaired in the absence of Mop. 
 Expression of mop RNAi slows the degradation of endocytosed dextran. For dextran uptake 
assays, mop RNAi was overexpressed in the posterior compartment of wing imaginal disks under 
control of en-GAL4. (A-A’) Ubiquitous expression of dextran in a control wing disc. 5-minute 
chase and 20-min chase of dextran in control discs (B and D) and mop RNAi discs (C and E) 
shows absence of Mop causes impaired trafficking of Dextran in the wing imaginal disc. The 
quantification of dextran uptake is shown in F. 
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Furthermore, we utilized LysoTracker to visualize acidic cellular compartments. 

The pH of endosomal vesicles drops along the endocytic trafficking pathway. Early 

endosomes are less acidic in nature (pH 6-6.5), whereas late endosomes/MVB and 

lysosome have increased acidity (pH 4.5-5.5) to help in degradation (Sorkin and Von 

Zastrow, 2002).  Lysotracker staining was reduced in mopRNAi cells (Fig. 3.12B-B’, C) as 

compared to the control (Fig. 3.12A-A’, C). Similar reductions in lysotracker staining 

were reported in mutants of rush hour, an early endosomal membrane protein (Gailite et 

al., 2012). We speculate that similar to rush hour mutation, absence of Mop also causes 

a defect in fusion of endosomes with lysosomes resulting in reduced lysotracker 

staining. 

 

Figure 3.12. Lysotracker staining in the absence of Mop 
(A-B) LysoTracker staining is decreased in mop RNAi–overexpressing cells (B) as compared to 
control (A). Quantification of lysotracker intensity is shown in (C).  
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We next examined TEMs of mop knockdown wing discs to observe cellular 

structures. Compared to wild-type discs, mopRNAi cells had significantly higher double-

layered aberrant phagolysosome-like structures, which can indicate impaired cargo 

sorting (Fig. 3.13A, B, and C). Similar occurrence of phagolysosomes was reported in 

cells mutant for the endosomal protein Deep orange (Dor) (Lindmo et al., 2006). We also 

examined exosome production (using an antibody to CD63) in the absence of Mop as a 

recent report suggests that Wg is secreted on exosomes, a specialized class of 

membrane vesicles that form in the MVB (Gross et al., 2012; Beckett et al., 2013). As 

compared to control, exosome levels (CD63) were unchanged in mopRNAi (Fig. 3.6K-K””). 

Taken together, our data suggest that Mop regulates Wg trafficking from early- to late-

endosomes, and that in the absence of mop, Wg is trapped at the endosomal interface. 

Mop does not appear to have a role in exosome-mediated Wg secretion. 
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Figure 3.13. Electron micrograph analysis of Mop mutant tissue 
(A-B). Absence of Mop causes numerous aberrant double membranous (arrow) structures in the 
disc (which could be potentially aberrant autophagosomes or related to autophagy) as compared 
to control tissue. Quantification of aberrant phagolysosomal structure is shown in (C). 
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3.3.7.  Interaction of Mop with known members of endocytosis to 
regulate Wg trafficking 

We next examined the localization and genetic interaction of known components 

of the cargo sorting machinery with mop. Hepatocyte growth factor-regulated tyrosine 

kinase substrate (Hrs) was our primary choice, as it facilitates the delivery of proteins 

from MVB to lysosome (Lloyd et al., 2002Bache et al., 2003). Hrs is known as a member 

of the ESCRT complex (ESCRT 0), a protein complex required for MVB sorting of 

proteins (Rusten et al., 2011). Hrs regulates a variety of signaling networks including Wg 

signaling (Jékely and Rørth, 2003; Seto and Bellen, 2006). Loss of Hrs causes a broad 

and punctate distribution of Wg (Seto and Bellen, 2006). Mop and Hrs colocalize in 

Drosophila wing imaginal disc, and Hrs levels are reduced in mop mutant cells (Fig. 

3.16B’; Miura et al., 2008), suggesting that Mop might be necessary for Hrs stability. 

Reduction of hrs caused a broad and punctate expression of Wg in the wing 

imaginal disc (also reported by Seto & Bellen, 2006), similar to what we observe with 

reduction of mop (Fig. 3.14A’-B’).  Knocking down mop in an hrs mutant background 

further increased the Wg trafficking defect (Fig. 3.14C’). Furthermore, overexpression of 

Hrs in the mop mutant background completely rescued the broad and punctate 

distribution of Wg (Fig. 3.14D’). Instead of numerous punctae, we observed very few 

punctae and a near normal Wg distribution at the DV boundary.  
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 Figure 3.14. Hrs and Mop have similar trafficking defects in the Drosophila wing 
disc 

(A) Analysis of Wg distribution in mop RNAi (A-A’) and  hrs RNAi (B-B’) tissue reveals Wg 
accumulates in the RNAi tissue as compared to adjacent control tissue with more punctae. (C-C’) 
Knockdown of both hrs and mop caused further increase in Wg distribution (D-D’). 
Overexpression of Hrs in mop mutant can rescue the expression pattern of Wg to normal. (E-E”) 
Knockdown of dor causes similar defects in Wg trafficking. (F) Quantitative analysis of Wg 
distribution pattern and intensity in the above mentioned genotypes as compared to control. Wg 
intensity increases in mop, dor and hrs RNAi discs as compared to control discs. Overexpressing 
Hrs in mop knockdown can bring the Wg levels close to normal. 
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We then determined that the early endosome markers Rab5 and Vps16, 

(Pulipparacharuvil et al., 2005), are not affected by the reduction of mop (Fig. 3.15A’, 

C’), suggesting that Mop is not required for their stability or localization. Interestingly, 

localization of Rab7 was changed in mop mutant background (Fig. 3.15B’) and Rab7-

positive endosomes were also increased in size in the absence of mop (Fig. 3.15B’; 

Miura et al., 2008). 

 

Figure 3.15. Localization of endosomal markers in the absence of Mop.  
Localization of endosomal markers –Rab5 (A-A”), Rab7 (B-B”) Vps16 (C-C”) and Dor (D-D”) were 
analyzed in the absence of Mop. Rab7 staining shows enlarged Rab7 positive vesicles in mop 
RNAi clones as compared to control tissue (B”). No changes were observed in Rab5 (A’), Vps16 
(C’) and Dor (D’) level in the absence of Mop. Arrow indicates change in respective antibody 
levels. RNAi clones are marked by the presence of GFP. 
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We next examined the effect of a subset of ESCRT-related proteins present in 

MVB in Wg trafficking. Interestingly, we found that knockdown of deep orange (dor) 

phenocopies the Wg distribution seen with loss of mop (Fig. 3.14E). Dor is the 

Drosophila homolog of yeast Vps18 and a late endosomal protein which mediates the 

fusion of late endosome/MVB with lysosomes (Sevrioukov et al., 1999; Narayanan et al., 

2000). Mutation of dor causes proteins to be retained in the endosomes and lysosomes 

and impairs their degradation (Sevrioukov et al., 1999; Narayanan et al., 2000). A role of 

Dor in Wg degradation was previously reported in the Drosophila embryo (Pfeiffer et al., 

2002b) where dor mutants caused accumulation of Wg in the embryo with reduced 

signaling. Quantification of Wg intensity across the DV boundary in the genotypes 

described above is shown in Fig. 3.14F. 

Finally we looked at colocalization of Wg with Hrs and Dor in mop mutant tissue. 

In the absence of Mop, Hrs levels are reduced but appear more punctate (Fig. 3.16A-

B”). There were no such changes in Dor levels in the absence of Mop (Fig. 3.15D’). 

Colocalization analysis revealed that Wg colocalizes more with Hrs in the absence of 

Mop (Fig.3.16C). The Hrs-positive punctae colocalized with Wg punctae (Fig. 3.16C). On 

the contrary, the colocalization of Wg and Dor reduced significantly in the absence of 

Mop (Fig. 3.16B-B”, C).  Altogether, this result suggests that Mop acts in a similar 

manner as Hrs and Dor. It also suggests that Mop might act upstream of Hrs because 

Hrs levels are strongly reduced in the absence of mop and Hrs can rescue the trafficking 

defect caused by the mop loss of function.  Absence of Mop reduces Hrs stability, which 

contributes to impaired late endosomal structure, causing reduced colocalization of Wg 

with late endosomal markers (Rab7, Dor).  
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Figure 3.16.  Absence of Mop leads to reduction in Hrs levels 
(A-B) Hrs levels are reduced in mop RNAi tissue. Hrs appears more punctate (A’) and colocalizes 
with Wg (A’-A”). The arrow in A indicates the region which is zoomed in (B-B’).  (C) Quantification 
of colocalization of Wg and Hrs and Dor across the DV boundary was done by measuring 
Persons coefficient (P) in a control and mutant tissue. Bar graph depicts the increased 
colocalization of Wg with Hrs and reduced colocalization of Wg and Dor in the absence of Mop. 
The error bar represents error of percentage from three independent replicates. N=5. Significance 
was calculated using unpaired t-test. P value of significance is p < 0.002 for Wg and Hrs and p< 
0.01 for Wg and Dor. 
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3.3.8.  The phosphatase domain of Mop is not essential for Wg 
trafficking 

Mop encodes a protein of 1833 amino acids (AA) with an N-terminal Bro1 domain 

from AA 8400, and a protein tyrosine phosphatase domain spanning 15291784 AA 

(Miura et al., 2008). There is an Alix V-shaped domain adjacent to the Bro1 domain. The 

Bro1 and Alix V-shaped domains are known to assist endocytic trafficking of proteins 

(Doyotte et al., 2008). In yeast, Bro1 domains are reportedly involved in endosomal 

localization and sorting of proteins (Doyotte et al., 2008). The protein tyrosine 

phosphatase domain of Mop lacks some of the crucial amino acids that are predicted to 

be required for phosphatase activity (Miura et al., 2008). Therefore, the functional activity 

of this domain is not yet confirmed. 

To confirm that the Wg trafficking defect in mop knockdown is due to the 

absence of Mop and not due to an indirect or off-target effect, we expressed a UAS-Mop 

transgene in the background of the mop knockdown and observed rescue of the mop 

knockdown phenotype (Fig. 3.17C’’).  
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Figure 3.17. The phosphatase domain of Mop is not essential for Wg trafficking.   
(A-A”) The expression domains of Wg in a wild type wing disc.  (B-B”) Knock-down of mop using 
the en-Gal4 driver resulted in accumulation of Wg in the RNAi expressing tissue.  (C-C”) 
Overexpression of UAS Mop in mop RNAi partially recues the Wg defects. (D-D”) The 
Phosphatase dead transgene (UAS Mop CS) in mop RNAi background could also partially rescue 
the Wg defects found in mop RNAi. Presence of GFP marks the RNAi tissue. 
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In addition to the rescue conferred by the full-length Mop, a form which carries a 

mutation in a conserved residue in the phosphatase domain (UAS-Mop-CS) (Miura et 

al., 2008) also rescued the loss-of-function phenotype in the wing discs (Fig. 3.17D’’). 

This finding suggests that the phosphatase domain of Mop may not be required for the 

trafficking of Wg and Wls. Previous studies have found that the Bro1 domain is 

necessary and sufficient for Mop binding with Rab4, and for regulating EGFR and Toll 

signaling. Our data suggest that the phosphatase domain is not necessary for the 

regulation of the Wg trafficking.  

3.3.9.  Mop has conserved function in regulating Wnt signaling 

The vertebrate homolog of Mop is a multidomain cytosolic member of the Bro1-

domain-containing protein family, HDPTP. Recent data show the importance of HDPTP 

in the formation of MVBs, vesicular trafficking, EGFR signaling (Doyotte et al., 2008), 

and focal-adhesion turnover (Lin et al., 2011), although the molecular mechanisms by 

which it affects these processes are under investigation.  

To test the requirement in Wnt-secreting cells, HDPTP was depleted in L Wnt-3A 

cells (mouse subcutaneous tissue cells which are able to produce Wnt-3A) by siRNA-

mediated knockdown. Subsequently Wnt-3A levels in lysates (L) and supernatant (S) 

were analyzed (Fig. 3.18A). Knockdown of HDPTP reduced Wnt-3A supernatant levels 

in L Wnt-3A cells, but Wnt-3A levels in the lysate (L) were elevated compared to those of 

the control (GAPDH-siRNA-treated) cells (Fig. 3.18A). Similar increase in Wnt total 

protein levels (lysates) and decrease in Wnt secretion (supernatants) were found in 

mutants of retromer complex which regulates Wnt secretion (Belenkaya et al., 2008) 

suggesting HDPTP also regulates the secretion of Wnt. Protein levels of HDPTP and 

GAPDH in control and siRNA knockdown lanes suggested effective knockdown of 

proteins in each case (Fig. 3.18A).  Furthermore, levels of β-catenin were greatly 

reduced following siRNA treatment for HDPTP, indicating a failure to transduce the Wnt 

signal and stabilize β-catenin (Fig. 3.18A). 
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Figure 3.18. Mop has conserved role in the Wnt signaling.  
(A) Knockdown of HDPTP by siRNA causes decreased levels of β-catenin and increase in total 
Wnt-3A levels (Wnt lysates) as compared to GAPDH knockdown. Secreted Wnt (Wnt 
supernatant) is reduced in HDPTP knockdown suggesting HDPTP regulates Wnt secretion. (B-
D’) Immunohistochemistry of L Wnt-3A cells transfected with GAPDH (control) and HDPTP siRNA 
constructs. Knockdown of HDPTP causes accumulation of Wnt-3A inside cells (B’). Wnt-3A levels 
are also increased (B’) as compared to control cells (C’). Early endosomal marker EEA1 
localization is changed in HDPTP knock down cells (D) as compared to control (D’). 
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Immunohistochemical analysis of L Wnt-3A  cells revealed that following HDPTP siRNA 

treatment, localization of Wnt-3A appears more punctate and concentrated (Fig. 3.18B’), 

as well as mislocalization of the early-endosomal markers EEA1 (Fig. 3.18D) as 

compared to control (Fig. 3.18B, D’). We also examined Wnt-3A colocalization with 

markers for endosomes, lysosomes, and cell junction. Taken together, these results 

indicate that HDPTP is required in Wnt-producing cells in vertebrates; in its absence, 

Wnt proteins predominantly localize to early endosomes, which suggests a conserved 

role for this protein in Wnt/Wg secretion. 

  Discussion 

The mechanisms underlying Wg trafficking are of fundamental importance in 

understanding Wg functions in development and diseases. Here we provide evidence for 

mechanistic roles of the Bro1-domain-containing protein Mop in Wg trafficking. We show 

that Mop is involved in this process in both Drosophila and mammalian cells. We further 

demonstrate that Mop plays an essential role in maintaining Wls protein levels, possibly 

via regulating the retrograde movement of Wls from endosomes to Golgi. We provide 

evidence that loss of Mop causes defective or reduced early-to-late sorting of proteins 

and impaired lysosomal degradation. Our colocalization assays suggest that Wg and 

Wls get trapped in the early endosomes in the absence of Mop. Therefore, Wg secretion 

from the basal cell surface, which requires recycling from the early endosomes, is 

affected. Knockdown of late-endosomal proteins (Hrs and Dor) mimics the mop 

phenotype. Furthermore, overexpression of Hrs rescues the loss-of-function mop 

phenotype. Together, these data link Mop, Wg, and Wls into the same conserved Wg-

secretion pathway. 

Although it is clear that endocytic pathways have profound effects on the 

secretion and activity of Wg proteins, reports on the exact role of endocytosis in 

regulating Wg have been partially contradictory (Rives et al., 2006; Seto & Bellen, 2006). 

Our data agrees with the previous results that early endocytic trafficking is required for 

normal Wg signaling (Marois et al., 2006; Seto and Bellen, 2006), and when it is 

impaired, Wg signaling is reduced. Here, we provide the evidence that the early 

endosomal protein Mop is required for this process. 
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The absence of Mop causes reduced secretion of Wg, specifically from the basal 

surface. This could be due to the fact that internalization and endosomal trafficking is 

necessary for secretion of Wg basally. Thus in the absence of Mop, endosomal 

structures are defective (causing enlarged Rab7 positive endosomes and reduced 

colocalization of Wg with Rab7 and Dor), which causes internalized Wg from the apical 

surface to be trapped inside endosomes of the secreting cell. This results in a decrease 

in secreted Wg and an increase in Wg localization in early endosomes. As more Wg 

gets trapped inside the endosomes of secreting cells, it’s concentration increases near 

the apical surface of the membrane and in vesicle-like structures close to the apical 

surface, which was reflected in our colocalization assay. Consistent with accumulation of 

Wg protein in the wing imaginal disc, we also observed the accumulation of Wg protein 

in different Drosophila tissues, suggesting that early-endosomal trafficking affects 

different tissues in a similar way. The fact that we do not observe general effects on 

signaling activity (such as Notch, Hh and Dpp) suggests that sufficient endocytosis still 

occurs, either by the remaining endosomal markers and ESCRT proteins or via other 

pathways. Taking this into account, our results show that the Wg signaling pathway is 

particularly sensitive to reductions in the Mop levels and early-to-late endosomal 

trafficking. 

In contrast, Wls has a different trafficking route. Wls possess a conserved YXXφ 

tyrosine-based endocytosis motif; in its absence, Wls accumulate on the cell surface and 

is inefficiently recycled. This results in reduced levels of Wls in the Golgi, and therefore 

reduced Wg secretion (Gasnereau et al., 2011). In the absence of the retromer complex, 

Wls is targeted toward the MVB and lysosome for degradation (Yang et al., 2008). 

Blocking early endosomal trafficking therefore reduces localization of Wls in the Golgi. 

On the contrary, blocking late endosomal trafficking increases Wls levels due to its 

impaired degradation. In the absence of Mop, Wls is not trafficked to Golgi or to late 

endosomes, which reduces the stability of Wls in the Golgi (Fig. 3.19). This could also 

cause a reduction of Wg secretion because Wls in the Golgi is required for Wg to be 

trafficked to the membrane. Our data validates the retrograde trafficking route for Wls 

and promotes an understanding of the localization and function of Mop in Wls trafficking. 

As the absence of Mop causes impaired trafficking of both Wg and Wls proteins in the 
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secreting cells, this suggests that endocytosis of Wg and Wls might take place 

simultaneously, and Wls might be involved in endocytosis and trafficking of Wg. 

 

 

Figure 3.19. The role of Mop in Wnt signal producing cells. 
Schematic representation depicting a model suggested by our findings in which Mop helps in the 
trafficking of Wg and Wls in the early endosome. In the absence of Mop, Wg and Wls gets 
trapped in the early endosome, which results in impaired trafficking of these proteins. As Wg is 
trapped in the early endosomes, its further trafficking to the lysosome is blocked causing 
accumulation of Wg in the endosomes. Furthermore, resecretion of Wg from the basal surface, 
which requires endosomal trafficking, is reduced. Several proteins shown in the model and 
required for Wnt/Wg secretion have been described previously (Banziger et al., 2006; Bartscherer 
et al., 2006; Goodman et al., 2006; Katanaev et al., 2008; Port & Basler, 2010; Port et al.,  2011; 
Buechling et al., 2011). 
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Although Mop has been described as an early endosomal protein, its role in 

protein sorting was not well characterized. Dextran uptake assay and LysoTracker 

staining of mop mutant tissue clearly indicate that early to late endosomal trafficking is 

impaired, and acidic compartments of lysosomes are reduced in mop mutants. We found 

that overexpression of Hrs rescued the loss of mop. The loss of hrs and dor also caused 

the same punctate distribution of Wg as that of mop. Thus, the rescue of mop by Hrs 

clearly suggests that Mop aids in the transfer of cargo from early- to late-

endosomes/MVB. Because Hrs can compensate for the absence of Mop, it is possible 

that Mop acts upstream of Hrs. We argue that the absence of Mop causes aberrant 

endosomal structures. This could reduce the stability of Hrs and cause impaired 

degradation of Wg. Indeed in mop mutant clones, Hrs levels are markedly reduced (Fig. 

3.16A-B) (Miura et al., 2008) . Levels of early endosomal markers such as Vps16 and 

Rab5 were unchanged in mop mutant tissue, whereas Rab7 localization was changed, 

suggesting that Mop differentially regulates the endocytic pathway. Colocalization 

analysis of Wg with Hrs and Dor further confirmed that late endosomal localization of Wg 

is blocked in the absence of Mop.   

Overexpression of the full-length Mop protein and a phosphatase-mutated-form 

(Mop-CS) rescued the loss-of-function phenotype of the mop null mutant. These results 

suggest that the phosphatase activity of Mop is not necessary for the regulation of Wg 

signaling. We suggest that Mop may regulate the endocytic trafficking and secretion of 

Wg via its Bro1 domain. The functional relevance of the phosphatase domain is 

unknown.  

Although we see a dramatic accumulation of Wg inside secreting cells, the 

secretion of Wg is weakly reduced in the absence of mop, suggesting that Mop only 

affects a portion of Wg secretion from the basal surface, or there are other factors that 

compensate for the absence of Mop in this context. Similarly, endocytosed Wg in the 

secreting cell can either recycle or undergo lysosomal degradation. Since Hrs can 

rescue mop mutant phenotypes and no change is seen in exosomal marker CD63 levels 

in mop mutants, it is likely that Mop might be acting on the Wg pool which is destined to 

be degraded. How this distinction is made by Mop will be an area for future investigation. 

Loss of Mop causes a reduction in high threshold target (Sens) and a weak reduction in 
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low threshold target (Dll) suggesting that high threshold targets of Wg signaling are more 

susceptible to changes in endocytic trafficking. Our data suggest that Mop also acts in 

the Wg-receiving cell, indicating that early endosomal trafficking is essential for both the 

secreting and receiving cells.  

To clarify the connection between Wnt signaling and Mop, we need to identify 

other proteins that interact with Mop to regulate this pathway. It is possible that Mop 

might interact with a protein required for lysosomal degradation, or act as an adaptor 

protein in this context. Another possibility is that Mop might indirectly regulate the 

endocytic pathway by interacting with other members of the ESCRT complex. It might 

also regulate Hrs levels by regulating its stability or degradation. 

 In summary, we provide evidence that reducing Mop levels in an epithelial 

context leads to the impairment of distinct endocytic routes. We show that the Wg 

signaling pathway is particularly sensitive to changes in Mop levels, and the absence of 

Mop causes reduced basal secretion and increased intracellular accumulation of Wg 

protein. Wls retrograde trafficking is also affected by Mop. On the basis of our results, 

we propose the following model for Mop function in Wg trafficking and signaling 

(Fig.3.19). After successfully releasing Wg to the cell surface, the Wls protein is 

subsequently internalized through dynamin-mediated endocytosis. The internalized Wls 

cannot be efficiently trafficked from early endosomes to Golgi when Mop is absent, 

resulting in reduced retrograde trafficking. In the absence of Mop, Wg is also trapped in 

the endosomes and cannot proceed to the next step of endocytosis and trafficking to the 

basal surface, which causes an increase in total Wg levels and impaired Wg secretion. 

Therefore, we conclude that Mop acts as a cargo sorter to bring Wg and Wls to their 

destinations. 

  Conclusion 

Wg signaling plays a role of global importance in animal development and 

disease. The discovery that endocytosis of Wg requires a specific endocytosis regulator 

(Mop) implies that Wg signaling is mediated by special endocytic pathways. Wls 

recycling also is under the control of Mop, which adds yet another layer of regulation of 
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this pathway by Mop. These exquisite control mechanisms make Mop a novel regulator 

of Wg and Wls trafficking. 

We believe that the role of Mop in Wg trafficking will remain an exciting topic for 

future studies. Profound understanding of the regulation of Wg trafficking by Mop could 

potentially benefit the development of new therapeutic strategies to treat diseases 

associated with aberrant Wnt trafficking. 
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Chapter 4.  
 
The Myopic-Ubpy-Hrs nexus enables endosomal 
recycling of Frizzled 

Tirthadipa Pradhan-Sundd and Esther M Verheyen 

The following chapter is in revision for MBoC. As the first author I conceived, 
designed and performed the experiments, analyzed and interpreted the data and wrote 
the manuscript, all under the supervision of EMV. 

  Abstract 

Endosomal trafficking of signaling proteins plays an essential role in cellular 

homeostasis. The seven-pass transmembrane protein, Frizzled (Fz) is a critical 

component of the Wnt signaling. Although Wnt signaling is proposed to be regulated by 

endosomal trafficking of Fz, the molecular events that enable this regulation are not 

completely understood. Here, we show that endosomal protein Myopic (Mop) regulates 

Fz trafficking in the Drosophila wing disc by inhibiting the Cbl-induced ubiquitination and 

degradation of Hrs. Deletion of Mop or Hrs results in endosomal accumulation of Fz and 

therefore, reduced Wnt signaling. The in situ Proximity Ligation Assay revealed a strong 

association between Mop and Hrs in the Drosophila wing disc. Mop recruits the 

deubiquitinase, Ubpy, to counter Hrs ubiquitination by Cbl. In the absence of Cbl, Mop is 

dispensable. These findings support a previously unknown role for Mop in endosomal 

trafficking of Fz in Wnt-receiving cells.  

  Introduction 

Coordinated protein trafficking or sorting is one of the key regulatory mechanisms 

in the homeostasis of a living cell. Proteins can be transported to the inner space of an 
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organelle (such as endosomes, lysosomes, mitochondria and intracellular membranes) 

or secreted into the extracellular space. Protein sorting is tightly controlled inside a cell 

and dysregulations are associated with cell death and development disorders. Receptor-

mediated endocytosis, which involves selective internalization of integral membrane 

proteins from the plasma membrane, is one of the most thoroughly understood 

mechanisms of membrane protein trafficking (Sorkin and Von Zastrow, 2002).   

The net effect of receptor trafficking on signaling pathways depends on the final 

cellular destination of endocytosed receptors. For example, sorting to lysosomes can 

result in degradation of the receptors. In many cases, lysosomal degradation is 

facilitated by the direct ubiquitination of receptors, which is one of the major forms of 

posttranslational modification that modulates protein trafficking, stability and quality 

control (Traub & Lukacs, 2007; Clague et al., 2012). Distinct ubiquitin ligase enzyme 

complexes (E1, E2 and E3) act together to ubiquitinate substrates. Deubiquitinases 

(DUBs) counter that process by removing the ubiquitin moiety from substrates (Grabbe 

et al., 2011). Thus, the ubiquitination-deubiquitination cycle is a rate-limiting step that 

regulates the trafficking of internalised receptors (Wilkinson, 2000; Bonifacino & Traub, 

2003). The endosome-associated protein, Hrs (hepatocyte growth factor-regulated 

tyrosine kinase substrate), is involved in sorting of ubiquitinated receptor proteins to 

multivesicular bodies (MVBs) through a series of complexes referred to as ESCRTs 

(Endosomal Sorting Complexes Required for Transport) (Miaczynska et al., 2004; Polo 

and Di Fiore, 2006; Sorkin and Von Zastrow, 2002). Several signaling receptors, 

including the EGF, Smoothened and interleukin 2 receptors, undergo Hrs-dependent 

sorting to lysosomes for the attenuation of signaling (Komada & Kitamura, 2001; Lloyd et 

al., 2002; Jékely & Rørth, 2003; Pullan et al., 2006; Fan et al., 2013). Hrs is itself also 

regulated by the ubiquitination-deubiquitination machinery (Kato et al., 2000; Marchese 

et al., 2003; Zhang et al., 2014). Targeting and degradation of Hrs following 

ubiquitination has been shown to result in impaired trafficking of internalised signaling 

receptors (Kobayashi et al., 2005; Zhang et al., 2014); however, the regulatory 

mechanism underlying Hrs ubiquitination-deubiquitination is not well understood.  

Along with Dpp, Hedgehog (Hh), EGFR and Notch, the Wnt/Fz pathway is also 

regulated by the endosomal sorting machinery (Seto & Bellen., 2006; Gagliardi et al., 

http://en.wikipedia.org/wiki/Organelle
http://en.wikipedia.org/wiki/Biological_membrane
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2008). Different studies have investigated and debated on the requirement of endosomal 

trafficking in the Wnt pathway (Dubois et al., 2001; Franch-Marro et al., 2005; Piddini et 

al., 2005; Marois et al., 2006; Rives et al., 2006; Seto & Bellen., 2006; Purvanov et al., 

2010). In Wnt signal-receiving cells, activation of the Fz and LRP (Arrow in Drosophila) 

receptors by Wnt induces receptor-ligand internalization (Blitzer and Nusse, 2006; Seto 

and Bellen, 2006). Endocytosed Fz has different trafficking routes. From the endosomes, 

it can either recycle back to the cell surface or traffic to the lysosome for its degradation 

(Chen et al., 2003; Piddini et al., 2005; Blitzer & Nusse, 2006; Rives et al., 2006; Seto & 

Bellen, 2006; Yamamoto et al., 2006; Purvanov et al., 2010). Thus blocking Fz recycling, 

or promoting its ubiquitination-mediated degradation, results in reduced signaling 

(Lecourtois et al., 2001; Mukai et al., 2012). Although trafficking of Fz is a regulatory step 

in Wnt signal transduction, the molecular mechanism by which Fz endocytosis and 

membrane trafficking is regulated is not entirely known.  

We and others (Miura et al., 2008; Pradhan-Sundd & Verheyen, 2014) have 

previously shown that the endosomal protein Myopic (Mop) (Miura et al., 2008; Huang et 

al., 2010; Gilbert et al., 2011; Chen et al., 2012) plays an important role in the trafficking 

of Wnt pathway components in signal-producing cells. In this work we show that Mop 

also regulates the endosomal trafficking and membrane recycling of Fz in Wnt-receiving 

cells. Colocalization analyses reveal that in the absence of Mop, Fz is reduced at the cell 

surface and accumulates in early and late endosomes. Such an accumulation of Fz and 

its reduced plasma membrane localization are also observed in cells deficient in Hrs. We 

find that Hrs levels are dramatically reduced in mop mutant, presumably due to its 

increased degradation as blocking lysosomal degradation rescues the level of Hrs 

protein. Overexpression of Mop leads to increased accumulation of Hrs in endosomes. 

Furthermore, mop loss is phenocopied by the absence of the deubiquitinase Ubpy, 

which regulates Hrs degradation.  Genetic interaction and colocalization studies suggest 

that Mop helps in the recruitment of Ubpy to deubiquitinate Hrs. Finally, in the absence 

of the ubiquitin ligase Cbl, Mop is no longer required to promote Hrs activity or Wnt/Fz 

trafficking. Taken together, these results highlight the importance of Mop in endosomal 

trafficking of Fz by regulating Hrs stability through inhibition of Cbl and the recruitment of 

Ubpy.  
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  Results 

4.3.1.  Inactivation of Mop leads to Fz accumulation in endosomes 

To determine if Mop played a role in Wnt signaling at the level of receptor 

localization, we examined Drosophila Fz2 (Dfz2, hereafter Fz) levels following 

knockdown of mop (Fig 4.1A-A’’’). Fz is ubiquitously expressed in wing discs (Fig 4.1A’). 

Knocking down mop in flp-out RNAi clones (mop RNAi) led to a punctate accumulation of 

Fz (Fig 4.1A’’’), which appeared proximal to the apical surface of the discs (Fig 1B) and 

not the basal surface (Fig 4.1B’). Off target effects of the RNAi line were ruled out by 

using three different RNAi lines against mop, which revealed a similar accumulation of 

Fz following mop knockdown (Fig 4.2A-A”). 

 

 

Figure 4.1. Absence of Mop leads to endosomal accumulation of Fz 

(A-A”’) Knockdown of mop using the flp-out clones causes accumulation of Fz. Clones are marked by the 
presence of GFP. Boxed region in A’ is zoomed in (A”-A”’). Absence of Mop causes accumulation of Fz 
protein in the apical surface (B, arrow) as compared to the basal surface (B”, arrow). 
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Figure 4.2. Mop is required for proper trafficking of Fz in the Drosophila wing 
disc.  

(A-A”) Knockdown of a second mop RNAi line causes similar localization of Fz in puncta like 
structures (in red). (B-B”) mop knockdown causes no change in Arrow expression (in blue) in the 
Drosophila wing disc. In both cases RNAi lines are expressed with hs flp, actin Gal4. Clones are 
marked by the presence of GFP. Scale bars are 20 µm. 

The intercellular localization of Fz following knockdown of mop was determined 

by co-staining for Fz and different organelle markers. We observed reduced 

accumulation of Fz with the cell surface marker Coracle (Ward et al., 2001), compared to 

the enriched colocalization seen in wild type cells (Fig 4.3A-A’, E). In mop knockdown 

discs Fz strongly colocalized with early (Rab5) (Fig 4.3B-B’, E) and late endosomal 

(Rab7) markers (Fig 4.3C-C’, E). We hypothesised that reduced levels of Mop could 

interfere with Fz recycling, leading to its increased accumulation in early and late 

endosomes and reduced levels at the cell surface. Fz and the recycling endosomal 

marker (Rab11) showed significantly less colocalization than in wild type (Fig 4.3D-D’, E) 

suggesting a recycling defect of Fz in the absence of Mop. Since Arrow, the Fz co-

receptor, was normally expressed in mop knockdown discs (Fig 4.2B-B”), the endosomal 

trafficking of Arrow does not appear to be affected by changes in Mop.  
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Figure 4.3. Absence of Mop leads to accumulation of Fz to Rab7 positive late 

endosomes. 
(A-A’) Colocalization of Fz and Coracle, (B-B’) Fz and Rab5, (C-C’) Fz and Rab7, (D-D’) Fz and 
Rab11 in control and mop knockdown tissue. Arrow indicates colocalization of the proteins in 
each case. (E) Quantification of colocalization (by measuring Persons coefficient) observed in the 
conditions shown in (A, B, C and D). Bar graph shows the increased colocalization of Fz with 
early and late endosome in the absence of Mop. p<0.03 for Fz and Rab5, p<0.0071 for Fz and 
Rab7, p<0.0023 for Fz and Coracle and is p<0.01 for Fz and Rab11. 

 

To address whether such a role for Mop was evolutionarily conserved we 

knocked down the homolog of Mop, HDPTP, in mouse L cells stimulated with Wnt-

conditioned media. Following HDPTP siRNA treatment we observed a reduction in 

expression of the Wnt3A-dependent Topflash reporter, compared to a control (GAPDH) 

knockdown (Fig 4.4A). In contrast, Fopflash, a mutant form of the reporter, did not show 

any Wnt activity, confirming the specificity of this assay. Furthermore, 

immunohistochemical analyses revealed that, as was observed in Drosophila wing discs, 

vertebrate Fz accumulated in puncta-like structures in L cells following knockdown of 
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HDPTP (Fig 4.4C). These results suggest that, like Mop, HDPTP is required in 

vertebrate Wnt signal-receiving cells. 

 

Figure 4.4.  The Vertebrate homolog of Mop, HDPTP has similar role in Fz 
trafficking. 

(A) Knockdown of HDPTP in mouse L cells causes reduced Wnt signaling as measured by 
Topflash reporter activity. (I-J) Immunohistochemistry of L cells transfected with GAPDH (B) and 
HDPTP siRNA (C). Knockdown of HDPTP causes accumulation of Fz in cells (arrow indicates 
punctate Fz localization). Scale bars are 20 µm. 
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4.3.2.  Reduction of Hrs causes an accumulation of Fz in 
endosomes 

Previously, we and others have shown that in the absence of Mop, Hrs levels are 

reduced (Miura et al., 2008; Pradhan-Sundd and Verheyen, 2014). Since Hrs controls 

the endosomal sorting of several proteins, we hypothesised that trafficking defects of Fz 

following knockdown of mop may be due to the absence of Hrs. Contradictory reports on 

the role of Hrs in the Wnt signaling suggest that the function of Hrs is still unresolved 

(Rives et al., 2006; Seto and Bellen, 2006).  

To identify the function of Hrs in Wnt-receiving cells in wing disc, hrs was 

knocked down (hrs RNAi) and Fz levels were assessed. hrs knockdown caused an 

accumulation of Fz in puncta-like structure (Fig 4.5A-A”). We ruled out that the 

phenotype is due to an off target effect of RNAi by using three different RNAi lines 

against hrs, which each showed a similar accumulation of Fz in puncta (Fig 4.6A-A”). 

When we looked at Hrs levels in hrs RNAi tissue (Fig 4.6B-B”), we observed a significant 

reduction, confirming efficient knockdown.   
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Figure 4.5. Loss of Hrs causes accumulation of Fz in endosomes.  
(A-D) Knockdown of hrs using the flp-out clones causes accumulation of Fz in puncta (arrow). 
Clones are marked by the presence of GFP. Colocalization of (A-A’) Fz and Rab5, (B-B’) Fz and 
Rab7, (C-C’) Fz and Rab11 and (D-D’) Fz and Cor in control and hrs RNAi knockdown tissue. (E) 
Quantification of colocalization (by measuring Persons coefficient) observed in the conditions 
shown in (A, B, C and D). Bar graph shows the increased colocalization of Fz with early and late 
endosome in the absence of Hrs.  p<0.02 for Fz and Rab5, p<0.00017 for colocalization of Fz 
with Rab7, p <0.001 for Fz and Coracle and p<0.028 for Fz and Rab11. Scale bars are 20 µm. 
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Figure 4.6. hrs loss phenocopies the endosomal trafficking defect of mop 
knockdown in the Drosophila wing disc.  

(A-A’’) Knockdown of a second hrs RNAi line causes similar localization of Fz in puncta like 
structures (in red) as that of mop RNAi. (B-B’’) Reduced Hrs levels in hrs RNAi tissue suggests the 
specificity of the RNAi line. (C-C’’) Knockdown of mop in Drosophila eye disc causes reduction of 
Hrs. In each case RNAi line was expressed with the help of hs flp, actin Gal4. Clones are marked 
by the presence of GFP. Scale bars are 20 µm. 

 

Colocalization analyses with markers of cell organelles, followed by quantification 

to determine co-localization frequencies, showed increased accumulation of Fz in Rab5 

(Fig 4.5A-A”, E) and Rab7 (Fig 4.5B-B”, E) positive endosomes in the absence of Hrs. 

The localization of Fz in the recycling endosomes (Fig 4.5C-C”, E) and at the cell surface 

(Fig 4.5D-D”, E) was significantly reduced following knockdown of hrs, similar to what we 

observed in mop knockdown. Taken together, these data demonstrate that hrs 

knockdown phenocopies mop knockdown, including punctate localization of Fz in 

endosomes and reduced recycling to the cell surface.  
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4.3.3. Absence of Mop facilitates ubiquitination of Hrs and Fz 

To confirm that Fz trafficking defects in mop RNAi tissue are due to reduced Hrs 

levels, we further characterized Mop’s role in regulating Hrs levels. The reduction of Hrs 

upon mop knockdown (Fig 4.7A-A’) was also seen in other Drosophila discs (Fig 4.6C-

C”) highlighting Mop’s widespread role in Hrs regulation. To dissect the mode of Hrs 

degradation, cultured mop RNAi discs were treated with different chemical inhibitors. 

Blocking lysosomal degradation using E64 (Grinde, 1982) stabilised Hrs in the mop 

knockdown disc (Fig 4.7D-D’), compared to control (DMSO) treatment, which caused no 

change in the reduction of Hrs (Fig 4.7C-C’). Blocking lysosomal degradation caused 

reappearance of the lost Hrs in mop clones in large puncta like strutures. In contrast, 

blocking proteasomal degradation by MG132 (Lee 1998) treatment did not cause any 

change in Hrs levels in the disc (Fig 4.7E-E’). These data prompted us to look at total 

ubiquitination levels in mop knockdown discs. Staining mop knockdown discs with 

antibodies against ubiquitinated proteins (Fig 4.7F-F’), showed a dramatic increase in 

ubiquitination. Based on these results, we suggest that in the absence of Mop, Hrs 

ubiquitination and degradation are accelerated.  

     

  

Figure 4.7. Absence of Mop leads to increased degradation of Hrs. 
(A-A’) Hrs is reduced in mop RNAi clones. (B-B’) Loss of Hrs in mop clones is rescued by the 
simultaneous expression of UAS Hrs. (C-C’) mop RNAi discs treated with DMSO. (D-D’) 
Disruption of lysosomal degradation by E64 prevents Hrs degradation, (E-E’) whereas inhibiting 
proteasomal degradation by MG132 has no effect. (F-F’) Knockdown of mop results in increased 
level of mono and poly ubiquitins. Clones are marked by the presence of GFP. 
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To determine if Mop and Hrs exists in a complex, we used a modified in situ 

Proximity Ligation Assay (PLA) (Söderberg et al., 2006; Jarvius et al., 2007) in the 

Drosophila wing disc (Wang et al., 2014, in press). This assay can detect if proteins are 

in close proximity to one another in vivo. After expressing UAS-Mop and UAS-Hrs using 

apterous Gal4 (ap-Gal4), we observed a strong PLA signal in the disc (seen as red 

dots), which could be quantified (Fig 4.8B-B’, C). The PLA signal was 11x higher in the 

ap-Gal4 expression domain in which both proteins were co-expressed (Fig 4.8B-B’, C)., 

compared to the wild type disc tissue indicating that Mop and Hrs are in close proximity 

to each other and thus likely form a complex. When we assessed the association 

between Mop and cytoplasmic GFP in a control PLA (Fig 4.9), there was no difference in 

the control versus experimental tissue. 

 
 
Figure 4.8. PLA between Mop and Hrs shows a strong association between the 

two  
(A-C) PLA between Mop and Hrs shows a strong association between the two (arrow)(D) 
Quantification of PLA red dots in control and Mop-Hrs overexpressing tissue shows around 11 
fold increase in Mop-Hrs association in the affected tissue.  

 

Based on our findings that Mop protects Hrs from lysosomal degradation (since 

in the absence of mop Hrs is rapidly degraded) and that Mop and Hrs likely form a 

complex in the disc, we tested whether reduction of Mop caused an increase in the 

association of Hrs and Ubiquitin (Ub) using the PLA in the Drosophila wing disc. Zhang 
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et al. (2014) recently showed that Hrs is controlled through ubiquitin-mediated 

degradation, and that Ubpy counteracts this by de-ubiquitinating Hrs. mop was knocked 

down using ap-Gal4 in the dorsal half of the wing disc and the association between Hrs 

and Ub was quantified by measuring the PLA spots in the affected and wild type tissue. 

knockdown of mop showed a 6x higher PLA signal (Fig 4.9A-C) indicating a significantly 

higher level of association between Hrs and Ub in mop knockdown tissue compared to 

wild type tissue (Fig 4.9D). The low level PLA signal observed in control tissue is 

probably the result of the baseline ubiquitination of Hrs. These results show that the 

absence of Mop results in enhanced proximity of ubiquitin and Hrs, likely through direct 

modification, as has been previously observed (Kato et al., 2000; Bishop et al., 2002; 

Marchese et al., 2003; Zhang et al., 2014).  
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Figure 4.9. Hrs and Fz shows increased association with ubiquitin in the 

absence of Mop.  
in situ PLA on Drosophila wing disc expressing (A-A’) mop RNAi to visualize association between 
Hrs and Ub. Boxed regions in (A’) were zoomed in to show affected (B-B’) and control tissue (C-
C’). PLA red dots were more abundant in (B-B’) as compare to (C-C’). (D) Quantification of the 
dots suggests increased complex formation between Hrs and Ub upon mop knockdown 
(p<0.003).  (E-E’) in situ PLA of Fz and Ub in discs expressing mop RNAi. Boxed regions in (E’) 
were zoomed in to show affected (F-F’) and control tissue (G-G’). PLA red dots were more 
abundant in (F-F’) as compare to (G-G’). (H) Quantification of the dots predicts increased 
association between Fz and Ub upon mop knockdown (p<0.001).  (I-I’) in situ PLA of Mop and 
GFP. Boxed regions in (I’) were zoomed in to show affected (J-J’) and control tissue (K-K’). PLA 
red dots were not changed in (J-J’) as compare to (K-K’). (L) Quantification of the dots shows no 
change in red dots in each case (p<0.19).  Scale bars are 20 µm.   
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To mechanistically address the cause of trafficking defects and the punctate 

localization of Fz following knockdown of mop, we determined whether Fz ubiquitination 

is also altered in the absence of Mop. Fz is ubiquitinated at multiple sites both in vivo 

and in vitro (Mukai et al.,2012), which serves to regulate surface expression of Fz in 

Wnt-receiving cells. Ubiquitination results in reduced localization of Fz at the cell 

surface, which reduces the magnitude of Wnt signaling (Mukai et al., 2012). We 

observed that loss of mop also caused a similar reduction in cell surface level of Fz (Fig 

4.3A-A’’). An in situ PLA, followed by quantification, revealed that the association of Fz 

and Ub was 3x greater in mop knockdown tissue compared to wild type tissue (Fig 4.9E-

G, H). No changes in PLA signal were observed when we measured the interaction 

between Mop and GFP (negative control) in wild type or Mop-GFP expressing tissue 

(Fig 4.9I-K, L). These results strongly suggest that ubiquitination of Fz is also increased 

in the absence of Mop and furthermore that ubiquitinated Fz localises to the endosomes, 

affecting its recycling to the surface. We observed that the PLA signal for Hrs and Ub in 

mop knockdown discs was much stronger than that of Fz and Ub. These results suggest 

that Mop normally promotes the stability of Hrs by preventing its ubiquitination, which 

results in subsequent events responsible for deubiquitination of Fz.  
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Figure 4.10 Mop and its vertebrate homolog regulates ubiquitination level.  
 (A) Knockdown of mop in Drosophila wing disc causes an increase in ubiquitinated protein level. 
(B) Knockdown of HDPTP causes increase in ubiquitinated protein level in mouse L cells.  

 

Finally to analyse the functional conservation of Mop, we compared total ubiquitin 

levels by western blot in mop knockdown discs and mouse L cells in the absence of 

HDPTP. Knockdown of Mop (Fig 4.10A) and its vertebrate homolog HDPTP (Fig 4.10B) 

led to increased levels of ubiquitinated proteins. Previous studies have described the 

role of HDPTP in regulating Hrs levels (Stefani et al., 2011). Thus, consistent with 

previous reports, our data showed that HDPTP regulates Hrs levels, and overall 

ubiquitination, in vertebrate cells.  
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4.3.4.  Overexpression of Mop stabilises Hrs in the endosomes 

As loss of Mop causes reductions in Hrs levels, we next tested the effect of 

overexpressing Mop on Hrs stability in the wing disc. Overexpression of Mop led to an 

accumulation of Hrs in puncta-like structures (Fig 4.11A-A”). Hrs puncta colocalized with 

endosomal markers in Mop-overexpressing tissue. Pearson’s coefficient analysis 

indicated that Hrs in wild type tissue (GFP negative) localizes predominantly in Rab5-

positive early endosomes (Fig 4.11B; C-C”) and Rab7-positive late endosomes (Fig 

4.11B, D-D’’). A small population of Hrs also colocalized with recycling endosomal 

marker Rab11 (Fig 4.11B, E-E”). Following overexpression of Mop, Hrs localization in 

Rab5 positive early endosomes (Fig 4.11B, C-C”) and Rab7 positive late endosomes 

(Fig 4.11B, D-D’’) were reduced compared to wild type tissue. Furthermore, Hrs levels in 

the Rab11-positive recycling endosomes (Fig 4.11B, E-E”) were slightly increased in the 

Mop overexpressed tissue compared to wild type tissue. Further statistical analyses 

revealed that Hrs localization in Rab5-positive early endosomes was significantly 

reduced following overexpression of Mop (Fig 4.11B, C-C”). Hrs localization in Rab7-

expressing late endosomes was also reduced but not significantly compared to wild type 

(Fig 4.11B, D-D”). The increased localization of Hrs in recycling endosomes (Fig 4.11B, 

E-E”) and its continued localization in late endosomes suggest that overexpression of 

Mop stabilizes Hrs in late and recycling endosomes. Recycling endosomes are involved 

in recycling of receptors as well as the exosomal release of proteins outside the cell. 

Interestingly, the vertebrate homologs of Hrs and Mop are classified as exosome 

markers (Colombo et al., 2013; Deatheragea and Cooksona, 2012). Our results indicate 

that the increase in Hrs levels in the late and recycling endosomes following 

overexpression of Mop might help in recycling of receptors.  
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Figure 4.11. Overexpression of Mop stabilises Hrs in the endosomes.  
(A-A’) Overexpression of Mop using flip out clones causes punctate localization of Hrs. (B) 
Quantification of colocalization of Hrs and markers was done by measuring Persons coefficient in 
a control and Mop overexpressing tissue. p<0.001 for Hrs and Rab5, p<0.01 for colocalization of 
Hrs with Rab7, and p <0.01 for Hrs and Rab11. (C- C”) Colocalization of Hrs and Rab5, (D-D”) 
Hrs and Rab7, and (E-E”) Hrs and Rab11 in the wing disc. Accumulated Hrs shows reduced 
colocalization with Rab5 (C-C’), and localizes more with Rab11 (E-E’). Scale bars are 20 µm. 
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4.3.5.  Mop recruits Ubpy to promote the deubiquitination of Hrs 

Based on the finding that loss of Mop causes increased association between Hrs 

and Ub, we speculated that Mop’s role is to maintain ubiquitin homeostasis of Hrs by 

either directly deubiquitinating Hrs, or indirectly promoting the removal of ubiquitin by 

recruiting a DUB domain-containing deubiquitinase. Since Mop does not contain a DUB 

domain (Miura et al., 2008), we tested the latter hypothesis. 

Previous studies have shown that Hrs is deubiquitinated by Ubpy (Kato et al., 

2000; Zhang et al., 2014). Ubpy (or USP8) is a ubiquitin specific proteases (USP) family 

deubiquitinase (Naviglio et al., 1998) which participates in sorting of ubiquitinated 

receptors including receptor tyrosine kinases (Mizuno et al., 2005; Row et al., 2006; Ali 

et al., 2013). It also regulates the Wnt pathway by suppressing Fz ubiquitination and 

turnover (Mukai et al., 2012). Loss of ubpy causes a reduction of Fz at the cell surface 

resulting in reduced Wnt targets in the wing disc (Mukai et al., 2012). Based on these 

previous findings, it is tempting to speculate that Mop may provide an as yet unknown 

link between Hrs, Ubpy and Wnt receptors. To determine whether Mop recruits Ubpy to 

deubiquitinate Hrs (and thus impact Fz trafficking), we first assessed the phenotype 

caused by the absence of Ubpy in the wing disc. Knockdown of ubpy caused trafficking 

defects of Wg mimicking the mop knockdown phenotype (Fig 4.12A-A’) (Pradhan-Sundd 

and Verheyen, 2014). Wg levels were increased in the DV boundary, and appeared 

largely punctate in signal receiving cells (Fig 4.12B-B’).  

To determine whether Ubpy is affected by the altered expression of Mop or vice 

versa, we analyzed the genetic interaction between the two genes. As a first step, we 

overexpressed Mop in a ubpy knockdown background and found that it partially rescued 

the punctate accumulation of Wg in the signal receiving cells (Fig 4.12C-C’, E). 

Conversely, when we overexpressed UAS-Ubpy in a mop knockdown background, we 

observed a partial rescue of Wg puncta (Fig 4.12D-D’, E).  

http://dev.biologists.org/content/141/7/1473.long#ref-26
http://dev.biologists.org/content/141/7/1473.long#ref-36
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Figure 4.12. Mop and Ubpy cooperate to protect Hrs from degradation.  
(A-A’) Knockdown of mop causes accumulation of Wg in puncta like structures. (B-B’) Knockdown 
of ubpy produces similar phenotype to mop knockdown. (C-C’) Overexpression of Mop in ubpy 
knockdown and (D-D’) Ubpy in mop knockdown can rescue the trafficking defects of Wg. 
Quantification of Wg puncta across the dorsal ventral boundary is shown in (E). (F-F’) Knockdown 
of mop and ubpy (G-G’) causes almost complete reduction of Hrs.  (H-H’) The reduction of Hrs 
upon ubpy knockdown can be rescued by overexpressing Mop. (I-I’) Overexpression of Hrs in 
mop knockdown causes accumulation of Hrs in puncta.  
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To elucidate whether Hrs reduction can also be rescued by overexpressing Mop 

in ubpy RNAi tissue, we measured Hrs levels. Both mop (Fig 4.12F-F’) and ubpy (Fig 

4.12G-G’) knockdown caused a similar reduction of Hrs. Overexpressing Mop in ubpy 

knockdown rescued the Hrs level (Fig 4.12H-H’) to the level observed in wild type tissue. 

However, overexpressing Hrs in mop knockdown led to punctate localization of Hrs (Fig 

4.12I-I’). 

Previous studies have shown that overexpression of Hrs leads to Ubpy 

accumulation in endosomes (Mizuno et al., 2005).  As our findings indicated a similar 

role of Hrs and Mop in endosomal trafficking of Fz, we hypothesised that Mop might be 

promoting Ubpy localization in the endosomes. To investigate how Mop and Ubpy 

interact to stabilize Hrs, we analysed the expression pattern and localization of Ubpy in 

the absence of Mop in the Drosophila wing disc. Immunofluorescence staining revealed 

that Flag-Ubpy is expressed at the cell surface and also in the endosomes (Fig 4.13A-

A”). We analyzed and quantified the colocalization of Ubpy with markers for different 

organelles in the wing disc (Rab5 (Fig 4.13A-A”), Rab7 (Fig 4.13B-B”), Rab11 (Fig 

4.13C-C”), Coracle (Fig 4.13D-D”), and Hrs (Fig 4.13E-E”, F). Ubpy predominantly 

colocalized with Rab11, Coracle and Hrs, while localization with Rab7 was minimal. 

Consistent with our hypothesis, when mop was knocked down, Ubpy was aberrantly 

localized, and its localization at the cell membrane was significantly reduced (Fig 4.13G). 

A similar role has been reported for HDPTP is vertebrate cells (Ali et al., 2013). Taken 

together, these results suggest that Mop and Ubpy interact to deubiquitinate Hrs, and 

that Mop possibly recruits Ubpy to the cell membrane. 
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Figure 4.13. Ubpy localises to cell surface and endosomes in the Drosophila  
wing disc.  
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(A-A’) Flag Ubpy was overexpressed in the Drosophila wing disc with the help of hs flp, actin 
Gal4. GFP positive tissue marks the region of overexpression. Colocalization with Rab5 (A-A”), 
Rab7 (B-B”), Rab11 (C-C”), Cor (D-D”) and Hrs (E-E’’) is shown. (F) Quantification of 
colocalization of Flag Ubpy and markers was done by measuring Persons coefficient (P) in a 
control and affected tissue. Bar graph shows that Ubpy mostly localizes to the membrane and 
recycling endosomes, followed by its localization to Rab5 and Rab7. Similarly Hrs and Ubpy also 
colocalizes in the wing disc. The error bar represents error of percentage from three independent 
replicates. N=6. Scale bars are 20 µm. (G) Quantification of localization of Flag Ubpy in mop 
knockdown and control tissue. Ubpy localization to Rab5 containing early endosomes and 
membrane gets significantly reduced upon mop knockdown.  p<0.003 for Ubpy and Rab5, p<0.02 
for Ubpy and Rab7 and p<0.0001 for Ubpy and Cor.  Scale bars are 20 µm. 
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4.3.6.  Mop is not essential for the stability of Hrs in the absence of 
Cbl  

The finding that Mop is involved in promoting Ubpy recruitment inspired us to 

determine whether Mop also functions to regulate Hrs by inhibiting an ubiquitin ligase.  

Following knock down of individual ubiquitin ligases, we found that Wg and Fz trafficking 

is affected by modulation of Cbl (Fig 4.14A-A’’). Cbl reduction caused a mild 

accumulation of Wg in puncta. Remarkably, when we knocked down mop and cbl 

together, the Wg/Fz trafficking defects caused by mop knockdown were rescued (Fig 

4.14B’). Moreover, the Hrs loss in mop knockdown was also modified by knocking down 

cbl (Fig 4.14B”). Hrs looked punctate in cbl RNAi; mop RNAi, a phenotype that resembled 

the Hrs localization in UAS-Mop or mop clones with E64 treatment. Knockdown of cbl 

alone caused a mild accumulation of Hrs in puncta (Fig 4.14A”) and this accumulation 

was enhanced following simultaneous knockdown of cbl and mop (Fig 4.14B”).  

Cbl is an E3 ubiquitin ligase involved in the internalization and degradation of 

EGF receptors (Hime et al., 1997; Stern et al., 2007). It was also shown to regulate Hrs 

phosphorylation and ubiquitination (Hime et al., 1997; Stern et al., 2007; Swaminathan 

and Tsygankov, 2006). Since the simultaneous knockdown of cbl; mop further enhances 

the phenotype (i.e. accumulation of Hrs in puncta) caused by cbl knockdown alone, Mop 

seems to inhibit Cbl either by direct interaction or by counteracting Cbl through recruiting 

Ubpy.  
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Figure 4.14. In the absence of Cbl, Mop function is dispensable. 
 (A-A”) Knockdown of cbl causes mild accumulation of Wg and Hrs in the wing disc. (B-B”) cbl; 
mop double knockdown causes a sharp increase in Hrs puncta (B”) without affecting Wg 
trafficking (B’). Colocalization of (C- C”) Hrs and Rab5, (D-D”) Hrs and Rab7, and (E-E”) Hrs and 
Rab11 in the wing disc. (F) Quantification of colocalization of Hrs and markers was done by 
measuring Persons coefficient in a control and cbl; mop double knockdown tissue. Bar graph 
shows continued localization of Hrs in Rab7 positive late endosomes. p<0.001 for Hrs and Rab5, 
p<0.01 for Hrs and Rab7 and p<0.002 for Hrs and Rab11. Scale bars are 20 µm. 
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We next conducted colocalization assays of Hrs with different organelle markers 

in cbl; mop knockdown discs. Compared to wild type tissue in which Hrs predominantly 

localized to Rab5 and Rab7-positive early and late endosomes (Fig 4.14 C-D, F), Hrs 

puncta colocalized with Rab7 positive late endosomes in cbl; mop knockdown discs (Fig 

4.14D”). However, Hrs localization to early endosomes was significantly reduced (Fig 

4.14C”). Localization of Hrs in recycling endosome in wild type and cbl; mop knockdown 

disc was almost identical (Fig 4.14E”). These results suggest that Hrs gets degraded in 

the absence of Mop (and presence of Cbl). However, removing Cbl in a mop knockdown 

background brings Hrs back to the late endosomes by inhibiting its degradation. In the 

absence of Cbl, Mop function is not required to regulate Hrs.  

  Discussion 

Although ligand-receptor internalization is known to be tightly controlled in Wnt 

signaling, the molecular events that enable this regulation remain largely unknown.  

Here, we show that Mop regulates signaling in Wnt-receiving cells by influencing the 

endosomal trafficking of Fz. In the absence of Mop, Fz localizes to Rab5 and Rab7-

positive early and late endosomes, while cell surface expression of Fz is significantly 

reduced. Knocking down the vertebrate homolog of Mop, HDPTP also led to the same 

phenotype as was seen in Mop-deficient cells. Furthermore, hrs knockdown completely 

mimicked the mop knockdown phenotype suggesting a similar role of Hrs in Fz 

trafficking. 

Our immunohistochemical analyses reveal that Hrs is reduced in the absence of 

Mop. We provide strong evidence that this loss of Hrs following mop knockdown is most 

likely due to its ubiquitination followed by degradation. We show that inhibiting 

lysosomal, but not proteasomal degradation, could rescue the loss of Hrs in mop 

knockdown.  Although there are a few reports of ubiquitin-mediated degradation of Hrs 

(Kato et al., 2000; Bishop et al.,2002; Marchese et al., 2003a; Zhang et al., 2014), the 

entire cascade of events that drives this process is not completely understood. We 

identified a previously unknown role for Mop in regulating Hrs stability by suppressing its 

ubiquitination and degradation.  
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Whereas Mop knockdown reduced Hrs levels, overexpression of Mop caused a 

punctate appearance of Hrs in the endosomes. This result suggests that Mop is required 

for the proper localization of Hrs in the endosomes. In Wnt signal receiving cells, Mop 

helps in the recycling of Fz from the endosomes to the cell surface. Although Hrs is 

known for terminating many signaling pathways by targeting the receptors to the 

lysosome, its distinct role in recycling of specific receptors to the membrane and thereby 

increasing the signaling has also been reported (Hanyaloglu et al., 2005). Certain GPCR 

receptors such as β2‐adrenergic receptor and μ opioid receptor depend on Hrs for their 

recycling to the membrane (Hanyaloglu et al., 2005).  We here show that recycling of 

another GPCR family protein Fz requires Hrs and Mop.   

A recent paper has shown the role of Ubpy in Hrs deubiquitination (Zhang et al., 

2014). In the current study, we show that ubpy knockdown mimics the trafficking defects 

of mop knockdown suggesting that both Ubpy and Mop function to regulate trafficking of 

Wnt/Fz by stabilizing Hrs. Interestingly, overexpression of Ubpy in the loss of mop 

background and vice versa rescued the trafficking defects of Wnt-Fz. Furthermore, we 

show that Ubpy requires Mop to localize properly. Together, these data suggests that 

Ubpy and Mop cooperate in the deubiquitination and stabilization of Hrs.  

Ubpy is also known to regulate the Wnt pathway by controlling the 

deubiquitination of Fz (Mukai et al., 2012). Given that we see reduced Fz levels at the 

cell surface following knockdown of mop and a mild increase in Fz-Ub signal in the PLA, 

we suggest that Fz also undergoes ubiquitination in Mop’s absence. This could be due 

to aberrant localization of Ubpy upon mop knockdown resulting in its reduced activity. To 

confirm that Mop is not a general facilitator of deubiquitination, we also looked at levels 

of Cubitus Interruptus (Ci) (a Hh pathway component which is known to be regulated by 

ubiquitination) (Dai et al.,2003). Ci was unaffected (Pradhan-Sundd & Verheyen, 2014) 

by mop knockdown suggesting Mop's specificity towards Hrs and Fz in controlling the 

endosomal trafficking of proteins. 

We found that knockdown of the E3 ubiquitin ligase Cbl resulted in a punctate 

accumulation of Hrs, a phenotype that was amplified when we removed mop and cbl 

together. Our colocalization assay revealed that Hrs puncta localized to Rab7-positive 
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late endosomes in cbl; mop knockdown tissue. Since late endosomes are the ultimate 

organelle involved in sorting of a protein before its transport to lysosomes for 

degradation, we propose that simultaneously blocking Cbl and Mop inhibits the 

degradation of Hrs and leads to its retention in the late endosomes. Similar results were 

obtained by Miura et al., (2008), when the photoreceptor formation defects caused by 

loss of mop in the Drosophila eye disc were completely rescued by the double 

knockdown of cbl; mop. We suggest that Cbl promotes ubiquitination and degradation of 

Hrs. Mop’s role in this context is to inhibit Cbl and therefore, the reduction of Hrs is 

rescued in a cbl; mop double knockdown.  

Based on our findings we propose that localization of Hrs to MVB where it 

regulates Fz sorting requires the upstream presence of Mop. Our results suggest a 

model in which the role of Mop is to facilitate the ubiquitination-deubiquitination 

homeostasis of Hrs by simultaneously inhibiting Cbl and recruiting Ubpy (Fig 4.15). 

Therefore, Cbl, Mop and Ubpy participate in the regulation of Hrs levels in the cell. We 

propose that overexpression of Mop can suppress Cbl activity, which can in turn rescue 

the loss of Hrs in ubpy knockdown. Similarly, the overexpression of Ubpy can also 

rescue the loss of Hrs in mop knockdown by removing the ubiquitin moiety from Hrs. 

Therefore, Ubpy works on Hrs which is already ubiquitinated and thus functions after 

Mop and Cbl (Fig 4.15). Cells overexpressing Hrs show a punctate accumulation of Hrs 

protein in the endosomes (and as a result causing mislocalization of endocytosed 

proteins) (Bishop et al., 2002) . Here we show that blocking Mop does not modify this 

phenotype, suggesting Hrs is downstream of Mop in the endosomal sorting machinery. 

Altogether we provide the first evidence of a unique interaction between these three 

proteins in regulating stability and ubiquitination of Hrs, which in turn is responsible for 

endosomal trafficking of Fz in both Drosophila and vertebrate cells. The absence of Hrs 

causes the accumulation of Fz in endosomes, leading to reduced recycling of Fz to the 

cell surface. We suggest that Hrs ubiquitination and endosomal accumulation of Fz 

occur in a sequential manner. At first the absence of Mop causes ubiquitination and 

degradation of Hrs, which then leads to accumulation of ubiquitinated Fz in the 

endosomes. How the cell maintains this sequence will be the study of future research. 
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Figure 4.15. A model for Mop function in the Wnt signal receiving cell.  
In the absence of Mop, Cbl promotes the degradation of Hrs. Mop’s presence inhibits Cbl and 
promotes the recruitment of Ubpy to deubiquitinate Hrs. Thus the presence of Mop stabilizes Hrs, 
which promotes Fz trafficking to endosomes. Endocytosed Fz can traffic to either lysosomes 
(when ubiquitinated) for its degradation or it can be recycled back to the membrane.  
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  Conclusion 

In conclusion, endosomal sorting and ubiquitination, followed by lysosomal 

degradation, are key regulators of the surface expression of Fz in Wnt-receiving cells. In 

this study we identify a previously unknown function of Mop in the recycling of Fz by 

interacting with Hrs, Ubpy and Cbl. Although the interaction between Mop, Cbl, Ubpy 

and Hrs seems to play a role in the recycling of Fz, our current findings do not exclude a 

role for other unidentified proteins in this molecular cascade. Our findings lay the 

groundwork for future investigations aimed at understanding the kinetics of the molecular 

interactions involved in Fz trafficking. 
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Chapter 5.  
 
Regulation of Wingless and Notch Signaling by 
Protein Phosphatase 4 complex. 

Tirthadipa Pradhan-Sundd, Jessica A. Blaquiere, Eric Hall and Esther M Verheyen 

The following chapter is under review in Developmental Dynamics. As the first 
author I conceived, designed and performed the experiments, analyzed and interpreted 
the data and wrote the manuscript, all under the supervision of EMV. Jessica Blaquiere 
and Eric Hall helped with some of the experiments. 

 Abstract 

The Wnt/Wg pathway controls cell fate specification, tissue differentiation and 

organ development across organisms. Using an in vivo RNAi screen for novel kinase 

and phosphatase regulators of the Wg pathway, we identified serine threonine 

phosphatase Protein phosphatase 4 (PP4). Knockdown of the catalytic and the 

regulatory subunits of pp4 causes reduction in the Wg pathway targets Senseless and 

Distalless. We find that PP4 regulates the Wg pathway by controlling Notch driven wg 

transcription. Absence of PP4 caused reduced expression of the Notch pathway 

components in the wing imaginal disc which can be rescued by overexpressing nuclear 

Notch. Moreover, knockdown of pp4 causes impaired growth of the Drosophila 

appendages which can also be rescued by the overexpression of Notch. PP4 acts 

downstream to Apkc to promote Notch mediated wg transcription. Although PP4 

complex is implicated in various cellular processes, its role in the regulation of the Wg 

and Notch pathways was previously uncharacterized. Our study identifies a novel role of 

PP4 in regulating the Wg and Notch pathways.  
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 Introduction 

The Wnt/Wg pathway plays a central role during cell-fate specification, tissue 

differentiation, and stem-cell development (Clevers and Nusse, 2012). Aberrant Wnt 

signaling is implicated in a variety of developmental disorders and cancer (Klingensmith 

and Nusse, 1994). In the Drosophila wing imaginal disc, Wg is expressed throughout 

different stages of the disc development. At the end of the third instar stage, wg 

expression is stabilized and restricted to the presumptive wing margin which acts as a 

cue for patterning and fate specification (Williams et al.,1993; Couso et al.,1994;) (Fig 

1.6). Stabilized Wg produced by cells at the dorsal/ventral (D/V) boundary diffuses bi-

directionally to induce the nested expression of target genes |Senseless (Sens) and 

Distalless (Dll) in adjacent flanking non boundary cells (Neumann & Cohen, 1996; Zecca 

et al., 1996).  

The directed expression of Wg at the D/V boundary cells requires the presence 

of the transmembrane receptor Notch and its ligands signal from the non-boundary cells 

to induce the expression of wg in cells at the D/V compartment boundary of the wing 

disc (Rulifson and Blair, 1995; Neumann and Cohen, 1996; Ng et al., 1996). Studies 

have shown that Notch signaling is necessary and sufficient to promote the expression 

of Wg at the D/V boundary and absence of Notch results in reduced transcription of wg 

and therefore reduced signaling activity (Rulifson and Blair, 1995).  

In the Drosophila wing imaginal disc Notch signaling is activated by the binding of 

the Notch receptor to DSL (delta, serrate, lag2) ligands, which induces subsequent 

proteolytic cleavage of Notch to generate the Notch intracellular signaling fragment 

NICD (Bray, 2006; Fortini, 2009). NICD translocates to the nucleus to regulate different 

target gene expression (Bray, 2006; Fortini, 2009). Presence of Serrate (Ser) activates 

the Notch pathway, which in a feedback loop directs Ser (Rebay et al., 1991; Kim et al., 

1995) to promote the expression of the nuclear protein Vestigial, the homeodomain 

transcription factor Cut, and the secreted protein Wg at the D/V boundary (Rulifson & 

Blair, 1995 ; Couso et al., 1995; Kim et al., 1995; Ng et al., 1996; de Celis et al., 1996). 

Additionally, the Notch ligand Delta (Dl) sends a second signal from ventral to dorsal 

cells, which further directs symmetric expression of Vestigial, Cut and Wg at the D/V 
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boundary (Rebay et al., 1991; Williams et al., 1993; Rulifson & Blair, 1995; de Celis et 

al., 1996; Doherty et al. , 1996; Ng et al., 1996).  

Both Notch and Wg signaling act synergistically to regulate common 

developmental processes such as tissue patterning, fate specification and growth of 

different Drosophila appendages (Hing et al.,1994). These two pathways share a 

number of common regulators which affect the activity of their signaling outcomes 

(Neumann and Cohen, 1996). In an in vivo RNAi screen to identify novel kinase and 

phosphatase modulators of the Wg pathway, we identified the Protein Phosphatase 4 

(PP4) complex (Swarup et al., 2015). PP4 belongs to the family of cellular serine 

threonine phosphatases of the Protein Phosphatase 2A (PP2A) group (Cohen 1989). 

Similar to other members of PP2A, PP4 also forms a heterotrimeric complex consisting 

of a catalytic subunit (PP4 at 19C) and two regulatory subunits (PP4R2R and 

PP4R3/Falafel) (Gingras et al., 2005). PP4, or specifically Falafel (Flfl), has been 

implicated in a variety of molecular and cellular processes including regulation of 

MEK/Erk (Mendoza et al., 2007), insulin receptor substrate 4 (Mihindukulasuriya et al., 

2004), Histone deacetylase 3 (Zhang et al. 2005) activities, centrosome maturation 

(Sumiyoshi et al., 2002), asymmetric neuroblast cell division (Sousa-Nunes et al., 2009) 

and many other related processes. In Drosophila PP4/Flfl is also involved in the 

dephosphorylation of Smoothened to control Hedgehog signaling (Jia et al., 2009).  

We here show that RNAi-mediated knockdown of both the catalytic and the 

regulatory subunits of PP4 results in reduced Wg pathway activity in the Drosophila wing 

imaginal disc. Overexpression of Flfl causes increased expression of Wg pathway 

targets in the wing disc which can rescue the knockdown defects of PP4. Further 

analysis to characterize its role in the Wg pathway revealed that PP4 regulates wg 

transcription by acting upstream of Notch signaling. Levels of the Notch pathway 

components are reduced upon PP4 knockdown resulting in decreased levels of the 

Notch target Cut. Knockdown of PP4 also causes growth reduction in Drosophila 

appendages, as well as notum defects. Strikingly, overexpression of nuclear Notch 

(activated form of Notch) could rescue all the defects due to loss of PP4 suggesting a 

potential genetic interaction between the two. Finally, we show that PP4 acts 

downstream of aPKC in regulating processes to activate the Notch and Wg pathways. 
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Taken together, our study reveals a previously uncharacterized role of PP4 in activating 

Notch and Wg signaling in the Drosophila wing imaginal disc. 

  Results 

5.3.1.  Wg signaling is compromised by the knockdown of PP4 
complex in the Drosophila wing imaginal disc 

In Drosophila, Wg signaling is responsible for numerous cell patterning events, including 

its well-established role in the wing imaginal disc.  In the wing disc, Wg is secreted at the 

dorsal-ventral (D/V) boundary, and spreads bi-directionally to regulate the stabilization of 

Arm and activate subsequent target gene expression, including Dll and Sens (Fig. 5.1A-

A”) (Neumann and Cohen, 1996; Zecca et al., 1996). While performing an in vivo RNAi 

screen for novel kinase and phosphatase regulators of the Wg pathway (Swarup et al, 

2015) we observed reduced Wg targets when we knocked down expression of each 

component of the PP4 complex in the third instar wing imaginal disc. Such a role has not 

been previously described for PP4, thus we sought to investigate it further. 

We expressed RNAi lines targeting each subunit of PP4 with dpp-Gal4 in the wing 

imaginal disc and examined the expression of both high- (Sens) and low-threshold (Dll) 

targets of Wg. Compared to control discs (Fig 5.1A-A’), knockdown of the catalytic (Fig 

5.1B-B’) as well as the regulatory subunits of PP4 (Fig 5.1C-C’, D-D’) caused a reduction 

in Dll and Sens. However, the effect of PP4 complex knockdown was more obvious on 

low threshold target Dll that Sens. Off target effects of the RNAi lines were ruled out by 

using three different RNAi lines against each subunit of PP4, which revealed a similar 

reduction in Wg targets following knockdown (table 5.1). Interestingly, among the 

subunits of PP4, knockdown of the regulatory subunit pp4R3/flfl led to the strongest 

reduction in Wg pathway targets Sens and Dll.  

Another way to analyze Wg pathway activation is to assess Arm levels. Following 

pathway activation, Arm gets stabilized in the cell which can be observed by its enriched 

localization flanking the D/V boundary (Gumbiner, 1998; Cox et al., 1999). Knockdown of 
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flfl caused a reduction in Arm stabilization (Fig. 5.1F-F’) further confirming its role in the 

Wg pathway regulation.  

 

Figure 5.1. PP4 complex is essential for Wg pathway target gene expression 
 (A-A”) The expression domains of Sens (A) and Dll (A’) in a wild type wing disc.  Knock-down of 
(B-B’) PP4at19c (C-C’) PP4R2R and (D-D’) flfl using the dpp-Gal4 driver resulted in a reduction in 
Sens and Dll. (E-E’). The expression domain of armadillo in a wild type wing disc. (F-F’) Knock-
down of flfl by RNAi using the en-Gal4 driver resulted in a reduction in armadillo.  
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Table 5.1. Phenotypes associated with the knockdown of different subunits of 
the PP4 complex. 

 

Next, to rule out that the phenotypes following knock down of the PP4 complex 

are not due to increased apoptosis, we assessed Caspase 3 levels in the wing imaginal 

discs. RNAi knockdown of PP4at 19C (Fig 5.2A-A’, D) or PP4R2R (Fig 5.2C-C’, D) did 

not cause any change in Caspase 3 levels in control and knockdown tissue. However, 

knockdown of flfl (Fig 5.2B-B’, D) caused a mild increase in Caspase 3 levels. Given the 

fact that we see differential reduction of Wg targets (Sens and Dll) along with mild 

increase in Caspase 3 levels upon flfl knockdown suggests that its role in Wg pathway 

regulation is most likely not entirely due to an increase in apoptosis. Together, these 

data implicates the PP4 complex in promoting the activation of the Wg pathway.  

Gene Name Line No Wing disc phenotype Adult wing phenotype

PP4-19C 25317 Reduction in Sens and Dll Broadening of veins; shorter wings

103317 Reduction of Sens and Dll Broadening of veins; shorter wings

43250 Reduction of Sens and Dll Broadening of veins; shorter wings

PPP4R2R 105399 Reduction in Dll Broadening of veins; shorter wings

25445 Reduction in Dll Broadening of veins; shorter wings

Falafel 24143 Strong reduction of Sens and Dll Broadening of veins; shorter wings

103793 Strong reduction of Sens and Dll Broadening of veins; shorter wings
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Figure 5.2. Caspase 3 expression upon PP4 knockdown in the wing disc. 
 Caspase 3 expression upon knockdown of (A-A’) PP4at19C, (B-B’) flfl and (C-C’) PP4R2R. The 
RNAi lines were expressed with enGal4 in the posterior half of the disc. Gal4 expression region is 
positive for GFP. (D) Quantification of Caspase 3 staining in the control and RNAi expressing 
tissue. Bar graph suggests that except the regulatory subunit flfl, absence of PP4 does not 
significantly increase the Caspase 3 expression in the Drosophila wing disc. 

  



 

134 

5.3.2.  Overexpression of PP4/Flfl induces ectopic Sens expression 
in the wing imaginal disc 

As the absence of PP4 complex caused reduction in Wg targets, we next 

examined the effect of overexpressing Flfl in the Drosophila wing imaginal disc. As 

compared to control discs (Fig 5.1A), overexpression of Flfl using different drivers (dpp-

Gal4, Salm-Gal4) in the wing imaginal disc caused an increase in Wg targets. 

Interestingly, this increase was more obvious in the high threshold target Sens than Dll 

(Fig 5.3A’). Similarly, Arm levels were also increased following Flfl overexpression (Fig 

5.3B’’).  

Moreover, we attempted to rescue the knockdown phenotype by overexpressing 

UAS Flfl in the wing imaginal disc. First, we restored Flfl expression in dpp>flflRNAi discs 

by co-expressing wildtype UAS-Flfl. This produced a near complete rescue of the Sens 

and Arm levels (Fig. 5.3B-B’’), suggesting that the flfl knockdown phenotype is not due to 

nonspecific off-target effects.  
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Figure 5.3.  Overexpression of Flfl promotes the expression of Wg pathway 
targets. 

(A-A”) Overexpression of Flfl causes an increase in Sens (A’) and Arm levels (A”). (B-B”) 
Overexpression of wild type Flfl can rescue the loss of Sens (B’) and Arm (B”) upon flfl 
knockdown. In both cases dpp-Gal4 was used to express the transgenes.  
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We next examined the level of Wg protein upon overexpressing Flfl using en-

Gal4 in the posterior half of the wing imaginal disc. Overexpression of Flfl caused an 

increase in Wg levels in the posterior half of the disc (Fig 5.4A-A’’). Interestingly, Wg 

accumulated only in the D/V boundary, and no changes were seen in Wg puncta 

flanking the D/V boundary, which corresponds to the receiving cells of Wg. The increase 

of Wg in the D/V boundary cells inspired us to assess if other Wg pathway targets were 

affected by Flfl overexpression. Previous studies have shown that the Wg pathway is 

required for the expression of the proneural achaete-scute (AS-C) complex and achaete 

(Ac) is considered a Wg pathway target in the wing imaginal disc (Couso et al., 1994). 

We also assessed Ac levels upon overexpression of Flfl. Overexpression of Flfl by salm-

Gal4 caused stabilization of Ac in the wing disc (Fig 5.4B-B’’). Together, these data 

further implicate the requirement of PP4/Flfl complex in the Wg pathway in the 

Drosophila wing imaginal disc. 

 

Figure 5.4. Effect on Wg and its targets upon Flfl overexpression. 
(A-A”) Overexpression of Flfl causes an increase in Wg levels (A”). UAS Flfl was expressed using 
enGal4 in the posterior half of the wing disc marked by GFP. (B-B”) Flfl overexpression results in 
increase in Achaete levels in the wing imaginal disc. Salm Gal4 was used to express the 
transgenes.  
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5.3.3.  PP4 complex regulates wg transcription by regulating the 
activity of Notch signaling 

The reduction in Wg pathway targets upon PP4 knockdown along with the 

observed elevation in Wg targets and Wg itself following Flfl overexpression led us to 

further examine the expression of Wg. We analysed both Wg protein and wg 

transcription using an antibody against Wg, and by examining the level of wg-lacZ. In 

control wing imaginal discs, Wg and wg-lacZ are expressed in the D/V boundary in 

narrow stripe of cells (Fig 5.5A, C). In hh>flflRNAi discs, both Wg and wg-lacZ expression 

were strongly reduced in the posterior half of the disc in which the RNAi line was 

expressed (Fig 5.5B, D). Collectively these data suggest that compromised PP4 levels 

results in the repression of wg transcription in the wing imaginal disc. 

Wg expression in different Drosophila tissues is regulated by different signaling 

pathways (Neumann and Cohen, 1996; Tsai et al., 2007). One such pathway that is well 

characterized for its direct involvement in promoting the expression of Wg in the D/V 

boundary of the wing disc is the Notch pathway (Bray 2006; de Celis et al., 1996). In the 

Drosophila embryo and wing imaginal disc, the presence of the Notch pathway promotes 

Wg signalling by acting at the level of transcription (Rulifson and Blair, 1995). We tested 

whether the PP4 complex acts via the Notch pathway to affect wg expression. First 

using the Notch pathway target Cut (Kim et al., 1995), we tested whether Cut expression 

is affected in hh>flflRNAi discs. Cut expression, which is normally expressed in a narrow 

stripe across the D/V boundary like Wg (Fig 5.5E), was reduced in flfl knockdown discs 

(Fig 5.5F). This indicates that the PP4 complex does regulate the expression of Notch 

pathway targets. Further analysis revealed that the expression of intra (Fig 5.5G-H) and 

extracellular domain of Notch (Fig 5.5I-J) along with the receptor Delta (Fig 5.5K-L) is 

reduced in the wing imaginal disc upon flfl knockdown.  

Many of the Notch pathway regulators were originally identified based on their 

characteristic phenotype in the Drosophila external sensory organs. These organs are 

formed within the notum during larval and pupal stages of development. Notch pathway 

activity regulates the external sensory organ development in two distinct way. During 

lateral inhibition, loss or gain of Notch signalling leads to an increase or decrease in the 

number of external sensory organs, respectively. During asymmetric cell division (ACD), 
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while increased Notch signalling results in hair duplications or multiple sockets, reduction 

in Notch signalling leads to an absence of external sensory organs (Mummery-Widmer 

et al., 2009). Loss of Notch signaling can also cause a thorax closure defect by forming 

a cleft thorax (Jankovics et al., 2011). Thus, Notch regulators can be classified into the 

loss of bristles, gain of bristles, socket and duplication and thorax morphology defect 

categories. To analyse the role of PP4 complex in Notch mediated external sensory 

organ development, we knocked down different subunits of PP4 in the notum using prd-

Gal4. Compared to the wild type notum, which has tightly regulated numbers and 

positions of macrochaetae (Fig 5.5M), knockdown of the PP4 complex caused a reduced 

size of the thorax and scutellum growth along with reduced or missing microchaete, a 

slight misorientation of remnant micro- and macrochaete, and mild to severe thoracic 

clefts (Fig 5.5M-P). Similar notum defects are reported in other Notch or Wg pathway 

regulators (Mummery-Widmer et al., 2009). 
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Figure 5.5. PP4 is an essential regulator of the Notch pathway regulation. 
A) Expression of Wg in a wild type wing imaginal disc. (B) Wg expression is strongly reduced 
upon knockdown of flfl using hhGal4 in the posterior half of the wing imaginal disc. (C) Expression 
of wglacz in a wild type wing imaginal disc. (D) wglacz expression is strongly supressed upon 
knockdown of flfl in the posterior half of the wing imaginal disc. (E) Wild type Cut expression (F) 
Upon flfl knockdown Cut is reduced in the posterior half of the disc. (G) NICD  (I) NECD and ( L) 
Delta in a wild type disc, upon flfl knockdown the expression of all these proteins are reduced 
(H,J,M) respectively. (K) Quantification of NICD and NECD puncta in control and flfl knockdown 
tissue.  (N) A wild type notum structure in Drosophila. (O-Q) Knockdown of all subunits of PP4 
results in reduced notum size, bristles defect and formation of cleft thorax. 
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Another tissue in which the Notch pathway is well studied is the Drosophila wing, 

where Notch activity is required for patterning and growth. In the adult wing (Fig 5.6C), 

flfl knockdown (Fig 5.6D) caused thickening and ectopic expression of wing veins which 

are similar to the Notch loss of function phenotype (Huppert et al., 1997). Additionally, 

the knockdown of flfl also caused reduced growth of the wing (Fig 5.6D). In contrast, 

overexpression of Flfl in the wing caused thin wing veins (Fig 5.6E), phenocopying the 

Notch gain of function phenotype (de Celis et al., 1996).  

The similarity between the flfl knockdown phenotype and knockdowns of Notch in 

different tissues, combined with the observed reduction in Notch pathway components in 

flfl knockdown, led us to examine the relationship between Notch and PP4. As 

previously described (Fig 5.5E-F), knockdown of flfl caused a strong reduction in Cut 

levels (Fig 5.6A-A’’) suggesting that Flfl is required for Notch pathway mediated Cut 

expression. Expectedly, when the nuclear Notch was ovexpressed in the absence of Flfl 

the expression of Cut was rescued (Fig 5.6B-B’’). Similarly, the vein phenotype seen in 

flfl knockdown wings was also rescued (Fig 5.6F) by the overexpression of nuclear 

Notch.  
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Figure 5.6. Overespression of nuclear Notch can rescue the defects caused by 
flfl knockdown. 

((A-A’) Expression of Cut is reduced in actin flip driven flfl RNAi clone. (B-B’) Simultaneous 
expression of wild type Flfl in flfl knockdown tissue can rescue Cut levels. (C-C’) Overexpression 
of nuclear Notch can rescue the reduced expression of Cut seen in flfl RNAi clone. (D) A wild type 
wing. (E) Upon flfl knockdown the overall wing size in significantly reduced along with the 
thickening of veins. (F) Overexpression of Flfl leads to thin wing veins without affecting the size of 
the wing considerably. (G) Overexpression of nuclear Notch can rescue the reduced wing size 
seen in flfl RNAi clone. 
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Although different subunits of PP4 gave similar wing phenotypes when knocked 

down, Flfl was used for genetic interaction studies due to availability of reagents. Thus, 

PP4 complex is required for the appropriate expression of Notch pathway components, 

which in turn promotes wg transcription and pathway activation. 

The ligands of Notch pathway, Dl and Ser acts from the signal-sending cells 

(non-boundary cells) to activate the pathway by binding and activating Notch at the 

signal-receiving cells (boundary cells). Similarly, Wg pathway gets activated by the 

expression of Wg at the signal-sending cells (boundary cells) and then acts on the 

signal-receiving cells (non-boundary cells) (Fig 5.7A). As the majority of regulators of 

signaling pathways function in the signal -receiving cells and not the signal-sending 

cells, we wanted to further analyze the role of the PP4 complex in the signal-sending 

and receiving cells of Notch and Wg pathway respectively.   We used wgGal4 and 

C5Gal4 to express flfl RNAi line in the wing imaginal disc. wg-Gal4, which drives Gal4 

expression at the boundary cells, enabled analysis of Notch pathway driven wg 

transcription . In contrast C5-Gal4, induces expression at the non-boundary cells 

enabling analysis of Notch signal-sending and Wg-signal receiving cells.  Knocking down 

flfl using wg-Gal4 in the Wg signal- sending cell results in reduction of Wg (Fig 5.7C’) 

and its targets Sens (Fig 5.7C”) and Dll (Fig 5.7C”’) confirming its role in Notch pathway-

driven wg transcription by affecting Notch signal-receiving and Wg signal-sending cells. 

Furthermore, when flfl was knocked out in the Wg signal-receiving and Notch signal-

sending cells using C5-Gal4, weak reduction in Wg (Fig 5.7D’) and its targets were 

observed (Fig. 5.7D’’, D”’). This result implies that PP4 knockdown affects both Notch 

and Wg signal-sending and receiving cells.  
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Figure 5.7. Analysis of flfl knockdown in the signal producing and receiving 
cells of Notch and Wg. 

 (A) Schematic of a wing imaginal disc showing the signal-sending and signal-receiving cells of 
Notch and Wg pathway. (B-B”’) Wild type expression pattern of Wg, Sens and Dll in the wing disc. 
(C-C”’) Expression of Wg, Sens and Dll are reduced when flfl is knocked down in the signal 
producing cells using wg-Gal4. (D-D”’’) A strong reduction in Wg (D’) and its targets (D’’-D’”) is not 
observed when flfl is knocked down in the Wg-receiving cells using C5-Gal4.Cartoons depicts the 
expression pattern of wgGal4 and C5Gal4 in the wing imaginal disc. Arrows in each case denotes 
the change in Wg and targets in RNAi tissue. 
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5.3.4.  PP4 is involved in growth regulation of the wing imaginal 
disc 

 Along with affecting Notch and Wg signaling, knockdown of PP4 complex also 

caused reduced growth in the Drosophila wing. To further confirm the requirement of 

PP4/Flfl in wing growth, we analyzed the growth of third instar wing imaginal disc by 

knocking down flfl using en-Gal4, UAS-GFP. en-Gal4 is expressed in the posterior half 

of the wing imaginal disc. Presence of GFP fluorescence was used to identify the tissue 

where en-Gal4 is expressed. As compared to control discs, where GFP positive cells 

covered the posterior half of the disc (Fig 5.8A-A’’), after PP4 knockdown the GFP 

positive cells occupied a significantly smaller region of the disc (Fig 5.8B-B’’). 

Furthermore, when we looked at UAS-Flfl discs, GFP positive cells seemed to mark the 

posterior half of the disc similar to wild type discs (Fig 5.8C-C’’).  Overexpression of wild 

type Flfl in the knockdown background of flfl could rescue the growth defect (Fig 5.8D-

D’’). In this case, the GFP positive cells occupied larger region as compared to flfl 

knockdown alone.  When quantified, the GFP positive cells in flfl knockdown were 

significantly less than that of control GFP (Fig 5.8E) as compared to control, UAS Flfl 

alone or UAS Flfl expressed in the background of flfl knockdown. 
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Figure 5.8. PP4 is involved in growth regulation of the wing imaginal disc 
 (A-A’) Wild type wing imaginal disc showing enGal4 positive region marking the posterior half of 
the disc. (B-B’) Upon flfl knockdown the overall disc size and engal4 positive tissue reduces 
significantly. (C-C’) Overexpression of Flfl leads to normal expression of GFP positive cells and 
(D-D’) is able to rescue the flfl knockdown defects. (E) Quantification of total wing disc area of the 
above mentioned genotype shows a significant reduction in wing disc area upon flfl knockdown. 

  



 

146 

Next we looked at adult wings upon PP4 knockdown. Drosophila adult wing is a 

well-established model to study growth. An adult wing has five longitudinal veins that 

form at precise locations along its A/P axis labeled L1 through L5. (Fig 5.9A). When we 

knocked down each subunit of the PP4 complex using dpp-Gal4 which is expressed 

between longitudinal vein L2 and L3, the distance between these two veins was 

significantly reduced (Fig 5.9B-D).  The strongest reduction of the vein distances was 

seen upon flfl knockdown (Fig 5.9D). Quantification of the wing disc area suggested a 

significant reduction in the distance between L2 and L3 in each case. Moreover, when 

we expressed PP4 RNAi lines using MS1096-Gal4, which is expressed throughout the 

wing blade, severe reduction in the overall size of the wings was observed. These wings 

also showed ectopic veins and broadening of veins (Fig 5.9E-G). Quantification of total 

wing area suggested a significant reduction of growth of wing in the absence of PP4 

complex.  

  



 

147 

 

Figure 5.9. PP4 is involved in growth regulation of the Drosophila wing 
(A) Wild type wing. The longitudinal and cross veins are marked in the wing .Knockdown of (B) 
PP4at19C (C) flfl and (D) PP4R2R using dppGal4 causes reduced space between L2 and L3 
(dppGal4 expressing region). Knockdown of (E) PP4at19C (F) flfl and (G) PP4R2R using 
MS1096Gal4 in the whole wing further shows a strong reduction in overall wing size with 
appearance of ectopic vein tissue and broadening of veins. (H) Quantification of wing area using 
dppGal4 and (I) MS1096Gal4. 
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Reductions of Flfl also caused a similar growth defect in the eye disc. In control 

eye discs, the photoreceptors were marked with ELAV (Fig 5.10A-B). Upon knockdown 

of flfl, we found an overall reduction in the size of the eye disc along with reduced ELAV 

positive cells (Fig 5.10C-D), while overexpression of Flfl caused a subtle increase in 

ELAV positive cells and overall size of the eye disc (Fig 5.10E-F). Together, these data 

suggest that the PP4 complex is required for proper growth of Drosophila appendages 

and organs. 

During the development of Drosophila organs a small number of signalling 

pathways regulate growth and cell fate specification. Notch signalling is one such 

network which is intricately involved with growth regulation in Drosophila (Giraldez and 

Cohen, 2003). Studies have shown that while knockdown of Notch/Wg causes impaired 

growth, their overexpression can cause overgrowth in a tissue (Go et al., 

1998;Domínguez & de Celis, 1998).  When we overexpressed nuclear Notch in the 

absence of Flfl, it rescued the reduced growth of flfl knockdown along with rescuing the 

vein defects (Fig 5.6F). These findings suggest that the PP4 complex stabilizes the 

growth of Drosophila appendages by acting upstream of Notch. As Notch and PP4 

complex both regulate growth, and overexpression of Notch can rescue the growth 

defects in flfl mutant, we propose that PP4 and Notch cooperate to maintain proper 

growth and downstream signaling networks including Wg. 
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Figure 5.10. PP4 is involved in growth regulation and photoreceptor 
differentiation in the Drosophila eye disc.  

(A-B) Wild type eye disc with ELAV expression. (C-D) Knockdown of flfl using eygGal4 causes a 
reduction of the eye disc size and reduced number of photoreceptors. (E-F) Overexpression of flfl 
causes a mild increase in eye disc size. 
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5.3.5.  PP4/ Flfl acts downstream of aPKC in the Drosophila wing 
disc 

Finally we analyzed the mechanism by which PP4 is regulating Notch signaling 

and whether there is any interaction of PP4 with the known regulators of Notch. As our 

genetic data suggested that the PP4 complex regulates the Notch signalling by acting 

upstream of Notch, we looked for other upstream regulators of the Notch pathway. One 

such regulator that caught our attention was aPKC. aPKC is a protein kinase widely 

studied for its role in many developmental processes including ACD. The regulators of 

ACD (including aPKC, Bazooka, and Crumbs) act upstream of Notch signaling and 

determine the identity of the Notch signal sending and signal receiving cells (Frise et al., 

1996; Le Borgne & Schweisguth, 2003; Hutterer & Knoblich, 2005;). aPKC also 

promotes Notch pathway by inhibiting Numb mediated endocytosis of Notch pathway 

components (Frise et al. 1996; Wang et al. 2006). Previous studies have shown the role 

of PP4/ Flfl in localization of Miranda complex to promote the neuroblast asymmetric cell 

division (ACD) in Drosophila (Sousa-Nunes et al., 2009) by acting downstream or 

parallel to aPKC (Sousa-Nunes et al., 2009). Interestingly, Flfl contains many putative 

phosphorylation sites, some of which are predicted targets of aPKC (Sousa-Nunes et al., 

2009). 

As Notch signaling regulates many key processes of nervous system 

development in Drosophila, and aPKC acts upstream of Notch in asymmetric distribution 

of Notch regulators, this led us to hypothesize that PP4/ Flfl role in the Notch signaling is 

somewhat similar to that of aPKC and perhaps PP4 acts downstream of aPKC for its 

role in the Notch pathway regulation. To test this hypothesis, first we looked at the 

expression of Wg and its targets upon aPKC knockdown. Following the knockdown of 

aPKC, the disc morphology was changed accompanied with a loss in Wg (Fig 5.11A), 

wg-lacz (Fig 5.11B), Cut (Fig 5.11C) and Wg pathway target Dll (Fig 5.11D). Similarly, 

loss of aPKC resulted in reduced growth of adult wing similar to flfl loss. (Fig 8E). Next 

we overexpressed aPKC in the knockdown background of flfl and assessed the 

expression of Cut.  Cut expression in this genotype was similar to that of flfl knockdown 

alone (Fig 5.11F) suggesting that the overexpression of aPKC cannot rescue the flfl 

knockdown defect. Furthermore, when we knocked down aPKC and flfl together it also 

phenocopied the flfl knockdown phenotype (Fig 5.11G). Overexpression of aPKC in 
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PP4at 19C knockdown background also produced similar effect as that of flfl knockdown 

seen as reduced Cut expression in the knockdown tissue (Fig 5.11H). Furthermore, as 

aPKC activity is regulated by phosphorylation, we looked to see whether flfl knockdown 

can regulate its levels.  

As PP4 knockdown caused severe wing vein defects, we further looked for an 

interaction between aPKC and Flfl by analyzing the adult wing phenotypes. Similar to the 

wing disc data, the adult wings of double knockdown of aPKC and flfl (Fig 5.11K), and 

overexpression of aPKC in flfl knockdown (Fig 5.11L) phenocopied the flfl knockdown 

phenotype. Overexpression of aPKC in the absence of PP4at19C (Fig 5.11M) also 

phenocopied the flfl knockdown phenotype in the adult wing. These wings had reduced 

growth and thickening of wing veins. Finally, when we overexpressed Flfl in aPKC 

knockdown tissue it could rescue the reduced levels of Cut and Wg (Fig 5.11O-R) 

suggesting that Flfl and aPKC acts though a common mechanism to regulate the Notch 

signalling and Flfl acts downstream of aPKC. 

Previous reports have shown that aPKC promotes Notch signalling by 

phosphorylating and inhibiting Numb (Frise et al. 1996; Wang et al. 2006). Numb has 

several role in the Notch signalling. Previous studies have shown that it acts upstream of 

Notch signalling and inhibits the Notch signalling mediated cell renewal (Wang et al. 

2006), regulates endocytosis of Notch pathway components (Hutterer and Knoblich 

2005), and inhibits the ability of Notch to translocate suppressor of hairless to the 

nucleus (Frise et al. 1996). To analyse the role of PP4 in Numb activity, we examined 

the level of Numb in Flfl overexpression tissue. Interestingly, in some clones a weak 

reduction of Numb was seen (Fig 5.11S-T), although this effect was not consistent in all 

the clones.  
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Figure 5.11. PP4 acts downstream of Apkc to regulate the Notch pathway 

mediated wg transcription. 
Expression of (A) Wg (B) wg-lacz (C) Cut and (D) Dll is reduced in aPKC knockdown tissue. 
aPKC was knockdown using hhGal4 in the posterior half of the wing imaginal disc. (E) 
Knockdown of aPKC using dppGal4 causes reduced space between L2 and L3 region of the 
wing. (F) Overexpression of aPKC does not rescue Cut expression in flfl knockdown (G) 
Coexpresion of flfl and aPKC RNAi resembles the flfl knockdown phenotype (H) Overexpression 
of aPKC did not rescue the PP4at19c knockdown phenotype. hhGal4 was used to express the 
transgenes in the posterior half of the disc. (I) Wild type wing. (J) Knockdown of flfl using 
MS1096Gal4 leads to small wing size and thickening of wing veins. (K) Overexpression or (L) 
knockdown of aPKC does not rescue the flfl knockdown phenotype. (M) Overexpression of aPKC 
does not rescue the PP4at19c knockdown phenotype. (N) Overexpression of nuclear Notch 
rescues the flfl knockdown phenotype. Simultaneous expression of UAS Flfl in aPKC knockdown 
causes a rescue in (O-P) Wg and (Q-R) Cut level in the clones which are marked by the presence 
of GFP. (S-T) Levels of Numb upon overexpression of Flfl in GFP positive clones.  
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Flfl is nuclear during prophase and interphase stage of cell division and 

cytoplasmic after nuclear envelope breakdown (Sousa-Nunes et al., 2009). Results from 

studying nuclear-excluded and membrane-targeted versions of Flfl suggest that nuclear 

Flfl and cytoplasmic Flfl have different functions in cellular processes. In neuroblast 

asymmetric cell division the localization of Flfl to the cytoplasm and its exclusion from 

the nucleus was shown to regulate the localization of the Miranda complex (Sousa-

Nunes et al., 2009). To analyze the role of nuclear and cytoplasmic Flfl in Notch/Wg 

signaling, we analyzed the effect of different deletion mutants of Flfl in activating the Wg 

pathway as well as in growth regulation. As compared to wild type Flfl which caused an 

increase in Wg pathway target Sens and proliferation in the disc (Fig 5.12B-B’), the 

nuclear excluded (3NLS+2NES) Flfl further enhanced levels of Sens expression in the 

discs (Fig 5.12C-C’). The overall disc growth was also increased. Similarly, 

overexpression of 3NLS Flfl (which is present in both the nucleus and cytoplasm) (Fig 

5.12D-D’) or CAAX Flfl (membrane tethered) (Fig 5.12E-E’) also caused an increase in 

Sens and overall disc size, but not to the extent seen in UAS Flfl 3NLS+2NES. This data 

suggests that the complete absence of Flfl from the nucleus and its presence in the 

cytoplasm further promotes the Wg pathway activity and proliferation processes. 
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Figure 5.12. Cytoplasmic localization of Flfl can promote increased expression of 
the Wg pathway target Sens. 

(A)Expression pattern of dppGal4 in a wild type disc shown in GFP. (A’) wild type Sens 
expression. (B-B’) Overexpression of wild type Flfl leads to overall increase in disc size 
accompanied with an increase in Sens expression. (C-C’) Overexpression of cytoplasmic Flfl (in 
which all the nuclear localizing domains are mutated) leads to a striking increase in Sens and an 
overgrown disc. (D-D’) Overexpression of Flfl which is mostly cytoplasmic but not completely 
excluded from the nucleus resembles the wild type Flfl expression phenotype (E-E’) 
Overexpression of membrane tethered form of Flfl causes a weak increase in Sens. (F) Summary 
of the strength of the phenotype of each transgenes of Flfl used. 
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  Discussion 

The PP4 complex of Drosophila melanogaster has been implicated in diverse 

signaling pathways, cellular functions and developmental processes. However, its role in 

regulating Wg and Notch signaling was previously uncharacterized. In this study, we 

show that the Wg pathway targets are reduced upon PP4 knockdown. Furthermore, wg-

lacz levels and expression of the Notch pathway components are reduced in the 

absence of the PP4 complex suggesting a role of PP4 in the Notch pathway driven wg 

regulation. We observed that wing discs with reduced PP4 levels are significantly small 

and exhibit downregulation of Notch target genes. Overexpression of the nuclear Notch 

could rescue the growth defect as well as the reduced expression of Notch target genes 

seen in flfl knockdown. Finally, we show that PP4 mediated growth and Notch pathway 

regulation is possibly acting downstream of the aPKC in the Drosophila wing imaginal 

disc. Together, our study identifies a novel role of PP4/Flfl in regulation of growth and 

Notch/Wg signaling. 

 

The PP4 complex regulates Notch pathway and the Notch mediated transcription 

of wg 

PP4 knockdown results in reduced expression of Wg targets Sens and Dll. 

Among all the subunits, the knockdown of flfl caused a strong reduction in high threshold 

target Sens and Dll suggesting an important role of Flfl in this regard. Whereas 

knockdown caused reduction in targets, overexpression of Flfl caused increase in levels 

of Wg pathway targets. Expression of high threshold target Sens was highly increased 

upon overexpression of Flfl. This could be due to either the high threshold target being 

more sensitive to changes in Flfl level or via direct interaction between Sens of Flfl.  

Further analysis aimed at finding the mechanistic role of PP4 in Wg pathway 

regulation revealed that wg transcription is impaired in the absence of the PP4 complex. 

When examined, the expression of Notch target Cut, the ligand Delta and cleaved form 

of the receptors NICD and NECD were reduced in the absence of Flfl suggesting its role 

in Notch pathway activity by possibly acting at both the Notch signal sending and signal 
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receiving cells. As we see punctate expression of NICD and NECD upon flfl knockdown, 

blocking PP4 could cause defects in trafficking of several Notch pathway components, 

thereby reducing the pathway activity. Previous studies have shown that endocytic 

trafficking plays an important role in the Notch pathway activation (Schneider et al., 

1985, Le Borgne and Schweisguth 2003; Hutterer and Knoblich 2005; Musse et al., 

2012). Endocytic regulators of the Notch pathway such as Numb and Sanpedo acts on 

both the signal sending and receiving cells (Hutterer and Knoblich 2005). The fact that 

we see reduced expression of NICD, NECD and Delta and punctate localization of NICD 

and NECD upon flfl knockdown suggests that the PP4 complex might regulate the Notch 

signaling by influencing the trafficking of Notch pathway components.  

Overexpression of the nuclear Notch could rescue the reduced expression of 

Notch pathway targets in the absence of Flfl implying that Notch acts downstream of 

PP4. Although the Notch pathway is well studied in different developmental contexts, 

only a few protein phosphatases are linked with this pathway. We show that both the 

catalytic and the regulatory subunits of the PP4 complex are essential for the expression 

of the Notch pathway components. As the regulatory subunit of a phosphatase 

recognizes the substrate protein and the catalytic subunit catalyzes the enzymatic 

reaction, the involvement of all the subunits of PP4 hints at an important regulation of 

Notch components. Future studies will be helpful in recognising the substrate of PP4 in 

the Notch pathway and the mechanism underlying the Notch pathway regulation. 

 

The relationship between PP4 and aPKC 

Consistent with its role in regulation of asymmetric neuroblast division in 

Drosophila brain, where it acts downstream or parallel to aPKC, we here show that in the 

wing imaginal disc PP4 acts in a similar manner as that of aPKC to regulate the Notch 

signaling. Preventing aPKC function phenocopies reduced PP4 phenotype. Furthermore, 

whereas overexpression of aPKC could not rescue the flfl knockdown phenotype, 

overexpression of Flfl/PP4R3 mildly rescues the localization defects of Notch pathway 

components caused by reducing aPKC function. This suggests that aPKC and Flfl/PP4 
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influences the Notch pathway by a common mechanism and Flfl acts downstream of 

aPKC in this process.  

aPKC regulates a wide number of substrates.  PP4 is also implicated in large 

number of cellular processes by acting on different substrates through 

dephosphorylation. aPKC and PP4 can act on the same substrate to maintain the 

phosphorylation homeostasis, or they can regulate each other by controlling their 

stability. Also, the fact that Apkc was found in complex with miranda, the known 

interactor of PP4 in neoroblasts (Sousa-Nunes et al., 2009), can make it as a potential 

target for PP4. Moreover as aPKC inhibits Numb localization to promote the Notch 

signaling, we also looked at Numb levels when Flfl was overexpressed. In a few clones, 

Numb level was changed but this phenotype was not consistent in all the discs. It will be 

interesting to find out how aPKC and Flfl interacts with each other in regulating Notch the 

pathway activity.  

 

The PP4 complex regulates growth of Drosophila appendages 

Along with its role in regulating the Wg and Notch pathways, PP4 knockdown 

also caused impaired growth in the eye and wing disc. Previous studies have also 

reported the role of PP4 in regulating proliferation of Drosophila brain (Sousa-Nunes et 

al., 2009) although its role in growth regulation of Drosophila appendages was 

previously unknown. Generation of an organ of appropriate size and shape requires 

mechanisms that coordinate growth and patterning. Among many signaling networks, 

both the Notch and Wg pathway are involved in the regulation of growth processes in 

Drosophila appendages (Giraldez and Cohen 2003). notch mutant causes reduced 

growth in different Drosophila appendages (Domínguez and de Celis 1998). To analyze 

whether the growth defects of PP4 mutants can be rescued by Notch, we overexpressed 

the nuclear Notch and the impaired growth was rescued in different tissues indicating a 

common role of these two in controlling tissue growth. The growth defects observed in 

the absence of PP4 could be either a direct effect of PP4 knockdown or a secondary 

effect of reduced Notch signaling in the absence of PP4. Interestingly, as flfl knockdown 
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mimics the growth defect of aPKC, the growth defects seen in PP4 mutants could also 

be due to its interaction with the apical-basal polarity complex.  

Given that PP4 is a catalytically active phosphatase, further biochemical and 

transgenic studies using a phosphatase domain mutated PP4 will be useful to study the 

functional significance of this domain. Additionally, as the regulatory domains are equally 

effective in the regulation the Notch pathway components, it might also function in a 

phosphatase independent manner, acting as a scaffolding protein. However, it is more 

likely that all three subunits are needed for function, so mutation of any of the three 

would cause a similar defect. Future work will be necessary to unravel the molecular 

significance of different subunits of PP4.  

PP4 belongs to the ubiquitously expressed PP2A family of protein phosphatases 

(Cohen et al., 2005). Although each catalytic subunit of PP2A group interacts with a 

number of distinct canonical regulatory subunits that play a crucial role in regulating 

substrate selectivity and subcellular localization of the phosphatase. However, recent 

studies have shown that PP2A group of proteins can also interact with atypical 

regulatory subunits independent of the canonical subunits. Alpha4 (α4) (Tap42 in 

Drosophila) is one such regulatory subunit that directly binds to PP4at19C, PP2Ac, and 

PP6c (Chen et al., 1998; Kloeker et al. 2003; Wang et al. 2012). 

Tap42 in Drosophila regulates multiple signalling pathways (Hh, Dpp and JNK). 

Its knockdown causes formation of cleft thorax and growth defects in Drosophila wing 

and leg and induces apoptosis (Wang et al. 2012). Given the fact that the PP4 complex 

also causes similar defects in Drosophila notum and wing and the suggested interaction 

between Tap42 and the PP4 complex, it is very likely that the PP4 complex is also 

involved in regulating other signalling in the Drosophila wing imaginal disc. Future work 

can provide useful insight on the role of PP4 in other signalling networks and cellular 

processes.  
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 Figure 5.13. A schematic illustration of PP4’s role in the Wg and Notch pathway.  
PP4 acts upstream of Notch and promotes the expression of the Notch pathway components 
which activates the pathway. Activated Notch promotes the expression of wg in the D/V 
boundary. PP4 acts downstream of Apkc in activating Notch in the wing imaginal disc. 

 

In conclusion, our study has identified a previously uncharacterized role of the 

PP4 complex in the Notch signaling, regulation of wg transcription and growth 

modifications in the Drosophila wing and eye imaginal discs. We also show that PP4 

acts downstream to aPKC to bring forth these effects (Fig 9). Further research will be 

helpful in depicting the interaction of PP4 with these signaling molecules to regulate the 

different aspects of tissue growth and development.  

  



 

160 

Chapter 6.  
 
General Conclusion 

The Wnt/Wg pathway regulates various aspects of metazoan development. 

Investigation into how the Wnt/Wg pathway is regulated is crucial for the global 

understanding of many development processes. Studies over the last two decades have 

discovered many important post-translational modifications that regulate the Wnt/Wg 

pathway. Reversible phosphorylation is one such form of modification which influences 

the Wnt/Wg pathway in both its active and silent state. Although the pathway consists of 

numerous phosphoproteins, only a handful of kinase and phosphatases were linked with 

this signalling network. To fill the gap in our knowledge, we focussed on identifying novel 

kinases and phosphatase regulators of the Wnt/Wg pathway by performing an in vivo 

kinome and phosphatome RNAi screen in the Drosophila wing disc. 

Phosphoregulation of the Wnt/Wg pathway 

The data presented in Chapter 2 demonstrates the RNAi screen conducted to 

identify novel kinase and phosphatase regulators of the Wnt/Wg pathway. Although a 

considerable number of RNAi screens were performed in the past to find out novel 

regulators of the Wnt/Wg pathway, our screen is unique, as it was performed in 

the Drosophila wing disc to specifically identify Wnt/Wg regulators in vivo and to rule out 

false positive and false negative results that can arise from using an in vitro system. 

We have identified comprehensive list of kinases and phosphatases that can 

potentially regulate the Wnt/Wg pathway. Following secondary screening and further 

validation, the genes identified in this screen were functionally classified.  We believe 

this work will serve as an in vivo database to provide information on the kinase and 

phosphatase regulators of the Wnt/Wg pathway. 
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Finally, the Wnt/Wg pathway is closely associated with developmental disorders, 

degeneration of tissues, schizophrenia, epilepsy, type II diabetes, osteoporosis and 

carcinoma. There has been an increased effort in the pharmacological sector to develop 

effective inhibitors of the Wnt/Wg pathway. Recent research focusses on treating 

diseases with drugs targeting different kinases and phosphatases to inhibit signalling 

pathways. Our screen in this regard can serve as a library of potential therapeutic 

targets for various Wnt/Wg related disorders. 

Role of Mop in the endosomal trafficking of the Wnt/Wg pathway components 

From the screen I selected two phosphatases to characterize and determine their 

role in the Wnt/Wg pathway. The first hit that I have characterized is the protein tyrosine 

phosphatase Mop. Although Mop is a phosphatase, the functionality of its phosphatase 

domain is debatable (Miura et al., 2008). I found that the phosphatase deleted form of 

Mop is able to rescue the mop loss of function phenotype as efficiently as the wild type 

form of Mop.  The presence of Bro1 and Alix-like domains which are involved in sorting 

of proteins in the endosomes and the dispensable role of the phosphatase domain 

altogether hints at a phosphatase independent role of Mop in regulation of the Wnt/Wg 

pathway.  

Using genetic, cell biology and biochemical approaches, I have confirmed the 

role of Mop in endosomal sorting of the Wnt/Wg pathway components in both the signal 

sending and signal receiving cells. Chapter 3 demonstrates the role of Mop In the signal 

sending cell. Mop is involved in the trafficking of Wg and Wls from the plasma 

membrane to the endosomes and the Golgi. In mop knockdown discs, both Wg and Wls 

are trapped into endosomes. As a result, release of Wg from the producing cells is 

affected. However, mop loss does not cause a significant reduction in the Wg secretion. 

This could be due to the fact that Mop is not involved in the initial secretion of Wg. 

Whereas it is the internalization and trafficking of secreted Wg and Wls, which are 

affected by the loss of Mop, thus resulting in incomplete secretion and endosomal 

trapping of Wg and Wls. For a better understanding of Mop’s role in the secreting cell, 

further studies involving the retromer complex and lipid phosphatases could be useful. 

The retromer complex and lipid phosphatases both localize to the endosomes to 



 

162 

promote the trafficking of Wls and Wg. Potential interaction among Mop and these 

proteins can unravel novel regulatory mechanisms of the Wnt/Wg secretion.  

The data presented in Chapter 4 demonstrates the role of Mop in the Wnt/Wg 

signal receiving cells. Reduced levels of Mop leads to a punctate accumulation of Fz in 

endosomal vesicles. Reduction of the endosomal protein Hrs mimics the mop mutant 

phenotype, in both the secreting and the receiving cells, and loss of Mop causes 

dramatic reduction of Hrs protein levels.  Moreover, overexpression of Hrs can rescue 

the trafficking defects caused by Mop. The observed interaction between Mop and Hrs 

prompted us to examine whether Mop promotes Hrs stability. Indeed, Hrs ubiquitination 

and degradation is increased in the absence of Mop. Thus, we postulate that Mop’s role 

in controlling endocytosis is via regulating the localization and stability of Hrs. Given the 

fact that we don’t see reduction in the expression of other endosomal components upon 

mop knockdown, Mop might not directly affect the expression of general endocytic 

components. Hrs is a member of the ESCRT complex which play a pivotal role in sorting 

of ubiquitinated receptors (Jékely and Rørth, 2003). Interestingly, Hrs initiates the MVB 

invagination process by binding with PI3P and members of ESCRTI and II. It will be 

exciting to study how the absence of Mop affects the expression of other ESCRTs and 

its relevance in the Wnt pathway. Lastly, having established a role for Mop in regulating 

the trafficking of Wnt and Fz, it will be interesting to find out how the trafficking of other 

Wnt pathway components requiring endocytosis (such as Dsh, APC, and GSK3β) is 

affected in the absence of Mop.  

The relationship between Mop and Ubpy 

Our genetic and immunohistochemical analysis suggests that in addition to the 

intereaction with Hrs, Mop promotes the recruitment of the deubiquitinases Ubpy. Ubpy 

is involved in the deubiquitination of a number of substrates including Hrs and Fz (Mukai 

et al. 2012; Zhang et al. 2014). Whereas ubpy knockdown results in similar accumulation 

of Wg and Fz in the endosomes, Mop’s absence also leads to increased ubiquitination of 

both Fz and Hrs. Ubpy localization to the plasma membrane is significantly reduced 

upon mop knockdown. Together these data suggests that Mop promotes the recruitment 

of Ubpy, which in turn regulates Hrs deubiquitination and promotes the Wnt/Wg 
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pathway. In yeast and vertebrates, the homologs of Mop also perform a similar function 

by recruiting deubiquitinases (Doyotte et al., 2008; Stefani et al., 2011), suggesting a 

conserved role of Mop in recruiting deubiquitinases. Future investigation is necessary to 

understand whether the recruitment of Ubpy is the primary function of Mop or the 

change in Ubpy localization upon mop knockdown is due to an indirect effect caused by 

the absence of other protein/s following the absence of Mop. 

The Relationship between Mop and Cbl 

 We also found that in the absence of the E2 dependent –ubiquitin protein ligase 

Cbl, Mop is not required to promote the deubiquitination of Hrs. Cbl is an adaptor protein 

for the receptor tyrosine kinases (RTKs) which promotes the ubiquitination of RTKs 

(Hime et al., 1997; Swaminathan and Tsygankov, 2006). Knockdown of cbl caused a 

mild accumulation of Hrs and Wg in large endosomal vesicles, suggesting that in the 

steady state, Cbl is not primarily required to degrade these proteins. Double knockdown 

of mop and cbl resulted in significant accumulation of Hrs in the endosomes. Although 

counterintuitive, our results can also explain the findings by Miura et al 2008 that in the 

absence of Cbl, Mop is no longer required for photoreceptor differentiation in Drosophila. 

We propose that this interaction of Mop-Cbl is not only required for the photoreceptor 

differentiation in the eye disc but also for the global endosomal sorting and Hrs stability. 

Drosophila Cbl interacts with a vast number of signalling proteins and promotes their 

ubiquitination. Cbl itself is regulated by phosphorylation which promotes its association 

with SH2 domain containing proteins. It is will be interesting to see how Mop counteracts 

the function of Cbl and whether the localization or phosphorylation of Cbl is influenced 

by Mop. 

Endocytosis and the Wnt/Wg pathway 

The exact role of endocytic trafficking in the regulation of the Wnt/Wg pathway is 

an ongoing debate. Previous studies have suggested that Wnt/Wg requires endocytosis 

for its secretion, gradient formation and signal activation. However many of these 

findings were contradictory, therefore inconclusive, due to tissue specific effects and 

additional phenotypes caused by blocking endosomal trafficking. Furthermore, 

components of the Wnt/Wg pathway such as Dsh and GSK3β undergo independent 
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endosomal trafficking for their activity and localization, which can also regulate the 

signalling outcome. We here show that Mop promotes the endosomal sorting machinery 

of Wnt/Wg and its receptor Fz.  In its absence both Wg and Fz are trapped in endosomal 

vesicles where they can neither signal nor be degraded. This accumulation of Wnt/Wg 

and its receptors has different effects in the signal sending and signal receiving cells. 

Whereas in the signal sending cells, accumulation of Wg and Wls results in reduced Wg 

production, in the receiving cell it reduces the signalling activity by removing Fz from the 

membrane. These results favour the hypothesis that early to late endosomal trafficking is 

necessary for the Wnt/Wg pathway (Seto and Bellen, 2006). Upon internalization, 

Wnt/Wg and its pathway components travel from the early to the late endosome. At the 

late endosome while Wg travels to the lysosome for degradation, the receptor Fz 

(depending on its ubiquitination level) either travels to lysosomes for degradation or the 

deubiquitinated Fz recycles back to the membrane. Thus, blocking this trafficking route 

impairs the Wnt/Wg pathway. As Mop interacts with members of the ECRT complex, it 

will be interesting to study the role of the ESCRT complexes in regulating the Wnt/Wg 

pathway activity to understand how the sorting from MVB to lysosome affects the 

Wnt/Wg pathway. 

Is Mop a general or a specific regulator of endocytosis? 

Loss of mop is associated with defects in EGFR signalling, the Hippo pathway 

and the Toll innate immunity in Drosophila (Miura et al. 2008; Huang et al. 2010; Gilbert 

et al. 2011; Chen et al. 2012) . We and others (Miura et al., 2008) have shown that Mop 

loss leads to impaired trafficking components which results in defects in Wnt signalling. 

However target gene expression of other pathways such as Hh, Notch and Dpp are 

unaffected. It is therefore unclear whether Mop’s role is towards regulating specific 

signalling networks, or endocytosis more generally.  

Among endosomal components, while Hrs and Rab7 are affected by the absence 

of Mop, the majority of the endosomal markers including Rab5, Rab11, Dor, and VPS16 

are localized normally. It is therefore unclear whether Mop has a dedicated role in 

regulating trafficking of a few signalling networks and not as a general regulator of 

endosomal trafficking of proteins. 
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We propose that since Mop regulates the stability of Hrs in the cell, which is 

crucial for the MVB trafficking of receptors in general, it is a general regulator of 

endocytic trafficking machinery. However signalling networks such as EGFR, Toll, 

Wnt/Wg and Hippo are especially sensitive to the changes caused by the reduction in 

Mop. In contrast many other signalling networks are able to bypass the effect caused by 

the loss of Mop. Future study may reflect on how different signalling networks act 

differentially upon the absence of Mop. 

Regulation of wg transcription by the PP4 complex 

In chapter 5 the characterization of the serine threonine phosphatase, PP4, is 

discussed. We show that the PP4 complex regulates the transcription of wg by 

promoting the expression of the Notch pathway components in Drosophila wing disc. 

Unlike Mop, PP4 is a phosphatase with a functionally active phosphatase domain. 

Although the Notch pathway is well studied in different developmental contexts, only a 

few protein phosphatases are linked with this pathway. We show that both the catalytic 

and the regulatory subunits of the PP4 complex are essential for the expression of the 

Notch pathway components. As the regulatory subunit of a phosphatase recognizes the 

substrate protein and the catalytic subunit catalyzes the enzymatic reaction, the 

involvement of all the subunits of PP4 hints at an important regulation of Notch 

components. Future studies will be helpful in recognising the substrate of PP4 in the 

Notch pathway and the mechanism underlying the Notch pathway regulation. 

Additionally, we and others show that PP4 regulates growth in different 

Drosophila tissues (Sousa-Nunes et al., 2009). It will be invaluable to decipher whether 

the growth defects seen in PP4 mutants are caused by its interaction with the apical 

basal polarity complex or the Notch pathway components. As both Notch and apical 

basal polarity complexes are related to growth, it is also tempting to speculate that PP4 

regulates growth by affecting both the pathways.  

PP4 proteins are emerging as important components of multiple signalling 

networks and developmental processes. Here we describe a role of PP4 as a Notch 

pathway regulator and shed light on the placement of this protein in the pathway. By 

affecting Notch, PP4 indirectly modulates the outcome of the Wg pathway. Given that 
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PP4 is a catalytically active phosphatase, further biochemical and transgenic studies 

using a phosphatase domain mutated PP4 will be useful to study the functional 

significance of this domain. Additionally, as the regulatory domains are equally effective 

in the regulation the Notch pathway components, it might also function in a phosphatase 

independent manner, acting as a scaffolding protein. However, it is more likely that all 

three subunits are needed for function, so mutation of any of the three would cause a 

similar defect. Future work will be necessary to unravel the molecular significance of 

different subunits of PP4. 

Finally, the Drosophila wing imaginal disc has proved to be an invaluable tool for 

studying the Wnt/Wg pathway. The work presented here supports the notion that the 

wing provides a powerful system in which to address the regulation of the Wnt/Wg 

pathway at different levels. 
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Chapter 7.  
 
Material and Methods 

 Drosophila Genetics 

Fly strains used in the various crosses were: wg-Gal4 (ND382)/Cyo, Hh-

Gal4/TM6B, en-gal4, UAS-GFP/Cyo (gift from Konrad Basler), C5-Gal4/TM6b (gift from 

Hugo Bellen), MS1096-Gal4;dpp-lacz (gift from A. Zhu), hs-flp;;Act>CD2>UAS-

GAL4,UAS-GFP/SM6~TM6 (gift from Bruce Edgar), dpp-Gal4/TM6B, pnr-Gal4, ap-

Gal4/Cyo, UAS-LacZ and UAS-GFP (Bloomington Drosophila Stock Center) .  

The following RNAi lines obtained from Vienna Drosophila RNAi Center (Dietzl et 

al., 2007): mop (VDRC 104860, 14174, Trip 34085), dsh (VDRC), dor (VDRC), ubpy 

(VDRC 107623), hrs (Trip 28026, 33900, 34086), cbl (Trip 27500), flfl (24143,103793), 

PP4at19C ( 25317, 103317, 43250), PP4R2R ( 25445, 105399), apkc (Bloomington) . 

Other fly lines used are UAS Hrs (Hugo Bellen),UAS CD63 (Suzanne Eaton), 

UAS Flag Mop, UAS Mop on II , UAS Mop on III, UAS Mop CS (Jessica Treissman). . 

ubpy RNAi (Satoshi Goto), ubpy RNAi, UAS Flag Ubpy (Junzheng Zhang). UAS-N[nucl] 

on II, UAS Flfl, UAS Flfl 3NLS+2NES, UAS Flfl 3NLS, UAS Flfl delta 3NLS, UAS Flfl 

CAAX (Sousa-Nunes et al., 2009) (Zoltan Lipinszki), UAS aPKC GFP (Bloomington) . 

For G-Trace analysis following lines were used from Bloomington:  w[*]; P(UAS-

Red Stinger}4, P{UAS-FLP1.D}JD1, P{Ubi-p63E(FRT.STOP)Stinger}9F6/CyO, w[*]; 

P(UAS-RedStinger}6, P{UAS-FLP.Exel}3, P{Ubi-p63E(FRT.STOP)Stinger}15F2 and 

w[*]; P{UAS-FLP.Exel}3, P{Ubi p63E(FRT.STOP)Stinger}15F2 (Evans et al., 2009). 

All wild-type flies used are w1118, and all crosses were performed according to 

standard procedures at 25°C. Unless indicated, the VDRC 104860 mop RNAi line was 
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used. In genetic interaction assays examining interaction between two UAS transgenes, 

control crosses were performed with UAS-GFP to eliminate effects caused by titration of 

Gal4.  

 RNAi knockdown  

In all RNAi misexpression experiments, we co-expressed UAS-dicer 2 (dcr-2) to 

enhance the knockdown efficiency. 

 Mosaic Analysis 

mop somatic clones were generated by crossing mop t612 and hs-flp, GFP, 

FRT80 strains and heat shocking progeny 48 hrs AEL at 37C for 1.5 hours. mop 

MARCM clones were generated by crossing mop t612 with MARCM 80 and heat shocking 

progeny 48 hrs AEL at 37C for 1.5 hours. 

 Immunohistochemistry of the wing imaginal disc 

Third instar wing imaginal discs were dissected in PBS. Discs were fixed in 4% 

paraformaldehyde at room temperature for 20 minutes and washed 3 times for 5 minutes 

in PBST.  Discs were blocked (2% BSA in PBST) for 45 minutes at room temperature 

and then incubated with primary antibodies (diluted in PBST) overnight at 4°C. Antibody 

staining was performed according to standard protocols (Lee et al., 2009). The following 

primary antibodies and dilutions were used: 1:100 anti-Wg 4D4, 1:50 anti-Ci, 1:100 anti-

Cut, 1:50 anti-Armadillo, 1:500 anti NICD,  1:500 anti NECD, 1:500 anti-Delta , 1:50 anti-

Fz (BSDB), 1:1000 anti-β-galactosidase (Promega, 1:100), anti-cleaved Casp3 (Cell 

Signaling Technology), 1:500 anti-Wls (Konrad Basler) , 1:500 anti-Sens, 1:300 anti-Hrs 

(Hugo Bellen), 1:300 anti-Dll (Ian Duncan), 1:1000 anti-Rab5, 1.3000 anti-Rab7, 1: 3000 

anti-Rab11 (Satoshi Goto), 1: 200 anti-Dor, 1:500 anti-VPS16 (Helmut Kramer), 1:5000 

anti-Coracle (Richard Fehon), 1:200 anti-Mop (ABCAM: CG9311), 1:1000 anti 

ubiquitinated proteins FK2, 1:1000 mono and poly ubiquitinated conjugates (Enzo Life 
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Sciences) and 1:1000 anti-Arrow (Steven Dinardo). Ex Wg staining was done according 

to standard protocol (Strigini and Cohen, 2000). Discs were washed 5 times for 5 

minutes each using PBST and incubated with fluorescent secondary antibodies (1:400 in 

PBST) (Jackson Immunolabs) for 2 hours at room temperature.  Discs were then 

washed 5 times for 5 minutes each in PBST and mounted in Vectashield (Vector 

Laboratories).  Female adult wings were mounted in Aquatex (EM Science).  

 Dextran and Lysotracker staining 

 Dextran uptake assay in wing imaginal discs was performed as described 

in (Entchev et al., 2000) with the following modifications: all steps were performed in 

insect medium and third instar wing discs were incubated in 0.1 mM Texas-Red dextran 

(lysine fixable, MW3000; Molecular Probes) in insect media at 25°C (pulse) followed by 

3-5-min washes in ice-cold insect media. To visualize early and late endosomes, discs 

were chased for 5 and 20 mins respectively in insect media at 25°C. Following the 

chase, discs were fixed in 4% paraformaldehyde for 20 min at room temperature and 

after being washed three times for 5 min in PBS, samples were mounted on microscope 

slides. To quantify the dextran positive vesicles in control and mop mutant tissues, an 

equal sized region of interest was selected in the corresponding wing discs that were 

chased for 20 min and total number of dextran positive punctae were counted and 

averaged to be plotted. (N=10). 

For LysoTracker staining, wing discs were dissected in insect media and 

incubated with 50 μM LysoTracker DND-99 (Invitrogen, Carlsbad, CA) in PBS for 10 min 

at RT in the dark. The samples were then washed three times with ice cold PBS and 

fixed in 4% paraformaldehyde solution for 20 min. After being washed three times in 

PBS, samples were mounted with Vectashield. 

 E64 and MG132 treatment of wing discs 

In some experiments, third-instar wing discs were dissected and incubated at 

25°C for 4 hours in complete Drosophila insect cell medium  supplemented with either 
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lysosomal [E64 (50 μM; Sigma)]; or proteasomal [MG132 (50 μM; Sigma)] inhibitors 

before fixation. 

  Proximity Ligation Assay  

Proximity Ligation Assay (PLA) is regarded as a “recent addition to a proteomic 

biologist’s toolbox” (Weibrecht et al., 2010). PLA assay is used to identify if two proteins 

are in close proximity and therefore could potentially form a complex and thus can 

interact with each other. PLA assay has gained popularity over the last few years 

because of its simpler method and easy detection of protein complex formation.  

In this method, unconjugated primary antibodies from different species are used. 

These primary antibodies were then detected by secondary antibodies covalently 

coupled to oligonucleotides known as ‘proximity probes’. In this modified assay, only 

when both the primary antibodies and the probes are bound to each other, can the 

proximity-dependent ligation and amplification of a circular DNA reporter molecule occur 

(Jarvius et al., 2007; Söderberg et al., 2006). 

For our assays, PLA was performed with the Duo link PLA kit. Drosophila wing 

discs were dissected in PBS and washed in PBT for 10 minutes (´ 3) and blocked with 

1% BSA for 1 hour. The discs were then incubated with primary antibodies overnight at 

4 ° C. Followed by wash with PBT for 10 minutes (´ 3). The remaining process was done 

in dark. The discs were then incubated for 1 hour at 37 ° C with PLA probes diluted in 

1%BSA. Followed by Ligation at 37 ° C for 30 minutes and amplification at 37 ° C for 100 

minutes. After final wash the discs were mounted with DAPI (Wang et al., 2014 in press). 

PLA positive red dots in areas of control and knockdown tissues of comparable size 

were counted and plotted as a bar graph. 
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  Cell Culture, Transfection and Immunohistochemistry, 
transcription assays 
  

L Wnt-3a cells and L cells (Ramanuj Dasgupta) were cultured at 37 °C in DMEM 

supplemented with 10% FBS (Invitrogen). Cells were transfected 24 hours after seeding 

with siRNA constructs of GAPDH and HDPTP (Cedarlane) by using RNAi max 

transfection reagent (Invitrogen) according to the manufacturer's instructions. The cells 

were lysed 48 hours after transfection by using lysis buffer (Cell Signaling Technology) 

supplemented with protease inhibitors (Roche). Wnt media was collected from WntL3A 

cells after 48 hours of seeding. The following primary antibodies were used for cell 

immunostaining: anti-Wnt3A (1:200, Cell signaling), anti-EEA1 (1:300, ABCAM). Anti-

Lamp (1: 300, cell signaling), anti Fz (1:100, cell signalling). 

Luciferase Assay was performed with Promega Dual Luciferase reporter Assay 

system as per manufacturer’s protocol. Topflash and Fopflash plasmids were used to 

carry out the experiment. The value shown here is the average of three separate 

experiments.  

 Western Blot Analysis 

Protein lysates were prepared from cells according to standard procedures 

(Swarup and Verheyen, 2011).  Denatured proteins were separated on 10% SDS-PAGE 

gels and transferred to nitrocellulose membranes.  Membranes were blocked using 2% 

BSA in 0.1% Triton X-100 TBS (TBST) for 1 hour at room temperature and incubated 

overnight at 4°C using primary antibodies (diluted in TBST).  The following primary 

antibodies were used: anti-Tubulin (1:500), anti-Actin (1:500) (SIGMA), anti-Wnt-3A 

(1:500, Cell signaling), anti-HDPTP (1:300, Cedarlane), anti-GAPDH (1:500, Cedarlane), 

anti-β-catenin (1:500, R&D) anti-ubiquitins (1:300, Enzo Life Sciences).  Membranes 

were washed 5 times for 5 min each in TBST before being probed with HRP-conjugated 

secondary antibodies (1:5000 diluted in TBST) (Santa Cruz) for 1.5 hours at room 

temperature.  Membranes were washed 3 times for 10 min each in TBST and visualized 
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using the Enhanced Chemiluminescence System (GE Healthcare).  To collect Wnt 

supernatants we followed the protocol described in Bartscherer et al., 2006. 

 Electron Microscopy 

For the analysis, third instar larvae of MS1096-Gal4> mop RNAi were dissected 

and immediately fixed with 2.5% glutaraldehyde in PBS for 15 min. After washing in PBS 

three times for 5 min each, they were stained for 1% OsO4 for an hour. Discs were then 

washed in PBP for 3 times at 15 min each. After dehydration in an alcohol series (50%, 

70%, 96%, 2 × 100% 15 min each) the discs were embedded in Epon/prop oxide 

overnight and then washed in 100% Epon for 4 times each for an hour and polymerized. 

Thin sections were cut with a Reichert Ultracut E microtome and imaged with a 

JEM1011 transmission electron microscope (images were taken with the generous help 

from Dr. Donna Stolz Lab, University of Pittsburgh). To quantitate the presence of 

double-layered malformed phagolysosomal structures, 30 discs of mop and 15 of control 

discs were observed and changes in lysosomal structure (overall size and shape) in 

each disc were quantified and plotted. To compare the overall organelle structure, we 

looked at overall structure and morphology of nucleus and mitochondria and changes in 

these structures in mop mutant as compared to control were not significant. 

 Immuno Electron Microscopy 

For the analysis, third instar larvae of MS1096-Gal4> UAS Fz2Myc and MS1096-

Gal4>mop RNAi; UAS Fz2Myc were dissected and immediately fixed with 4% 

paraformaldehyde, and 0.1% glutaraldehyde in PBS (pH 7.4) for 4-6 hours. After 

washing in 0.1M PBS three times for 15 min each, the discs were dehydrated in graded 

series of alcohol (in PBS) for 15 minutes each (30%, 50%, 70%, 90%, 3 × 100% 15 min 

each). The discs were then infiltrated with LR White resin in 2 one hour changes and 

embedded in LR White resin. Thin sections were cut with a Reichert Ultracut E 

microtome and imaged with a JEM1011 transmission electron microscope (images were 

taken with the generous help from Dr. Donna Stolz Lab, University of Pittsburgh). To 
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quantitate the localization of Myc fz in control and affected tissue, 20 discs of mop and 

10 of control discs were observed.  

 Image Analysis   

Images were taken with a Nikon A1R laser scanning confocal microscope and 

processed using Adobe Photoshop CS3 (San Jose, CA). Using G-Trace analysis of wg-

Gal4, real time expression of Wg was found to be very weak, therefore maximum laser 

power was used to see the effect.  

For measurements of colocalization between two proteins in the Drosophila wing 

imaginal disc, images were analyzed with NLS software (Nikon Elements 3.10). 

Colocalization was measured by finding the Pearson’s Coefficient (p) of 6 different wing 

discs. Pearson's coefficient represents intensity correlation of all non-zero pixels that 

overlay in images of two channels. It measures the linear correlation between two 

different proteins X and Y. If there is a complete correlation between the proteins, the p 

value gets +1 whereas no correlation is denoted as -1. Any value between +1 to -1 

represents partial to complete overlap between the proteins.  

The formula which is used to find out P value between two proteins X and Y is  

 

Where:  

cov is the covariance  

 And Y is the standard deviation of X and Y 

Whereas quantifying colocalization values between two proteins using Pearson’s 

method has some advantages as easy analysis and interpretation of data, it also has some 

limitations. Peason’s method measures only linear relationship between the two proteins.  
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If the relationship is not linear then the result is inaccurate. Furthermore, a high degree of 

correlation does not always mean a high degree of relationship between the proteins.  

 Statistical Analysis of data 

Statistical significance of colocalization and comparative quantification of 

structures were calculated by unpaired Student's t test. Error bar represents standard 

Error.  

 Adult wing mounting 

Adult wings were dissected and rinsed in 100% ethanol followed by mounting in 

Aquatex (EM Science). 6 wings of each genotype were analyzed. 
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198 

Appendix B.   
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