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Introduction 
 
During embryonic development a complete animal must form from a single fertilized egg. 
From this single cell all tissues and cell types in the adult organism must develop. To achieve 
this, it is necessary that cells proliferate and differentiate. Differentiation and proliferation of 
cells are controlled tightly. Aberrant decisions during differentiation in a developing 
organism may have serious consequences like failure of organ function. Aberrant 
proliferation may cause cancer later in life.  
Cells commonly differentiate to their specific fate in response to external signals. It is 
therefore important that intercellular signaling is correctly regulated. In a typical signaling 
pathway, a specific molecule is formed in a specific cell or group of cells. If this signaling 
molecule can elicit responses in a concentration dependent manner, this molecule has the 
characteristics of a morphogen (Wolpert, 2002) (figure 1).  
 

 
 
Figure 1: Mechanism of morphogen action. A morphogen is produced in specific cells, it forms 
a concentration gradient along the tissue that must be patterned. The morphogen induces gene 
expression in a concentration dependent manner. 
 
The mechanism of action of a morphogen proceeds along several steps. First, the 
morphogen must be released from the morphogen producing cell. Tight regulation of 
morphogen production is important as misregulation may cause developmental defects and 
cancer. Subsequently, the morphogen must form a gradient along the tissue that must be 
patterned. This gradient must be regulated because different target genes will be expressed 
depending on the local concentration of the morphogen. Finally, the cell membrane of the 
target cell forms a barrier for most morphogens. The signal elicited by the morphogen must 
pass the cell membrane and must be transduced intracellularly to induce expression of target 
genes. To this end, specific cell surface receptors on the receiving cell bind the morphogen 
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and specific signal transduction pathways are in place. Through the action of the cell surface 
receptors and signal transduction pathways, the extracellular morphogen concentration can 
be interpreted by the receiving cell. The cell can subsequently express the correct genes and 
follow the correct differentiation program (figure1). 
 
The general description above suits the mechanism of action of ‘your favorite morphogen’. 
My favorite morphogen is Wnt. The Wnt family of secreted signaling molecules has many 
members (19 in humans) and has important roles in many biological processes ranging from 
embryonic patterning to stem cell maintenance and tissue regeneration (Logan and Nusse, 
2004). Misregulation of Wnt signaling is implicated in many forms of cancer (Klaus and 
Birchmeier, 2008). 
In fact, Wnt family members were first identified in cancer formation and embryonic 
patterning (Nusse and Varmus, 1982; Nusslein-Volhard and Wieschaus, 1980). Int was 
identified as the site where mouse mammary tumour viruses preferentially integrated, causing 
cancer. The Wingless (Wg) gene was identified in fruit flies with a defect in segmental 
patterning. Researchers realized that these two independently identified genes belonged to 
the same family because of sequence similarities. This family was named the Wnt family (for 
Wingless and Int) (Miller, 2002). Wnt signaling has been intensively studied since.  
Most research into Wnt signaling has been based on genetics in models organisms such as 
Drosophila melanogaster, Caenorhabditis elegans and the mouse. Also much research has been 
performed on Wnt signaling in cancer tissue. The main mechanisms of the Wnt signal 
transduction pathway have been elucidated by biochemical methods. 
 
In this thesis, I will discuss recent findings about the role of cellular internalization pathways 
in Wnt signaling. Recent papers have focused on this topic and I will give an overview of the 
relevance of internalization pathways for Wnt signaling.  
I will start by giving a general overview of internalization pathways and the molecular 
mechanisms that they use. Subsequently, I will discuss the relevance of the various 
internalization pathways in the various steps of Wnt signaling. First, I will discuss the 
importance of internalization in the Wnt producing cell for Wnt secretion. Paradoxally, 
internalization in the Wnt sending cell is required to export Wnt from the cell. In the next 
chapter, the formation of the Wnt gradient along the tissue that must be patterned will be 
discussed. The role of internalization pathways in Wnt gradient modulation will also be 
discussed. The fifth chapter will focus on the importance of internalization for Wnt signal 
transduction in the Wnt receiving cell. In the concluding chapter I hope to convince you of 
the importance of internalization for Wnt signaling in all steps of Wnt signaling, from Wnt 
signal production to reception of the Wnt signal. 
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Internalization pathways 
 
Eukaryotic cells have an intricate architecture. The genetic material is stored in the nucleus, 
where it is surrounded and protected by the nuclear envelop, a double membrane structure. 
The cell is subdivided in membranous compartments. The boundary of the cell is formed by 
the plasma membrane. This architecture enables the cell to create microenvironments in the 
various compartments to suit its needs. For instance, hydrolyzing enzymes are present in the 
lysosome, where the pH is low. At the same time, the redox characteristics of the 
endoplasmic reticulum favor the correct folding of various proteins. These conditions 
contrast with the pH and redox characteristics of the cytoplasm. By subdivision into various 
compartments the cell can create the optimal microenvironment for different biological 
processes at the same time in one compartment, without interfering with other processes in 
a different compartment.  
This organization of the eukaryotic cell poses several challenges. Transport of molecules 
from one compartment to the other must somehow overcome the membranous boundaries. 
Specialized transport processes occur in the cell to cope with these challenges (Alberts, 
2002). Perhaps the most important boundary for the cell is formed by the plasma membrane. 
This lipid bilayer of about 10 nm thick forms the border between cell and the outside world. 
While maintaining the border between cell and surroundings, the cell must exchange 
molecules with its surroundings. Small molecules and ions may be taken up though 
transmembrane channels. Specific molecules can enter into the cytoplasm through these 
protein channels. The cell can also take up molecules from its surroundings via vesicles. 
These vesicles bud inward from the plasma membrane and contain molecules from the 
outside environment. This process is called endocytosis. By endocytosis, a small volume of 
extracellular material is encapsulated in a membranous vesicle inside the cytosol (Alberts, 
2002).  
In general, endocytosis proceeds along several steps. First, the molecules to be internalized 
have to come in close proximity to the plasma membrane. In many cases cell surface 
receptors bind molecules in the extracellular medium. These molecules can subsequently be 
endocytosed. This mechanism is called receptor mediated endocytosis.  
Next, the plasma membrane has to deform to surround the material that will be 
endocytosed. This can be achieved by an inward invagination of the plasma membrane. 
When the membrane has deformed to surround the material that will be endocytosed, the 
plasma membrane must fuse to generate an internalized vesicle (Alberts, 2002).  
Several distinct mechanisms exist that deform the membrane and pinch off the vesicle. Here, 
mechanisms of clathrin dependent and some clathrin independent mechanisms will be 
discussed.  
 
Clathrin mediated endocytosis 
The best studied endocytosis pathway is clathrin mediated endocytosis. In this pathway, 
clathrin is the main player. Clathrin is present in the cytosol. It has a specific, three legged 
structure called a triskelion. In response to specific cues, the clathrin molecules can aggregate 
at the plasmsmembrane and form a coat. Due to the structure of the clathrin molecules, this 
coat will deform the membrane into an inward invagination, which is called a clathrin coated 
pit. This clathrin coated pit can be pinched off from the membrane through the action of the 
GTP-ase dynamin. In this way a clathrin coated vesicle is formed. Inside the cytosol, the 
clathrin coat is rapidly lost (Alberts, 2002).  



Internalization pathways 
____________________________________________________________________________________ 

________________________________________________________________________ 
 
Reinoud de Groot  

5

Clathrin mediated endocytosis can internalize specific molecules. This specificity is mediated 
though cell surface receptors. These are transmembrane proteins that interact with specific 
extracellular molecules and subsequently initiate endocytosis.  
Receptors do not interact directly with clathrin at the cytoplasmic side. Instead, the 
interaction between clathrin and transmembrane receptors is mediated by adaptor proteins. 
Several different adaptors exist. The best known adaptor complex is AP-2. AP-2 forms a 
heterotetramer. The large α subunit interacts with phosphatiodylinositol4,5-bisphosphate 
(PdtIns(4,5)P2), which is a lipid component of the plasma membrane. The β2 subunit 
contains a clathrin box, which associates with the clathrin molecules. The μ2 subunit directly 
interacts with the transmembrane cargo. The small σ subunit has a structural role. Together 
the AP-2 complex subunits connect transmembrane cargo that must be internalized to 
clathrin and help to form the clathrin lattice that deforms the plasma membrane (Traub, 
2003).  
Besides AP-2, other adaptor proteins exist that can link clathrin to transmembrane proteins. 
These alternative adaptors include β-arrestin 1 and 2, which have an important role in the 
internalization of G-protein coupled receptors.  
The epsin family is another group of adaptor proteins. Members of the epsin family have a 
PdtIns(4,5)P2-binding domain and colocalize with clathrin. Mammalian epsin has an 
ubiquitin interactin motif (UIM). By this UIM, specific ubiquitin moieties are recognized. 
Ubiquitin is a protein that can be attached to specific proteins. The attachment of a string of 
multiple ubiquitin proteins (poly-ubiquitinylation) can be a signal for proteasomal 
degradation. Other types of (mono) ubiquitinylation can be specific sorting signals, for 
instance for endocytosis (Traub, 2003). 
 

 
 

Figure 2: Internalization pathways. During endocytosis, the plasma membrane must be 
deformed, this can be accomplished by a clathrin coat, by caveolin, or via clathrin and caveolin 
independent mechanisms. The endocytic vesicle can be pinched off by dynamin, or via a 
dynamin independent mechanism. Most endocytosed vesicles fuse with early endosomes 
(adapted from (Mayor and Pagano, 2007)). 
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Clathrin independent endocytosis 
Besides clathrin mediated internalization pathways, clathrin independent internalization 
pathways exist. These clathrin independent internalization pathways can be subdivided in 
dynamin dependent and dynamin independent pathways (Mayor and Pagano, 2007). One 
dynamin dependent, clathrin independent internalization pathway depends on caveolin. 
Caveolin is a membrane protein, but in contrast to transmembrane proteins it does not span 
the membrane, but is inserted into the cytoplasmic side of the membrane. In this way, 
caveolin can deform the membrane to form flask-like invaginations. These invaginations are 
called caveolae and do not possess a coat. Caveolar membranes have a specific lipid 
composition, rich in sphingolipids and cholesterol. Glycosyl phosphatidylinositol (GPI)-
anchored proteins are enriched in caveolae. It is thought that these lipids and specific 
proteins may form membrane micro domains or lipid rafts. The precise nature and 
characteristics of these rafts remain to be elucidated. It is clear however, that endocytosis 
through claveolae is an important internalization pathway (Mayor and Pagano, 2007). 
Another dynamin dependent, clathrin independent internalization pathway is regulated by 
RhoA. The small GTP-ase RhoA is known to be a regulator of the actin cytoskeleton. The 
actin machinery is involved in endocytosis via the RhoA dependent pathway (Mayor and 
Pagano, 2007). 
Clathrin independent, dynamin independent pathways are the least well comprehended 
internalization pathways. The action of the small GTP-ases cdc42 and arf-6 has been 
implicated in two of these pathways. Vesicles that are formed by these pathways form 
clathrin and dynamin independent carriers (CLICs) (Mayor and Pagano, 2007).  
 
The endocytic pathway 
In general, all internalization vesicles that are formed by either of these internalization 
pathways are delivered to early endosomes. Early endosomes are intracellular vesicles that 
are important for the sorting of endocytosed material. Early endosomes and endocytic 
vesicles often carry the small GTP-ase rab-5 on their membrane. Rab-5 is a key regulator in 
the early endocytic pathway (Somsel Rodman and Wandinger-Ness, 2000).  
From early endosomes, molecules can be recycled back to the plasma membrane. 
Alternatively, molecules are sent for degradation after they entered the early endosome. In 
this case molecules are transported to lysosomes, or early endosomes may mature to late 
endosomes/lysosomes. In lysosomes hydrolyzing enzymes are active that will degrade 
proteins and other molecules (Alberts, 2002).  
Multi-ubiquitinylation of proteins can act as a sorting signal to target proteins to lysosomes. 
HRS (hepatocyte-growth-factor-regulated tyrosine kinase substrate) can recognize these 
ubiquitin modifications and sort proteins to the ESCRT (endosomal sorting complex 
required for transport) complex. This will lead to the sorting of the cargo to vesicles in the 
lumen of multivesicular bodies. Here, the cargo will be degraded (Le Roy and Wrana, 2005).  
 
Internalization in intercellular signaling 
Various signal transduction pathways require endocytosis to modulate the signal (Le Roy and 
Wrana, 2005). In some instances, internalization is required to terminate signaling. 
Termination of signaling can be achieved by lysosomal degradation of the receptor and/or 
the ligand. In other cases, a signal transduction pathway may be activated from an 
intracellular vesicle. The relevance of internalization for Wnt signaling in the Wnt responsive 
cell is under debate and will be discussed in the fifth chapter. Here, I will give an example of 
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the relevance of internalization for the EGFR signal transduction pathway to illustrate the 
importance of endocytosis for cell signaling. 
The role of endocytosis is well characterized in the EGFR (epidermal growth factor 
receptor) signal transduction pathway. Binding of EGF causes the formation of EGFR 
dimers. EGF receptors have tyrosine kinase activity. The EGFR dimerization induces 
crossphospholylation of the receptors. This is the first step in a signal transduction pathway 
that ultimately induces transcription of specific genes (Citri and Yarden, 2006). EGF 
stimulation also induces EGFR endocytosis in addition to EGFR dimer fromation.  
After endocytosis, the EGFR is multi-ubiquitinylated by Cbl, and sorted to multivesicular 
bodies where the receptor is degraded. In this way, receptor internalization causes receptor 
downregulation and signal termination (von Zastrow and Sorkin, 2007).  
EGFR signaling probably does not only occur at the plasma membrane. Various 
components of the EGFR signal transduction pathway were found at the membrane of 
endosomes. Therefore, it is very likely that EGFR also signal from endosomes. However, it 
is not clear if EGFR signaling from the plasma membrane differs from signaling from 
endosomes qualitatively or quantitatively (von Zastrow and Sorkin, 2007). 
This example of EGFR signaling underscores the importance of internalization for this 
signal transduction pathway. Receptor internalization followed by receptor degradation 
terminates signaling and modulates the cell responsiveness to EGF signals. Active EGFR at 
endosomal membranes may transduce a different signal compared to EGFR at the plasma 
membrane. 
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Wnt secretion 
 
The Wnt family of secreted signaling molecules is characterized by similarities in the gene 
sequence. Wnts have a size of 350 to 380 aminoacids. Wnts contain conserved cysteine 
residues (Miller, 2002). The Wnt family is evolutionary conserved, and is found in all 
metazoans from the sea anemone Nematostella vectensis to Caenorhabditis elegans, Drosophila 
melanogaster and vertebrates (Guder et al., 2006). In all these organisms Wnts play important 
roles during development. The body axis of Xenopus is determined by Wnt signaling, Wnt 
signaling specifies endoderm in C. elegans and segmentation in Drosophila is governed by Wnt. 
There are many more examples of developmental processes that are regulated by Wnts 
(Clevers, 2006).  
 
Wnt post-translational modifications 
Wnts have been intensively studied because of their important biological roles. One problem 
that hampered research in the Wnt field is the fact that it is not easy to isolate Wnt. An 
important factor is the fact that Wnts are hydrophobic. The hydrophobic nature of Wnt 
molecules is caused by lipid modifications. Willert and coworkers identified a palmitoyl 
moiety on a conserved cysteine residue in Wnt3a by mass spectrometry. In addition, they 
found that Wnt molecules that are not lipid modified on cys77 could be secreted but could 
no longer induce Wnt signaling in receiving cells (Willert et al., 2003).  
Besides the palmitoyl modification on cys77, another lipid modification was identified in 
Wnt3a (Takada et al., 2006). The conserved ser209 residue of Wnt3a is modified by 
palmitoleic acid. Wnt3a defective in this lipid modification is no longer secreted, but is 
retained in the endoplasmic reticulum (ER) of the producing cells.  
Franch-Marro et al. used the wing imaginal disc of Drosophila as an in vivo system to study the 
role of the lipid modifications of Wingless (Wg), a Drosophila Wnt homologue. They found 
that Wg palmytoylation is essential for signal reception at the cell surface. Moreover, Wg 
deficient in palmitoylation inefficiently exits the ER. The palmitoleic acid modification was 
not absolutely essential for Wg secretion from Wg producing cells, but it is required for full 
signaling activity (Franch-Marro et al., 2008a). 
Research by Kadowaki and coworkers and Zhai and coworkers found one player, Porcupine, 
which is required for the lipid modification of Wnt. Porcupine is an ER resident member of 
the membrane bound O-acylation transferase family. Porcupine mutants phenocopy Wg 
mutants, and in de absence of Porcupine there is no functional Wnt signaling (Kadowaki et 
al., 1996; Zhai et al., 2004). Therefore, Pocupine is likely involved in the lipid modification of 
Wnt. 
Lipid modification is not the only post-translational modification of Wnt family members. 
Wnts are also glycosylated. Wnt is glycosylated by the membrane associated oligosaccharyl 
transferase (OST) complex. The glycosylation of Wnt is believed to be important for the 
correct folding of Wnt (Komekado et al., 2007; Tanaka et al., 2002) . 
Although most Wnt molecules are lipid modified, recently a Wnt gene was identified that 
lacks such lipid modifications. The Drosophila Wnt family member WntD lacks lipid 
modifications and is still efficiently secreted from producing cells (Ching et al., 2008).  
 
From Golgi to plasma membrane; the role of Wntless 
Wnts likely undergo their lipid modifications in the ER, this depends on Porcupine. The 
lipid modifications confer a hydrophobic character on Wnt molecules. In 2006 several 
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groups reported the identification of a novel gene that is required for Wnt secretion 
(Banziger et al., 2006; Bartscherer et al., 2006; Goodman et al., 2006). This gene was called 
Wntless, Evenness Interrupted or Sprinter by the various authors, but I will from now refer 
to this gene as Wntless.  
Banziger et al. identified Wntless in a screen for suppressors of a Wg gain-of-function 
phenotype. They could subsequently show that Wntless is required in the Wg producing cell 
and that Wg is retained in the Wg producing cell in the absence of Wntless. They 
subsequently showed Wntless is also required in mammalian cells for Wnt secretion and that 
Wntless and Wnt interact and colocalize in the secretory pathway. They also discovered that 
mom-3/mig-14 is the C. elegans ortholog of Wntless. These results indicated Wntless is an 
evolutionary conserved gene that is required in the Wnt producing cell for Wnt secretion 
(Banziger et al., 2006).  
Bartscherer et al. identified Wntless (or EVI, as they called it) in an RNAi screen in Drosophila 
tissue culture cells for transmembrane proteins that could suppress Wg signaling. They also 
found that Wntless is required in Wg producing cells for Wg secretion (Bartscherer et al., 
2006).  
Similar results were obtained by Goodman et al., who identified Wntless in a ‘maternal effect’ 
screen for Drosophila embryos with a ‘lawn of denticles phenotype’. The formation of 
denticles on the epidermis of Drosophila embryos depends on Wg signaling. These 
researchers also concluded that Wntless is required in Wnt producing cells for Wnt secretion 
(Goodman et al., 2006).  
The data from these three groups showed that Wntless is a factor that is specifically required 
for Wnt secretion as the functionally related Hedgehog signaling pathway was unaffected in 
Wntless mutants. The precise role of Wntless in Wnt secretion was not elucidated yet. 
In the same year, two groups of C. elegans researchers independently identified the retromer 
complex as an important factor in Wnt sending cells. Coudreuse et al. investigated the 
migration of the daughters of the QL neuroblast. In response to an egl-20/Wnt signal that 
emanates from the tail of the worm, these cells migrate posteriorly. If the Wnt signal is 
absent, or Wnt signal transduction is abrogated, the cells move anteriorly. The direction of 
migration can easily be detected in worms that express a GFP reporter in the Q neuroblast 
descendants. This simple readout of functional Wnt signaling enabled the researchers to 
perform a genomewide RNAi screen for genes that caused anterior migration of the Ql 
daughter. VPS-35, a component of the retromer complex was identified (Coudreuse et al., 
2006). The retromer is a multisubunit complex that was originally identified in yeast where it 
mediated the endosome to Golgi trafficking of VPS10 (Seaman et al., 1998). VPS35 was 
found to be required in Wnt producing cells for the formation of a long range Wnt gradient. 
This function was found to be evolutionary conserved (Coudreuse et al., 2006).  
Independently, Prasad and Clark found the same role of retromer in Wnt sending cells while 
they were studying the polarity of several neurons in C. elegans (Prasad and Clark, 2006). 
Is there a link between Wntless and retromer? In the beginning of 2008, five papers 
appeared that established this link (Belenkaya et al., 2008; Franch-Marro et al., 2008b; Pan et 
al., 2008a; Port et al., 2008; Yang et al., 2008). In addition, a role for AP-2 mediated 
endocytosis in Wnt secretion was established. The results of all papers supported the 
following model of Wntless mediated Wnt secretion (figure 2). In the Golgi, Wnt associates 
with Wntless. Wntless acts as a sorting receptor and brings Wnt to the plasma membrane. 
Wntless is subsequently internalized by AP-2 mediated endocytosis. Rather than being 
degraded via the endosomal-lysosomal pathway, Wntless is retrieved from endosomes by 
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retromer. Wntless is trafficked to the trans-Golgi network, where it can bind another Wnt 
molecule and mediate the next round of Wnt secretion. 

 
 
Figure 3: Model of Wntless cycling. Wnt is produced in the ER. Porcupine is required for lipid 
modification of Wnt. Wnt is escorted to the plasma membrane by Wntless. Wntless is 
endocytosed via AP-2 mediated endocytosis and retrieved to the Golgi by retromer (picture 
provided by M. Silhankova). 
 
The role of endocytosis in Wntless cycling 
Yang and colleagues and Pan et al. used the model organism C. elegans to study Wnt signaling. 
They both show that dpy-23 mutants (dpy-23 encodes the μ-subunit of AP-2) have 
phenotypes characteristic of defects in Wnt signaling. They show that expression of dpy-23 in 
Wnt producing cells of a dpy-23 mutant animal rescues these phenotypes, indicating AP-2 
mediated endocytosis is required in the Wnt producing cells for Wnt signaling. They 
establish a link to Wntless by showing that in the absence of AP-2 mediated endocytosis, 
Wntless accumulates on the plasma membrane (Pan et al., 2008a; Yang et al., 2008). Similar 
results are shown using the Drosophila wing disc as a model by Belenkaya et al. and Port et al. 
The data presented by the authors are well explained by the presented model and firmly 
establish the requirement for endocytosis in Wntless cycling and Wnt secretion. 
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Wnt gradient formation 
 
In the previous chapter, the mechanism of Wnt transport to the plasma membrane was 
discussed. How are Wnts released and form long range (up to 20 cell diameters) extracellular 
concentration gradients? The hydrophobic nature of Wnt molecules, through their lipid 
adducts, makes Wnt insoluble in aqueous solutions. Still, the kinetics of Wg spreading in the 
Drosophila wing disc suggests Wg spreads fast and likely by diffusion (Strigini and Cohen, 
2000). In this chapter literature concerning the formation of the Wg gradient in the 
Drosophila wing disc will be discussed.  
 
The Drosophila wing imaginal disc 
The wing disc of Drosophila is the most used model to study Wnt gradient formation. During 
larval development of Drosophila, imaginal discs develop. Imaginal discs are sheets of 
epithelium that will give rise to specific organs after metamorphosis. For instance, the leg 
imaginal discs form legs. The halters also develop from imaginal discs (Wolpert, 2002). 
During the larval stages the imaginal discs are patterned in order to form the correct 
structures in the adult organ. Studies on the patterning of the wing disc have proven to be 
very valuable for a number of signaling pathways. Patterning of the wing disc involves 
several morphogens (figure 3). Decapentaplegic (dpp) is expressed in a stripe that is oriented 
along the dorso-ventral axis of the embryo. The dpp signal patterns the disc in the anterior-
posterior direction. Hedgehog is expressed in the posterior region of the wing disc and is 
required for specific patterning along the A-P axis. Patterning along the dorsoventral axis is 
mediated by Wingless. Wg is expressed in a narrow stripe of cells that is directed along the 
A-P axis of the wing disc (Cadigan, 2002).  

 
 
Figure 4: Drosophila wing imaginal disc. Schematic overview of the wing imaginal disc of 
Drosophila. The morphogens Wingless, Hedgehog and Decapentaplegic pattern the wing disc 
(adapted from (Cadigan, 2002)). 
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Wg induces the expression of several target genes in a concentration dependent manner; Wg 
is a morphogen. At the highest concentration of Wg, expression of the gene Senseless is 
induced. The expression pattern of Senseless is a narrow stripe along the midline of the wing 
disc, close to the region of Wg expression. Distalless is expressed in a wider region around 
the Wg expression domain. Distalless is a low concentration responsive Wg target gene. 
Expression of the Wg target genes can be used as a read-out of functional Wg signaling. The 
strength (and concentration) of the Wg signal can be estimated based on the transcription of 
the highly sensitive Distalless, or the low sensitivity Senseless gene. In addition, 
immunohistochemistry can be used in the wing disc to visualize Wg since Wg is one of the 
few Wnts to which good antibodies have been raised (Strigini and Cohen, 2000).  
A genetic tool that is available in Drosophila is the possibility to generate clones of mutant 
tissue (a genetic mosaic). To generate mutant clones, fruitflies heterozygous for a specific 
allele are generated. The homologous chromosome carries a specific marker. In principle all 
cells will have a wild type copy of the gene of interest and a mutant version. In addition, all 
cells express a marker (for instance GFP). Mutant clones arise when mitotic crossover 
occurs in a cell of the developing wing disc. Mitotic crossover can be induced when double 
strand breaks in the DNA are generated by x-ray irradiation. After mitotic crossover, one of 
the daughter cells will have two mutant versions of the gene and it will have lost the marker. 
The other daughter still has the marker and has two wild type copies of the gene. The 
occurrence of mitotic crossover is a random event, so mutant clones can develop in every 
part of the wing disc. This enables researches to study the effect of specific genes in clones 
of mutant tissue surrounded by wild type tissue. This is advantageous in studying genes that 
would cause lethality in early embryogenesis. It is also very valuable when determining if 
specific effects are cell autonomous, or non-cell autonomous (Wolpert, 2002).  
In general, the relatively large size, ease of manipulation, availability of experimental tools 
and the fact that defects in wing patterning do not cause lethality to fruit flies in laboratory 
conditions make the wing imaginal disc a suitable system to study Wnt signaling. 
 
From plasma membrane to long range Wg gradient 
In the wing disc epithelium two discrete Wg gradients are observed. A short range Wg 
gradient is found the apical side of the epithelium. At the basal side a long range gradient is 
observed (Panakova et al., 2005; Strigini and Cohen, 2000). Separate mechanisms may exist 
to form the short and long range Wg gradients. Both gradients require Wntless to transport 
Wg to the plasma membrane. From there however, specific molecules are required to form a 
long range concentration gradient. The short range concentration gradient may be formed 
without specialized machinery. Wg tightly associated to cell membranes may signal to 
neighboring cells, this may induce the transcription of the short range Wg target gene 
senseless. Wg may spread over a short distance by interacting with the glypicans dally and 
dally-like (dlp) (Baeg et al., 2004; Han et al., 2005; Tsuda et al., 1999). Glypicans are GPI-
liked heparansulphate proteoglycans (HSPG). HSPG are components of the extracellular 
matrix and are characterized by sulfated carbohydarate modifications. In Drosophila the 
glypicans dally and dally-like function in Wg signaling. Dally and dlp can bind Wg. 
Extracellular Wg levels are strongly reduced in clones that are mutant for both dally and dlp 
(Han et al., 2005). Dally and dlp facilitate the spread of Wg in the wing disc.   
Several mechanisms have been proposed by which hydrophobic Wg molecules might spread 
to form a long range concentration gradient. One gene specifically required for the spreading 
of the long range form of Wg is reggie-1/flottillin (Katanaev et al., 2008). Reggie-1 
overexpression causes a decrease in expression of short range Wg target genes, while the 
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expression of long range targets is increased. This suggests more Wg is secreted in the long 
range form at the expense of the short range form. Indeed, erosion of the apical, short range 
Wg gradient was observed, while the basolateral gradient of Wg was increased. In contrast, 
when reggie-1 function was lost, long range Wg spreading was reduced. The results of 
Katanaev et al. for the first time identify a gene that is specifically required in the Wg 
producing cells for formation of the long range gradient of Wg. 
How might Wg actually spread along the wing disc epithelium? Greco et al. proposed 
argosomes as a mechanism by Wg could spread (Greco et al., 2001). Argosomes are 
extracellular vesicles. Wg might insert its lipid adducts in the membrane of the argosomes, 
and be solubilized in that way. In 2005, Panakova and colleagues implicated lipoprotein 
particles in Wg and hedgehog transport. Lipoprotein particles consist of a core of esterified 
lipids and cholesterol held together by lipophorin, a specialized protein. Panakova et al. 
observed that Wg, Hedgehog and GPI linked proteins could associate with lipoprotein 
particles and RNAi against lipophorin inhibited Wg signaling (Panakova et al., 2005). 
Lipoprotein particles provide the mechanism by which hydrophobic molecules, such as Wg, 
can spread in the aqueous extracellular environment. 
The glypican dally-like also has a role in the formation of the long range Wg concentration 
gradient. Dlp overexpression causes an increase in long range Wg signaling (as determined 
by Distalles expression) while short range (high threshold) signaling is reduced. Dlp loss of 
function causes a reduction of the Wg gradient (Franch-Marro et al., 2005).  
Recent results by Gallet et al. implicate transcytosis of dlp as an important step for the 
formation of a long range Wg gradient. Gallet et al. show that Wg is secreted apically. 
Furthermore, they find that the GPI anchor of dlp is required for dlp trancytosis and that 
this is required for the formation of the basal Wg gradient. Wg trancytosis by dlp is a 
possible mechanism for the formation of the basal, long range Wg gradient in the wing disc 
(Gallet et al., 2008). A complicating factor is that Han et al. show that dlp expression is 
negatively influenced by Wg signaling and there is no visible expression of dlp in Wg 
producing cells. This would rule out a role for dlp in Wg producing cells. Gallet et al. drive 
expression of dlp by promoters that are also active in part of the Wg producing cells. The 
effects that Gallet and coworkers observe may be caused by the exogeneous expression of 
dlp. Maybe, dlp transcytosis plays a role in the cells that surround the Wg producing in 
forming the Wg gradient. Further research is required to answer this question. 
 
How could these results by put together to come to a model of Wg secretion? One could 
speculate that in the wing disc the short range and long range Wg gradients forms by distinct 
mechanisms. Both require Wntless to transport Wg from the Golgi to the apical plasma 
membrane. A short range Wg gradient is formed at the apical side of the epithelium. This 
gradient induces the transcription of short range target genes. Wg can be transcytosed from 
the apical to the basolateral side of the epithelium. Reggie-1 may be involved in this 
transcytosis. During the process of transcytosis Wg may be incorporated into lipoprotein 
particles that help to solubilize the hydrophobic Wg molecules and facilitate the formation of 
the long range Wg gradient at the baslolateral surface of the wing disc (Bartscherer and 
Boutros, 2008) (figure 4).  
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Figure 5: Model of long range Wg gradient formation. Wg is secreted to the apical plasma 
membrane by Wntless. Reggie-1 may be involved in Wg transcytosis to the basolateral side of 
the wing disc epithelium. During transcytosis Wg can be incorporated in lipoprotein particles, 
which are the vehicle that Wg uses to spread in the aqueous extracellular environment (adapted 
from (Bartscherer and Boutros, 2008)). 
 
Modulation of the Wg gradient by internalization pathways 
Several factors influence the shape and range of a morphogen gradient. The stability of the 
morphogen is an important factor. A very stable morphogen will spread further compared to 
a morphogen with a short half life time, provided all other factors are the same. One way in 
which the stability of a morphogen can be influenced is by intracellular degradation. Indeed, 
in the Drosophila embryo the spread of Wg is limited through internalization and subsequent 
HRS dependent lysosomal degradation (Dubois et al., 2001).  
Various researchers have investigated the role of internalization pathways in the regulation of 
the Wg gradient in the Drosophila wing (Baeg et al., 2004; Marois et al., 2006; Piddini et al., 
2005; Rives et al., 2006; Strigini and Cohen, 2000). Strigini and Cohen were the first to 
comprehensively study the formation of the Wg gradient in the wing disc. They could stain 
extracellular Wg and found a Wg gradient at the basolateral side of the epithelium. Dynamin 
mediated endocytosis was not required for Wg spreading, but it was indispensable for Wg 
secretion. Using a temperature sensitive mutant of dynamin, they found that the Wg gradient 
forms rapidly. The kinetics of Wg speading suggest Wg spreads by diffusion (Strigini and 
Cohen, 2000).  
Other researchers found that the receptors frizzled (fz) and dfz2 internalize Wg in the wing 
disc (Baeg et al., 2004; Marois et al., 2006; Piddini et al., 2005; Rives et al., 2006). This limits 
the Wg gradient because the internalized Wg does not spread further. Wg is degraded in a 
lysosomal compartment in a HRS dependent manner. Piddini et al. show that the Wg 
coreceptor arrow is required to send Wg to the lysosomal compartment.  
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In the wing disc a long range Wg concentration gradient exists. The establishment of this 
long range gradient requires reggie-1, a protein that is found in lipid rafts. Wg is secreted at 
the apical side of the epithelium, the long range gradient forms at the basal side. Lipoprotein 
particles likely are the mechanism by which Wg spreads.  
The Wg gradient is modulated by internalization pathways. Wg is internalized by its receptor 
fz and dfz2. Internalization of Wg shapes the gradient in the Drosophila wing disc by 
restricting its spread. 
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Wnt signal transduction 
 
Wnt signals can activate several signal transduction pathways in the Wnt receiving cell. The 
best studied Wnt induced signal transduction pathway is the Wnt/β-catenin dependent 
pathway. This pathway is also known as the canonical Wnt pathway. In addition to this 
canonical Wnt pathway several non-canonical Wnt pathways exist such as the planar cell 
polarity pathway and the Wnt/Ca+ pathway (Logan and Nusse, 2004). In this section I will 
limit myself to the β-catenin dependent Wnt signaling pathway and the role of 
internalization for the Wnt/β-catenin signal transduction pathway. 
 
Wnt/β-catenin signaling 
The hallmark of activated canonical Wnt signaling is the accumulation of β-catenin. β-
catenin is a protein that has multiple functions. In addition to its role in Wnt signal 
transduction, β-catenin mediates cell adhesion because β-catenin is a component of adherens 
junctions. Adherens junctions mediate cell-cell adhesion by linking cells via cadherin, α- and 
β-catenin to the cytoskeleton (Alberts, 2002).  
β-catenin that is involved in cell adhesion does not play a role in Wnt signaling. Wnt 
signaling modulates the cytoplasmic pool of β-catenin. In the absence of Wnt signaling, 
cytoplasmic β-catenin levels are downregulated by a destruction complex. This destruction 
complex consists of the scaffold proteins adenomatous poliposis coli (APC), axin, glycogen 
synthase kinase 3β (GSK3β) and casein kinase 1 (CK1). The kinases in this destruction 
complex phosphorylate β-catenin. β-catenin is subsequently poly-ubiquitinylated by β-TrCP 
(Hart et al., 1999). As a result of this polyubiquitinylation, β-catenin is targeted for 
degradation by the proteasome. By this mechanism, cytosolic β-catenin levels are kept very 
low in the absence of Wnt signaling. 
When a Wnt signal is present the β-catenin destruction complex is inhibited. This causes the 
cytoplasmic accumulation of β-catenin. β-catenin can translocate to the nucleus where it can 
interact with transcription factors of the TCF/LEF family and activate the transcription of 
specific target genes (figure 5). 
How does the Wnt signal inhibit the destruction complex? Essential for Wnt signaling is the 
association of Wnt with its receptor Frizzled and coreceptor LRP-6 (Bhanot et al., 1996; 
Wehrli et al., 2000). Frizzled is an unconventional member of the 7 transmembrane G 
protein coupled receptor family. LRP-6 is a member of the LDL receptor family.  
The cytoplasmic protein Disheveled is activated when Wnt binds its receptor Frizzled. 
Phosphatidilinositol 4,5 bisphosphate is produced when Wnt binds its receptors (Pan et al., 
2008b). This induces the phorphorylation of the cytoplasmic tail of LRP-6. The cytoplasmic 
tail of LRP-6 is phosphorylated by ck1γ and gsk3β. In addition, axin is recruited when Wnt 
binds Frizzled (Zeng et al., 2008). Activated LRP-6 is found in ‘signalosomes’ which are 
aggregates of activated LRP-6 and Frizzled (Bilic et al., 2007). The phosphorylation of LRP-
6 is essential for the activation of the Wnt/β-catenin signal transduction pathway (Davidson 
et al., 2005; Zeng et al., 2005). 
The recruitment of axin may be the mechanism by which the β-catenin destruction complex 
is inhibited because axin is the limiting component for β-catenin degradation. In this way, 
taking axin away from the destruction complex inhibits β-catenin degradation.  
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The details of the events that take place upstream of β-catenin stabilization in the Wnt/β-
catenin signal transduction pathway are still not completely clear. But as more players and 
their dynamic interactions are elucidated, the mechanisms will become clear. 

 
 
Figure 6: Wnt/β-catenin signaling. In the absence of Wnt signal, β-catenin is phosphorylated by 
the destruction complex and targeted for proteosomal degradation. When Wnt binds its receptors 
frizzled and LRP-6, the destruction complex is inhibited and β-catenin accumulates. β-catenin can 
translocate to the nucleus and induce the transcription of target genes (picture from (Eisenmann, 
2005)). 
 
The TOP/FOP assay 
A powerful tool to investigate Wnt/β-catenin signaling is the TOP/FOP assay. In this assay, 
a firefly luciferase open reading frame is placed under the control of a promoter that 
contains several TCF binding sites, the TCF optimal promotor (TOP). The amount of 
luciferase that is produced in cells transfected with a TOP construct can be measured and 
compared to the amount of luciferase produced in cells transfected with a construct in which 
the TCF binding sites have been mutated (the FOP construct). In this way, the activation of 
the Wnt/β-catenin pathway can be measured (van de Wetering et al., 1997). 
 
Endocytosis in Wnt/β-catenin signaling 
As discussed above, the precise details of the mechanisms that cause inhibition of the β-
catenin destruction complex are not clear. There are indications that endocytosis plays a role 
in the activation of the Wnt/β-catenin signal transduction pathway. Blitzer and Nusse show 
that clathrin mediated endocytosis is required for Wnt signaling. They show that inhibiting 
endocytosis by chemical means inhibits Wnt signaling at the level of β-catenin stabilization. 
Transfection of a dominant negative form of dynamin also inhibits Wnt signaling. 
Transfection of shRNA directed against the heavy chain of clathrin inhibits Wnt target gene 
expression. Based on these results the authors conclude that there is a critical role for 
endocytosis in Wnt signaling (Blitzer and Nusse, 2006).  
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Drosophila researchers also found that internalization is required for Wg signaling. Both in 
Drosophila cells in tissue culture, as in the Drosophila wing disc, dominant negative dynamin or 
rab-5 inhibits Wg signaling (Seto and Bellen, 2006). 
In contrast to the results obtained by Blitzer and Nusse, research by Yamamoto et al. 
implicates caveolin mediated endocytosis as a prerequisite for LRP-6 activation and Wnt 
signaling. They use fluorescence microscopy to study the internalization pathway of LRP-6. 
When Wnt is supplied to cells they observe internalization of LRP-6 via caveolin mediated 
endocytosis. Frizzled is also internalized. Wnt induced endocytosis of LRP-6 was inhibited 
by siRNA targeting caveolin or by chemically inhibiting caveolin mediated endocytosis. The 
internalization of LRP-6 was required for Wnt dependent accumulation of β-catenin 
(Yamamoto et al., 2006). 
A functional link between inhibition of endocytosis and inhibition of Wnt/β-catenin 
signaling is reported by Bryja et al. They show that disheveled is degraded when endocytosis 
is blocked (Bryja et al., 2007a).  
Disheveled is localized in intracellular dynamic protein assemblies. The morphology of these 
structures is similar to intracellular vesicles, but it was shown that these structures do not 
contain membrane or endocytic markers (Schwarz-Romond et al., 2005). Disheveled is 
recruited to the plasma membrane in response to Wnt stimulation (Schwarz-Romond et al., 
2007). At the plasma membrane, disheveled forms signalosomes with activated LRP-6 and 
Frizzled. Signalosomes also contain caveolin (Bilic et al., 2007).  
Other indications about a role for internalization pathways in Wnt signaling come from data 
indicating that disheveled can interact with clathrin adaptors. Disheveled, a key player in Wnt 
signal transduction interacts with β-arrestin 2. This interaction is required for Wnt5a induced 
internalization of frizzled4 (Chen et al., 2003). Brya et al. report an essential role for β-
arrestin in Wnt/β-catenin signaling. They find that in cells that do not express β-arrestins, 
disheveled phosphorylation no longer responds to Wnt3a treatment. In addition, β-catenin 
phosphorylation is no longer inhibited by Wnt3a treatment. In a TOP/FOP assay, less 
induction of the reporter is observed in cells that lack β-arrestins after addition of Wnt3a to 
the culture medium. In Xenopus embryos, morpholinos against β-arrestin reduce Wnt target 
gene expression. In addition, Wnt or disheveled induced axis duplication is blocked in β-
arrestin morpholino treated Xenopus embryos (Bryja et al., 2007b). These results show an 
important role for the adaptor protein β-arrestin in Wnt signaling.   
Disheveled can also interact with the μ subunit of AP-2. This interaction is relevant in the 
non-canonical Wnt signaling pathway that regulates convergent extension movements in 
Xenopus embryonic development (Yu et al., 2007). 
 
Dickkopf mediated inhibition of Wnt/β-catenin signaling 
Dickkopf is a secreted inhibitor of Wnt signaling (Glinka et al., 1998). Vertebrate genomes 
encode multiple members of the Dickkopf family. Several mechanisms were proposed to 
describe how Dickkopf antagonizes Wnt signaling. It has been established that Dickkopf can 
bind LRP-6. In one model, Dickkopf binding to LRP-6 makes it impossible for Wnt to bind 
LRP-6 and activate Wnt signaling. In an alternative model, Dickkopf binding to LRP-6 
causes LRP-6 internalization. This reduces the amount of LRP-6 levels at the plasma 
membrane and thereby inhibits Wnt signaling.  
Yamamoto et al. provide data that indicate that LRP-6 is internalized via clathrin mediated 
endocytosis after Dickkopf binding (Dkk). This fits nicely with a model that states that 
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caveolin mediated endocytosis is required for activation of Wnt signaling. Dkk diverts LRP-6 
from caveolin mediated endocytosis, and targets it for clathrin mediated endocytosis, which 
does not activate Wnt signaling but does reduce levels of LRP-6 at the plasma membrane 
(Yamamoto et al., 2008).  
A recent paper by Semenov et al. contradicts the findings of Yamamoto and colleagues. They 
report that Dkk inhibits Wnt signaling without LRP-6 internalization (Semenov et al., 2008). 
Semenov et al. use biotinylation to tag molecules at the cell surface. They subsequently strip 
the biotinylation tag using a reducing agent that cannot pass the cell membrane. In this way 
they can detect molecules that were at the plasma membrane at the time of biotinylation, but 
were internalized when the reducing agent was used. They observed some internalized LRP-
6, but no increase in LRP-6 internalization upon DKK-1 treatment. 
Both groups of authors use very different tools to investigate this biological process; 
Yamamoto et al. solely use microscopy while Semenov et al. depend on biochemistry. Maybe 
the conflicting results can be linked to the methods used by the researchers. Microscopy 
allows the researchers to determine the response of single cells, while by biochemistry the 
bulk response of the entire population of cells is measured. In addition, Semenov et al. 
investigate endogenous LRP-6 while Yamamoto et al. use overexpression of LRP-6 in their 
experiments. The relative amounts of the players in the Wnt signaling pathways may be an 
important factor. Overexpression of one component may change the response of the 
system. Some components of the internalization machinery may become limiting in the case 
of LRP-6 overexpression. Because of differences in the methods used by the researchers, it 
is not possible to conclude how Dkk inhibits Wnt signaling. 
 
Based on the results from in vivo experiments and the results obtained in tissue culture we 
can conclude that Wnt induces the internalization of Frizzled and LRP-6. This reduces the 
number of receptors at the plasma membrane and renders the cells less responsive to Wnt.  
An essential role for caveolin mediated endocytosis of LRP-6 in Wnt/β-catenin signal 
transduction is reported. Also the formation of signalosomes at the plasma membrane is an 
important step in Wnt/β-catenin signal transduction. Signalosomes contain caveolin, which 
might suggest a role for caveolin mediated endocytosis in signalosome formation. However, 
other researchers reported an essential role for clathrin mediated endocytosis in Wnt/β-
catenin signal transduction.  
A factor that complicated the study of the role of internalization pathwasy in Wnt/β-catenin 
signaling is the fact that inhibition of endocytosis is generally toxic for cells. It is therefore 
difficult to determine if an effect on Wnt signaling that is observed after inhibition of 
endocytosis is a direct effect. The effect might also be caused by a secondary effect of 
endocytosis inhibition. In addition, it is possible that endocytosis is not directly required for 
Wnt/β-catenin signaling, but it may influence other processes which in turn affect the 
Wnt/β-catenin pathway. 
It is also important to keep in mind that many conclusions are based on experiments that use 
overexpression of one or more components of the Wnt/β-catenin signal transduction 
pathway. It is possible that overexpression of several Wnt/β-catenin pathway components 
changes the response of the system because protein levels are non-physiological. In addition, 
it is possible that Wnt signal transduction requires a fine balance between all players in the 
pathway. This balance may be distorted if some components are overexpressed. 
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Conclusion  
 
The Wnt signaling pathway is an essential signaling pathway with multiple roles during 
development. A thorough understanding of this signaling pathway may also provide targets 
for treatment of cancers that are caused by aberrant regulation of this signal transduction 
pathway.  
More and more, the role of vesicular trafficking and especially internalization pathways has 
become apparent in the various steps of Wnt signaling. Vesicular trafficking transports Wnt 
though the secretory pathway. Internalization of Wntless is required for Wntless cycling and 
Wnt secretion.  
The formation of a long range Wnt concentration gradient is not trivial. Wnts are highly 
hydrophobic and require specialized machinery for long range spreading in the extracellular 
environment. In the Drosophila wing disc a short range apical Wg gradient is observed, at the 
basolateral side of the epithelium a long range Wg gradient exists. The lipid raft associated 
protein reggie-1 is required in Wg sending cells for the formation of the long range Wg 
gradient in the Drosophila wing imaginal disc. Reggie-1 may be involved in the trafficking of 
Wg from the apical to the basolateral side of the epithelium. During this trafficking process 
Wg may be incorporated into lipoprotein particles which facilitate the spreading of Wg in the 
aqueous extracellular environment.  
The heparansulphate proteoglycans Dally and Dally-like have a role in the formation of the 
Wg gradient. These molecules are part of the extracellular matrix and can bind Wg. The 
hydrophobic Wg molecules may spread form cell to cell via these glypicans.  
The steepness of the Wg gradient in the wing disc is modulated by the internalization of Wg. 
Wg is bound by its receptors fz, dfz2 and arrow and subsequently internalized. In addition to 
mediating signal transduction, these receptors clear Wg from the environment and restrict 
Wg spreading.  
The role of internalization in the Wnt/β-catenin dependent signal transduction pathway is 
not fully elucidated yet. The Wnt receptors Frizzled and LRP-6 are internalized after Wnt 
binding. This makes cells less responsive to the Wnt signal. Several groups report that 
internalization is also essential for Wnt signal transduction, but conflicting data exist about 
which internalization pathway is used.  
A role for edocytosis is proposed in Dickkopf mediated inhibition of Wnt signaling. 
Dickkopf is a secreted molecule that interacts with the Wnt co-receptor LRP-6 to inhibit 
Wnt signaling. One group of researchers report clathrin mediated removal of LRP-6 from 
the plasma membrane is the mechanism by which Dickkopf antagonizes Wnt signaling, 
while a different group concludes that Dickkopf inhibits Wnt signaling without LRP-6 
internalization. 
Comparing results obtained by the different researchers is complicated because of the 
differences in experimental approaches that are used. In addition, overexpression of some 
players in the Wnt/β-catenin signal transduction pathway may unphysiologically influence 
the response of the system. 
 
Internalization pathways have an important role in Wnt signaling. The function of 
endocytosis in Wntless cycling is unambiguous. The mechanisms of formation of the Wnt 
gradient are not fully elucidated yet, but a role for internalization pathways is clear. In 
Wnt/β-catenin signal transduction less consensus about the role of internalization pathways 
exists. 
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