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ABSTRACT OF THE DISSERTATION 

 

Embryonic and Molecular Studies on 

 Wingless Protein in Patterning and Cellular Signaling 
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Professor Edward De Robertis, Chair 

 

Wnt/Wingless (Wg) signaling is one of the major molecular pathways regulating formation of 

the anterior-posterior (AP) axis in the developing embryo. Almost every organism in the animal 

kingdom requires Wnt signaling to establish the AP axis, the exception to this rule is the 

common fruit fly.  This thesis will examine the role of Wnt/Wg in the early Drosophila embryo 

and show that while modern flies may not depend on posterior Wg expression, its expression is 

still regulated suggesting Wnt may play a role in refinement of the AP axis and likey had a more 

significant role prior to the divergence of the species.  During Wnt signal transduction GSK3 

phosphorylation of -Catenin is inhibited, however, it remained unclear how this inhibition 

occurred.  This thesis reveals a novel mechanism of GSK3 inhibition by sequestration into 

multivesicular bodies (MVB).  We show that Wnt signaling causes GSK3 to be relocalized 

inside MVBs where the enzyme can no longer interact with -Catenin to cause its degradation.  

We also show that many proteins, in addition to -Catenin, are also stabilized.  We explore the 
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identity of these proteins using stable isotope labeling by amino acids in cell culture (SILAC) 

and tandem mass-spectrometry analysis.  Finally, we introduce a new Drosophila cell line, ML-

DmBG3-c2, that could aide in our understanding of the role of vesicle trafficking in transduction 

of the Wnt/Wg signal.  The work presented in this thesis contributed to the field of 

developmental biology and Wnt/Wg signaling by 1) highlighting the posterior expression of Wg 

in Drosophila embryo development and its potential for refinement of the A-P axis, 2) revealing 

the mechanism for GSK3 inhibition through sequestration into MVBs which leads to 

stabilization of many proteins which effect many cellular processes, and 3) identifying a novel 

cell line with great potential for investigating the role of endocytosis and Wnt signaling.  While 

these studies offer some contribution, continued research into the  of the role of Wnt in embryo 

development and mechanism of signal transduction will help to improve the treatments for birth 

defects and many types of cancers.  
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I. INTRODUCTION 

Every organism begins as one cell. Through very specific and impressive processes, the 

egg cell gives rise to hundreds of thousands of cells that take on shapes, individualities, specific 

functions, pigmentation, and sizes to ultimately form the macrophenotypes of a fully developed 

organism.  The processes that orchestrate the growth and changes of these cells are surprisingly 

few in number, but exert very strong influences when and where they are active (Perrimon et al, 

2012).  Scientists refer to the individual processes as signaling pathways.  Signaling pathways 

are used by cells of the body to communicate with one another to ensure proper development and 

viability of the organism.  One of these major signaling pathways, necessary for proper 

formation of an embryo, is the Wnt signaling pathway.  Although over thirty years of research 

has been conducted on Wnt signaling (Nusse and Varmus, 2012), there are still mysteries in its 

role in the embryonic development of non-vertebrates, as well as the mechanism of action of the 

Wnt signaling pathway within the cell.    

The present dissertation describes the spatial and temporal expression of Wnt ligand and 

transcript during development of the Drosophila melanogaster fruit fly and investigates the role 

of endocytosis during Wnt signal activation.  The current chapter is an introductory review of the 

three main topics pertaining to research presented in this thesis: a) Anterior-Posterior (A-P) axis 

formation throughout evolution and relation to extant organisms, b) components and mechanisms 

of -Catenin/Wnt Signaling, and c) endocytic pathways and their role in signal regulation.     
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II. ESTABLISHMENT OF THE ANTERIOR-POSTERIOR AXIS 

 
Anterior-posterior axis development in most metazoans 

 

Establishment of the A-P axis during embryonic development is regulated by the many 

extracellular Wnt proteins. Wnt signaling and its function in body patterning has been studied in 

all metazoans (Ruiz-Trillo et al, 2008; Schierwater et al, 2009).  Protein expression patterns in 

most metazoans show a high concentration of Wnt protein in the posterior and low concentration 

in the anterior of the embryo (Figure 1-1).  While the expression of Wnt in many organisms can 

be seen as graded, some of the gradation results from the opposing expression of Wnt 

antagonists, such as Dikkopf (Dkk), and Secreted Frizzled-Related Protein (sFrp) (Kiecker and 

Niehrs, 2001).  In agreement with the view that Wnt signaling is maximal in the posterior 

regions, loss of Wnt signaling results in the loss of posterior embryonic structures and 

malformation of the central nervous system (CNS) (Baker, 1987, Thomas and Capecchi, 1990; 

Augustine et al, 1993; Greco et al, 1996).  

Throughout evolutionary history Wnt genes have been copied, entire genomes duplicated, 

and in some organisms, such as insects, numerous Wnt genes have been lost (Janssen et al, 

2010).  In total, there are 13 Wnt gene subfamilies that have been transcriptionally identified in 

metazoans (Kusserow et al, 2005).  When pieced together, Wnt genes and their expression 

patterns paint a striking picture of how current body plans arose and how important Wnt is in 

maintaining that plan (Holstien, 2012).  In almost every instance, expression of Wnt in the 

posterior of the developing embryo contributes to the establishment of the primary anterior-

posterior axis (Niehrs, 2010).  In addition to embryonic development, Wnt has many functions in 
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tissue homeostasis including stem cell maintenance and cancer progression (Clevers and Nusse, 

2012).  

Pre-bilaterians and Wnt expression 

Due to the extinction of ancestral organisms, what we know about ancient organisms we gather 

from shared features of existing, distant relatives that we can observe and study.  Some of the 

most primitive metazoans are the sponges (porifera), placozoans, porifera and ctenophores.  

Figure 1-1. Wnt concentrations in antero-posterior patterning of vertebrate embryos. 
Schematic representation of the posterior gradient of Wnt in most metazoans; indicating 
high Wnt concentration in the posterior and low in the anterior.   
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Though each species can vary slightly, these organisms contain 2-4 Wnt gene subfamilies and 

have genes for most of the other Wnt signaling components such as -Catenin, Frizzled, GSK3, 

and Low-density-lipoprotein Related Protein (LRP6) (Pang et al, 2010; Adamska et al, 2010; 

Srivastava et al, 2008).   Expression of these Wnts is often restricted to the posterior region 

which corresponds to the oral poles, initiating an axial identity for the organism (Lapebie et al, 

2009).  These organisms represent the simplest forms of animal life, and all utilize Wnt signaling 

to establish A-P identity in the developing embryo. 

Another phylum that has provided very important ancestral genetic information is the 

cnidaria.  The best characterized and studied species are the sea anemone Nematostella and the 

fresh water polyp Hydra (Putman et al, 2007; Chapman et al, 2010).  Cnidarians have genes for 

each of the 13 Wnt subfamilies, with the exception of Wnt9 (Kusserow et al, 2005; Lee et al, 

2006; Lengfeld et al, 2009). This leads to the important conclusion that the ancestor of both 

cnidarians and vertebrates had a complete set of Wnt genes (Kusserow et al, 2005).  The 

Cnidarian body plan is more complex than that of sponges in that there is a process of 

gastrulation during embryogenesis that establishes two embryonic germ layers.   

In cnidarians, Wnt signaling plays an important role in gastrulation and establishment of 

the A-P axis by stabilizing -Catenin and transducing the Wnt signal in the blastopore, the site of 

gastrulation (Momose and Houliston, 2007; Momose et al, 2008).  Additional studies have 

shown that the Wnt signaling component Disheveled (Dvl) is also required for blastopore 

activation (Lee et al, 2007) and that inhibition of GSK3 induces gastrulation movements 

(Wikramanayake et al, 2003).    Though Cnidaria have radial symmetry, the involvement of Wnt 

in establishing the A-P axis in Cnidaria draws a direct parallel to A-P axis formation as well as 
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gastrulation in most bilateral animals, suggesting that higher order organisms, such as humans, 

utilized the same conserved genetic tool-kit as the cnidarians.     

Bilaterians and the establishment of the A-P axis 

Bilaterians are organisms with two perpendicular axes which are established early during 

embryo development (De Robertis, 2008).   These axes are the antero-posterior (A-P, head to 

tail), and dorso-ventral (D-V, back to belly) and establish the framework on which all cells grow 

and become determined (Finnerty, 2003; Martindale, 2005; De Robertis, 2008; Niehrs, 2010).  

Integration of the Wnt and Bone Morphogenic Protein (BMP) signaling pathways is responsible 

for the establishment of each axis, respectively (Niehrs 2010, De Robertis, 2008).  Bilaterians are 

thought to originate from one common ancestor known as Urbilateria (De Robertis and Sasai, 

1996; Collins and Valentine, 2001).  Molecular studies indicate that the BMP and Wnt patterning 

pathways were present in the Urbilateria and have remained evolutionarily conserved (Holley 

and Ferguson, 1997; De Robertis, 2008). 

For classification purposes, the Bilateria are divided into two general groups: the 

protostomes and the deuterostomes, so designated because the fate of the blastopore gives rise to 

a mouth or anus, respectively (Valentine, 2004).  The protostomes (mouth-first) are then 

subdivided into two phyla, the non-molting Lophotrocozoans and the molting Ecdysozoa 

(Aguinaldo et al, 1997).  In total, there have been 12 Wnt genes families found in protostome 

genomes, suggesting their ancestors had an almost complete set of Wnt genes (Cho et al, 2010).  

However, the number of Wnt genes in different species varies widely and indicates that large 

losses of Wnt genes can take place in evolution, especially in mollusks, annelids, and arthropods 
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(Holstein, 2012).  The expression of the Wnt genes in Lophotrocozoans and Ecdysozoans, below, 

give us a better understanding of their function in body-plan development. 

Lophotrocozoans are comprised of several well studied organisms such as planarians, 

annelids (segmented worms), and mollusks (squid and snails) (Halanych et al, 1995).  While 

most of the organisms in this phyla have Wnt expression in the posterior growth zones, and often 

near the blastopore (Janssen et al, 2010), the planarians have been a particularly interesting 

organism to study due to their requirement for Wnt in establishment of the A-P axis as well as 

their requirement for Wnt in tissue regeneration (De Robertis, 2010).   The turbellarian planarian, 

Schmidtea mediterranea, has overlapping regions of Wnts and sFRP, an inhibitor of Wnt 

signaling, spanning the A-P axis.  The regions of expression form a gradient of Wnt activity that 

is stronger in the posterior and weaker in the anterior (Gurley et al, 2008; Gurley et al, 2010; 

Peterson and Reddien, 2008), which is seen in cnidarians and in most other bilateria.  The 

establishment of this gradient is also required for planarian regeneration (Reddien and Sanchez-

Alvarado, 2004).   

A remarkable property of planarian development, at least in the strain studied in 

laboratories, is that they reproduce by pulling their body into two halves.  These halves then fully 

regenerate the missing half of their body plan.  This can be simulated in a laboratory as well 

simply by slicing the animal in two transversely; the tail portion will grow a head and the head 

portion will grow a tail (Reddien and Sanchez-Alvarado, 2004).  Using RNAi, the laboratory of 

Sanchez-Alvarado has demonstrated that the ability to regenerate the correct portion is dependent 

upon a proper gradient of Wnt (Gurley et al, 2008).   
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Nematodes, crustaceans, and arthropods are Ecdysozoans and include some of the best 

studied model systems.   The diversity of axis formation in these animals will likely be 

attributed, to some extent, to the variability in number of Wnt genes expressed.  For instance, the 

nematode, Caenorhabditis elegans, has only five Wnt genes, which indicates a considerable loss 

of Wnt genes compared to those present in their ancestors (Holstein, 2012).  Despite the loss of 

genes, Wnt still retains important functions in patterning the A-P axis, specifically in cell fate 

determination and neuron guidance (Li et al, 2009; Silhankova and Korswagen, 2007).  The 

pattern of expression for Wnts, at least in post-gastrulation stages of C. elegans embryo 

development, are very similar to the overlapping regions seen in cnidarians and planarians; two 

Wnt proteins are highly expressed in the tail region, another is expressed from tail to mid-body 

and one is uniformly expressed from anterior to posterior (Silhankova and Korswagen, 2007). 

Though its requirement at later stages is know, the requirement Wnt in the early nematode 

embryo for A-P axis specification has not been determined (Gönczy and Rose, 2005).  Because 

of the differences in the timing and expression of Wnt genes, C. elegans presents a unique model 

organism for studying divergent pathways that may not rely on Wnt for formation of the A-P 

axis in the early embryo.   

The other major subdivision of the bilateria is the Deuterostomes (mouth-second), which 

are comprised of echinoderms (such as sea urchins and starfish) and chordates (such as 

amphioxus and mammals).  Although there is some gene loss within the echinoderms, in total, all 

13 Wnt subfamily genes have been identified among deuterostomes (Holstein, 2012), once again 

indicating that the common ancestor of all bilateria was a complex organism with a complete set 

of Wnt genes (De Robertis, 2008).    
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The phylum Chordata is defined by any organism that establishes a notochord at some 

time during development of the organism; this includes a wide array of animals from amphioxus 

to humans.   Although there is great diversity of phenotypes among the chordates, there is clearly 

a conserved mechanism for establishing the A-P axis (Niehrs, 2010).  Demonstrating this 

conservation, manipulations made in Xenopus embryos which increase Wnt signaling in the 

posterior cause loss of anterior structures, such as the neural plate (Keicker and Niehrs, 2001). 

The same effects are also seen in the basal vertebrate, amphioxus (Yu et al, 2007; Onai et al, 

2009).  In mammals, chickens, and frogs, posterior Wnt expression is required in formation of 

the developing mesoderm and establishment of the central nervous system (CNS) (Keicker and 

Niehrs, 2001; Aulehla et al, 2003; Nagano et al, 2006; Nordstrom et al, 2002).  In zebrafish, Wnt 

is responsible for somite positioning and tail formation (Agathon et al, 2003; Shimizu et al, 

2005; Aulehla et al, 2003).  The importance of this pathway for proper development can be seen 

in the extreme malformations caused by mutations in humans: mutations in Wnt3 cause a tetra-

amelia syndrome, where the infant, if survives to term, is born without any limbs and suffers 

from malformed organs, bones, and other tissues (Niemann, 2007).   

As clear as the evidence may seem for a requirement for strong posterior Wnt signaling, 

not all organisms display this characteristic in axial formation.  One of the more surprising 

exceptions to this generally accepted rule is the fruit fly, Drosophila melanogaster.  The next 

section will introduce what is known about the requirement for Wingless (Wg), the homolog of 

Wnt, in Drosophila development and discuss these findings in light of the development of other 

insects.  Chapter 2 of this thesis will focus more closely on spatial and temporal expression of 

Wg during Drosophila embryo development.  
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The establishment of the A-P axis in the fruit fly, Drosophila melanogaster  

 

Unlike other bilaterians, the A-P axis for Drosophila is not established by a gradient of 

Wg.  Instead, the axes are initially determined by maternal proteins such as Bicoid and Nanos, 

and maintained by the zygotic expression of the gap genes (Lawrence, 1992).  In Drosophila, Wg 

is known to have key functions in embryonic development, and stem cell maintenance (Swarup 

and Verheyen, 2012).  Initially, Wg was identified as a mutation lacking wing formation in the 

adult fruit fly.  The primary function of Wg in embryo patterning is the formation of the 

segmental stripes.  During embryogenesis, 14 segmental stripes are essential for proper segment 

formation in the organism (Baker, 1987).  This segmentation leads to specific cell fates for each 

segment giving rise to structures in both the larva and adult (Sharma and Chopra, 1976; Deak, 

1978).  While the early Wg stripes are important for defining the A-P boundaries of each 

segment, Wg signaling is not necessary for establishment of the A-P axis, which happens in the 

syncytial blastoderm.  

Although no early embryological function had been assigned, a very strong band of Wg 

expression is observed at the posterior pole of the Drosophila embryo.  At late stages of germ-

band extension, this band contributes to hindgut formation, but no functional requirement for this 

posterior Wg earlier in development had been detected (Lengyl and Iwaki, 2002).  Other 

arthropods, however, do have a requirement for Wnt expression in the posterior and develop with 

posterior abdominal defects when canonical Wnt signaling is disrupted (Bolognesi et al, 2008; 

Murat et al, 2010). These studies have shown that RNAi knockdown of just one Wg homologue 

is generally not sufficient to cause posterior defects, but when multiple Wnt family members are 
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targeted abdominal A-P patterning defects are observed (Angelini and Kaufman, 2005; 

Bolognesi et al, 2008; Miyawaki et al, 2004).  In spiders, knockdown of a single gene, Wnt8, has 

been shown to cause defects in posterior development (McGregor et al, 2008).  One reason 

Drosophila may not exhibit these same defects could be due to its germ band formation.   

Drosophila are representative of long germ-band developing insects that use the entire 

space of the oocyte during initial embryo formation and have rapid, simultaneous development 

of their segments.  In most other insects, segmentation occurs by short germ-band development, 

in which the embryo occupies only a small region of the egg and then elongates by proliferation 

of cells from a posterior growth zone (PGZ).  The PGZ adds each segment sequentially from the 

anterior to posterior, as would be the case in chick or mouse somite formation (Damen, 2007).  

The posterior expression of Wg in Drosophila may be a remnant inherited from a short germ-

band ancestor in which the abdomen developed from a posterior growth zone that required Wnt 

signaling (Martin and Kimelman, 2009; Murat et al, 2010).  

Although the function of the Wg posterior band is yet to be deciphered, its presence in 

this region indicates an evolutionary conservation that spans the evolutionary history of 

metazoans. There is general agreement that Urbilateria, the common ancestor for protostomes 

and deuterostomes, patterned its A-P body axis using a Wnt gradient (De Robertis, 2008; Niehrs, 

2010). The striking posterior band of Drosophila Wg expression may represent a remnant of the 

evolutionary history of its ancestors; Chapter 2 of this thesis discusses this possibility in greater 

detail (Vorwald-Denholtz and De Robertis, 2011).  The next section will now turn to the 

molecular mechanisms by which the Wnt signal is transduced.    
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III. COMPONENTS AND MECHANISMS OF WNT/-CATENIN SIGNALING 

Wnt/-Catenin Signaling 

The first identified Wnt, termed Integration site-1 or Int-1 (later changed to Wingless-

related integration site-1, Wnt-1), was cloned in 1982 by Roel Nusse (Nusse and Varmus, 1982).    

Within the human genome, there are 12 Wnt gene subfamilies and a total of 19 different isoforms 

(Holstein et al, 2012; Nusse and Varmus, 2012).  These Wnt signals give rise to a plethora of 

functions within the signal receiving cell.   The outcomes of these functions are generalized into 

two categories, -Catenin-independent (non-canonical) and -Catenin-dependent (canonical) 

Wnt signaling (Komiya and Habas, 2008).  Non-canonical Wnt signaling does not utilize the co-

transcriptional activator, -Catenin, for signal transduction.  Instead the Wnt ligand binds to 

various co-receptors that regulate cellular processes such as planar cell polarity, axon guidance, 

synapse formation, and Wnt-dependent Ca2+ signaling (Veeman et al, 2003; Purro et al, 2008; 

Sheldahl et al, 2003; Niehrs, 2012).  The canonical Wnt/-Catenin pathway causes the 

stabilization of -Catenin which then translocates to the nucleus where it binds to co-activators 

of Wnt target genes (Gordon and Nusse, 2006).  While recent studies have shown that there are 

many points of crosstalk between the canonical and non-canonical pathways (Amin and Vinca, 

2012), this section, and the remainder of the thesis, will focus on the canonical Wnt/-Catenin 

pathway, discussing known mechanisms of signal transduction and revealing new insights into 

the mechanism of -Catenin stabilization.    

Wnt/-Catenin signaling is dependent upon the stabilization of the cell junction and 

nuclear co-activator protein -Catenin.  As shown in Figure 1-2, in the absence of Wnt ligand, -
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Catenin is bound by multi-protein destruction complex, phosphorylated, ubiquitinated, and 

degraded by the proteasome, preventing its nuclear translocation and gene activation (Yost et al, 

1996; Huber et al, 1996; Clevers and Nusse, 2012).  In the presence of a Wnt ligand, Wnt binds 

to its transmembrane co-receptors Frizzled (Fz) and Low Density Lipoprotein Receptor-Related 

Protein 5 or 6 (LRP5/6) (MacDonald et al, 2009).  Binding of these receptors by Wnt causes 

phosphorylation of LRP5/6 which recruits members of the -Catenin destruction complex to the 

membrane, allowing cytoplasmic -Catenin to stabilize and translocate to the nucleus (Figure 1-

2) (Tamai et al, 2004; Mao et al, 2001; Cliffe et al, 2003).       

Wnt ligand post-translational modification, secretion and extracellular trafficking 

With the exception of Wnt5a and Wnt5b, all Wnt ligands have been shown to trigger the 

stabilization of -Catenin (Shimizu et al, 1997; Chien et al, 2009; Li et al, 2013). Wnt ligands 

have evolved over time to have two domains (D1 and D2) that bind both Fz and LRP5/6 (Bazan 

et al, 2012; Chen et al, 2011), receptors that are necessary for canonical Wnt signaling and 

subsequent stabilization of -Catenin.  Investigations on Wnt3a and Wg have revealed three 

primary post-translational modifications that are necessary for proper intracellular trafficking, 

secretion and receptor activation (Willert et al, 2003; Takada et al, 2006; Komekado et al, 2007; 

Galli et al, 2007).   First, N-glycosylations at Asn87 and Asn298 are conserved and are necessary 

for secretion of Wnt3a (Komekado et al, 2007).   Two additional modifications at Cys77 and 

Ser209, with palmitate and palmitoleoyl, respectively, control signal activation and secretion.  

Lack of palmitylation on Cys77 markedly decreases signal activity (Willert et al, 2003; Galli et 

al, 2007; Komenkado et al, 2007) whereas lipidation on Ser209 causes accumulation of Wnt in 

the endoplasmic reticulum (ER), decreasing Wnt secretion (Takada et al, 2006).   
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Figure 1-2. Model of Wnt signaling.   

In the absence of Wnt ligand (- Wnt) the membrane receptors Fz and LRP5/6 
remain dissociated and inactivated.  Within the cytoplasm the destruction complex 
degrades -Catenin via the proteasome and nuclear translocation of -Catenin is 
inhibited.   

In the presence of Wnt ligand (+Wnt) the receptors associate via Wnt and are 
activated through associated with intracellular proteins including those of the 
destruction complex.  During activation, GSK3 phosphorylation of -Catenin is 
inhibited and -Catenin is stabilized and able to translocate to the nucleus for gene 
activation through association with transcription factor TCF. 
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In vivo studies using Drosophila melanogaster revealed several proteins involved in the 

processing and trafficking of Wg (Zhai et al, 2004; Hausmann et al, 2007). Porcupine has been 

identified as the ER transmembrane O-acyl-transferase required for the palmitoleoylation of 

Ser209 (Zhai et al, 2004; Takada et al, 2006).  The enzyme that palmitoylates Cys77 remains 

unknown.  In addition to porcupine, Wntless (Wls) and the Golgi-associated retromer complex 

facilitate Wg secretion and most likely play a critical role in Golgi to membrane transport and 

exocytosis (Hausmann et al, 2007; MacDonald et al, 2009).  A summary of the known Wnt 

protein processing is as follows: Wnt is translated in the ER where it is glycosylated and lipid 

modified.   Porcupine, Wls, and the retromer complex then traffic Wnt through the Golgi to the 

plasma membrane for secretion (MacDonald et al, 2009).  It is worth noting that the retromer 

complex is thought to be necessary for the retrieval of Wls from the membrane back to the Golgi 

preventing Wls degradation by the lysosome, which leads to decreased Wnt production, 

secretion, and extracellular signaling (Belenkaya et al, 2008; Franch-Marro et al, 2008; Port et al, 

2008).   

The post-translational lipidation of Wnt ligands renders them hydrophobic with very poor 

solubility (Bradley and Brown, 1990; Hausmann et al, 2007), indicating Wnt ligands are 

membrane bound and do not diffuse freely.  These findings are surprising given the long-range 

diffusibility of Wnt ligands (Zecca et al, 1996; Neumann and Cohen, 1997).  These results 

suggest Wnts do not traffic through the extracellular space by simple diffusion but must require 

assistance by other mechanisms.    

Wnt spreads across membrane surfaces through direct cell-cell contact by binding to 

heparin sulfate proteoglycans (HSPGs) that cover the surface of most cells (Lin and Perrimon, 
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2000; Baeg et al, 2001; Kreuger and Kjellén, 2012) and seem to be regulated by expression of 

the Wnt receptor Fz (Cadigan et al, 1998).  In Drosophila, it has been shown that HSGPs and the 

glypicans division abnormally delayed (Dally) and Dally-like protein (Dlp) are necessary for Wg 

presentation on the cell surface and spreading across the Drosophila imaginal disc (Tsuda et al, 

1999; Lin and Perrimon, 1999; Han et al, 2005; Takei et al, 2004; Yan et al, 2009b).  Binding of 

Wg to HSPGs is very strong (Reichman et al, 1996), making it less likely that long range 

diffusion is the mechanism of Wg spreading (Figure 1-3F).  However, a more recent study 

proposes that the secreted morphogen Decapentapolegic (Dpp) signals at a distance though cell-

cell contact made by cytonemes, long actin-based membrane protrusions from target cell that 

interact with surface of ligand producing cell (Hsiung et al, 2005); it is possible that Wnt signals 

at a distance in a similar manner (Figure 1-3E)  

Over the past decade, many other mechanisms of diffusion have been proposed.  While 

studying Wg in the Drosophila wing disc, Greco and colleagues showed that Wg can be 

trafficked through argosomes (Greco et al, 2001).  Argosomes are similar to exosomes, vesicles 

that are secreted from one cell to have an effect on a neighboring or distant cell, similar to those 

found in the neuromuscular junction.  Exosomes consist of the small intraluminal vesicles (ILVs) 

present in multivesicular bodies (MVBs), which gain access to the extracellular space by fusion 

of the endosomal limiting membrane to the plasma membrane (Pant et al, 2012).  Argosomes are 

not uniformly distributed or produced by all cells, but have been shown to be secreted by Wg 

producing cells.  Interestingly, Greco et al also showed that HSPGs are needed for Wg 

association with argosomes, suggesting that the mechanism of Wg diffusion may be multi-

factorial (Greco et al, 2001).  This early work was confirmed recently in a study that showed Wg 
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is transported across synaptic membranes in exosomes to signal in adjacent cells (Korkut et al, 

2009) (Figure 1-3B).    

Other researchers suggest that lipoproteins or carrier proteins are responsible for 

solubilizing Wnts by masking the lipid modifications.   Both the Eaton and Sprong laboratories 

have shown that Wg and Wnt3a associate with lipoproteins and require these particles for 

signaling (Panakova et al, 2005; Neumann et al, 2009).  Lipoproteins are a combination of 

 

Figure 1-3. Mechanisms of Wnt Secretion and Diffusion.  

Due to post-translational lipidation of Wnt proteins, Wnt has low solubility and is unable to 
freely diffuse through extracellular space. Therefore, several methods for Wnt diffusion have 
been proposed: A)Wnt is bound to lipoprotein particles, B)Wnt is associated with a lipid 
vesicle and excreted from the cell, C) the hydrophobic regions of Wnt self-interact forming a 
micelle of Wnt proteins, D) extracellular proteins, such as swim, bind to Wnt hydrophobic 
domains thus increasing its solubility, E) cytonemes from Wnt responding cells extend to Wnt 
producing cells and interact with the Wnt proteins on the surface of the producing cell, F) cell 
to cell transfer of Wnts  through binding of heparin sulfate proteoglycans.   
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various lipids, both neutral and phospho-lipids, cholesterol, and several scaffolding proteins 

called apolipoproteins.  The primary function of a lipoprotein is to emulsify and transport fatty 

acids throughout the body.  They propose that lipoproteins associate with Wg to facilitate its 

transport through the extracellular matrix (ECM) by binding to the lipid modifications on the 

ligand and improving its solubility (Figure 1-3A).  This mechanism would allow for further 

diffusion than remaining bound to HSPGs (Panakova et al, 2005; Neumann et al, 2009).  

Alternatively, the Nusse laboratory has recently shown that the extracellular transport protein 

Secreted wingless-interacting molecule (Swim) is able to solubilize Wg while retaining and 

promoting its long-range activity (Mulligan et al, 2011) (Figure 1-3D).  Notably, Swim is not 

present in all Wg producing tissues; therefore it is possible that there are other unidentified 

transport proteins that function similarly in other tissues or embryonic stages.   

Hedgehog, a secreted morphogen that requires a palmitoylation for activity, has recently 

been shown to interact with its own lipid modifications forming micelles that allow for long-

range transport through the extracellular matrix (Chen et al, 2004).  While this has not been 

demonstrated in Wnt signaling, it is conceivable that the lipids on Wnt ligands could interact and 

form a soluble micelle of Wnt that would also allow for long-range diffusion (Figure 1-3C). 

It is likely that different combinations of these mechanisms for diffusion will be utilized 

at various stages of development or tissue formation.  Further investigations into these diffusion 

mechanisms will reveal more about the intricate regulation of Wnt gradient formation in the 

developing embryo.       
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Wnt/-Catenin Membrane receptor activation 

Two membrane receptors are required for transduction of the Wnt/-Catenin signal, Fz 

and  LRP5/6 (Bhanot et al, 1996; Pinson et al, 2000).  The Frizzled family of proteins are seven-

pass transmembrane receptors containing a long N-terminal cysteine-rich domain (CRD) 

necessary for Wnt binding (Bhanot et al, 1996; Yang-Snyder et al, 1996; Dann et al, 2001; Hsieh 

et al, 1999).  There are 10 Fz proteins in the human genome, and five Drosophila homologs 

(Wang et al, 1996; Sato et al, 1999; Huang and Klein, 2004; Wu and Nusse, 2002), each have 

been shown to bind to Wnts and it is believed that, in vertebrates, varying combinations of the 10 

Fz proteins with the 19 Wnt ligands could transduce slightly varying signals, both canonically 

and non-canonically (van Amerongen et al, 2008).  

Fz receptor binding alone is not sufficient to transduce the Wnt signal, instead it requires 

association with the LRP5/6 to transduce the canonical Wnt signal (Cong et al, 2004; Holmen et 

al, 2005; Tolwinski et al, 2003).  LRP5 and 6 are single-span transmembrane receptors with a 

conserved cytoplasmic domain containing five PPPSPxS motifs that are required for signal 

activation and recruitment of the destruction complex through Axin binding (Mao et al, 2001; 

Tamai et al, 2004; Zeng et al, 2005). LRP5 and 6 were initially thought to have redundant 

functions, but recently reports show that there are differences in the activity and expression of 

these receptors.  LRP6 has a more dominant role in embryogenesis and transduces a stronger 

signal than LRP5.  LRP5 plays a more important role in bone formation and in homeostasis than 

LRP6 (Cui et al, 2011; Macdonald et al, 2012).  Despite these minor differences, both can 

interact with Wnt ligand to form a trimer with Fz which leads to activation of the intracellular 

Wnt signal (He et al, 2004) (Figure 1-1).     
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After ligand binding, activation of the receptors is initiated when Fz interacts with Dvl 

and LRP6 (or 5) becomes highly phosphorylated (Tamai et al, 2004; Wallingford and Habas, 

2005; Bilic et al, 2007; Macdonald et al, 2009).  Fz activation occurs either through an unknown 

conformational change or through G-coupled protein activity (Katanaev et al, 2005; Liu et al, 

2001; Liu et al 2005), which stimulates an interaction between Fz and Dvl.  The Fz-Dvl 

interaction then recruits the destruction complex to the membrane through the self-associating 

DIX domains of both Dvl and Axin (Wallingford and Habas, 2005; Cliffe et al, 2003, Feidler et 

al, 2011).  The recruitment of the destruction complex to the membrane is thought to initiate 

phosphorylation of LRP6 and trigger signal transduction by stabilization of -Catenin (Zeng et 

al, 2008).  

The hypothesis that the destruction complex initiates LRP6 phosphorylation is supported 

by reports that show that LRP6 is primed and phosphorylated by the same kinases found in the 

destruction complex and which are known to phosphorylate -Catenin: casein kinase 1 (CK1 

and glycogen synthase kinase 3 (GSK3) (Davidson et al, 2005; Zeng et al, 2005).  Upon Wnt 

binding, LRP6 is phosphorylated by CK1 in a separate and conserved S/T cluster towards the 

amino-terminal of the cytoplasmic tail (Davidson et al, 2005).  It is proposed that this 

phosphorylation leads to the recruitment of GSK3 alone and/or the Axin destruction complex, 

which also contains GSK3.  The recruited GSK3 binds and phosphorylates the five PPPSPxS 

motifs (Piao et al, 2008; Mi et al, 2006; Zeng et al, 2005).   In the case of LRP5/6, GSK3 

phosphorylation of LRP6 on the PPPSP motifs primes a downstream serine for phosphorylation 

by CK1 (Zeng et al, 2005; 2008).  This sequence of phosphorylation is opposite that of -Catenin 

(Huang and He, 2008), which is first primed by CK1 then phosphorylated by GSK3.  The 

phosphorylation of LRP6 coupled to the Fz-Dvl interaction trigger an amplification of the signal 
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through recruitment and formation of clusters containing Wnt signaling components and 

members of the destruction complex (Huang and He, 2008).  An important problem is whether 

the amplification and aggregation of these components at the plasma membrane is sufficient to 

transduce the Wnt signal or whether the formation of endocytosis-dependent Wnt ‘signalosomes’ 

are required for signaling (Bilic et al, 2007).  The integration of endocytosis and Wnt signaling 

will be discussed in greater detail in the final section of this chapter.   

Destruction complex and regulatory kinases 

The role of the destruction complex is to bind -Catenin and, through a series of 

phosphorylations and ubiquitinations, target it for degradation by the proteasome (Rubinfeld et 

al, 1996; Aberle et al, 1997).  This function is carried out by a number of destruction complex 

members via an array of post-translational modifications among the various complex members as 

well as -Catenin itself. Highlighting the importance of the destruction complex in regulation of 

the Wnt signal, many birth defects and cancers are attributed to an uncontrolled activation of the 

Wnt signaling pathway due to mutations in components of the destruction complex (Clevers and 

Nusse, 2012; MacDonald et al, 2009).  Each component plays an important function in targeting 

-Catenin for degradation by the proteasome.  This section will explore the function of each 

protein and how it relates to Wnt signal regulation.   

The destruction complex is composed of a core group of proteins which include: the 

scaffolding and tumor suppressor proteins Adenomatous polyposis coli (APC) and Axin; the 

protein kinases CK1 and GSK3; and, the E3 ligase -transducin repeat containing protein (-

TrCP). Due to the prominent role of Axin in the assembly and structure of the complex, the -
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Catenin destruction complex is also referred to as the Axin destruction complex (MacDonald et 

al, 2009; Li et al, 2012). 

Axin is a mostly unstructured and flexible adapter protein containing binding sites for all 

other destruction complex components (Spink et al, 2000; Noutsou et al, 2011; Ikeda et al, 1998; 

Yamamoto et al, 1999; Rubinfeld et al, 2001; Liu et al, 2002), with the exception of -TrCP, 

which binds directly to phosphorylated -Catenin (Orford et al, 1997; Wu et al, 2003).  The Axin 

binding sites for -Catenin, CK1, and GSK3 are located close to one another in the center of the 

protein.   The proximity of these binding sites is thought to increase kinase-substrate interactions 

(Ikeda et al, 1998; Dajani et al, 2003; Ha et al, 2004).  Additionally, structural studies have 

shown that CK1 and GSK3 bind to axin in regions distant from their catalytic domains.  Binding 

to Axin actually enhances their kinase activity rather than inhibiting it (Dajani et al, 2003; 

Sobrado et al, 2005).   

Further supporting the hypothesis that Axin is the core protein in the destruction 

complex, Axin contains a regulator of G-protein signaling (RGS) domain that binds APC.  This 

interaction is required for proper phosphorylation of APC and -Catenin destruction (Fagotto et 

al, 1999; Peterson-Nedry et al, 2008).    The carboxy-terminal Dvl-Axin (DIX) domain of Axin 

interacts with other DIX containing proteins including Axin itself and Dvl (Schwarz-Romond et 

al, 2007; Kishida et al, 1999).  It is the interaction between Axin in the destruction complex with 

Dvl bound to Fz that initiates termination of -Catenin destruction (MacDonald and He, 2012).  

Axin has also been postulated to be the rate-limiting factor in transducing the Wnt signal 

as it was originally proposed that Axin has the lowest concentration in a Xenopus oocyte in 

comparison to all other Wnt components (Salic et al, 2000; Lee et al, 2003).  However, as the 
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concentrations have been studied in various tissues and cell culture, it seems the level of Axin 

does not remain consistently low in all cell types, and that APC levels could be the limiting 

factor in some tissues (Benchabane et al, 2008; Tan et al, 2012).   

Based on structure alone, it is assumed that the primary role of APC is to bind -Catenin 

and facilitate its phosphorylation and degradation, but the full function of APC remains unclear.  

APC binds the destruction complex through Axin via three repeats of serine-alanine-methionine-

proline (SAMP).  This interaction has been shown to contribute to efficient -Catenin destruction 

(Behrens et al, 1998; Spink et al, 2000; Hart et al, 1998; Rubinfeld et al, 1997), and mutations in 

these sites render the protein nonfunctional and oncogenic in animals (Roberts et al, 2011; Smits 

et al, 1999; Kohler et al, 2009).  However, protein fragments retaining the -Catenin binding 

sites are sufficient for -Catenin degradation and inhibition of Wnt target gene expression in cell 

culture, suggesting that -Catenin binding sites may be more important for APC function than 

Axin binding (Roberts et al, 2011).    APC contains multiple binding sites for -Catenin which 

are dispersed throughout the peptide in 15-mer and 20-mer amino acid repeats (Kimelman and 

Xu, 2006; Eklof Spink, 2001).  The function of each of these eleven (four 15-mer and seven 20-

mer) sites remains unknown.  It is known, however, that phosphorylation of the 20-mer repeats 

increases the binding affinity between APC and -Catenin (Ha et al, 2004; Liu et al, 2006). APC 

is phosphorylated by CK1 and GSK3, the same kinases responsible for phosphorylating -

Catenin and LRP5/6, at the 20mer -Catenin binding sites (Rubinfeld et al, 1996; 1997).   

Despite the multiple -Catenin binding sites, reports have shown that only one or two -

Catenin proteins can bind to APC at any given time (Rubinfeld et al, 1995).  This supports a 

model by Kimelman and Xu which postulates that APC bound -Catenin transitions to different 
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regions of APC as the phosphorylation states of both -Catenin and APC fluctuate, and also that 

APC may be responsible for removing phosphorylated -Catenin from the destruction complex 

for better association with ubiquitin-conjugating enzymes (Kimelman and Xu, 2006).  It is worth 

noting that APC contains an armadillo domain that associates with many cytoskeletal regulators 

as well as with a regulatory subunit of protein phosphatase 2A (PP2A) and that the c-terminal of 

APC region contains a microtubule interacting region (Kawaski et al, 2000; Jimbo et al, 2002; 

Wantanabe et al, 2004; Breitman et al, 2008; Seeling et al, 1999; McCartney and Nathke, 2008).  

It remains unknown if these regions play a role in APC function within the destruction complex; 

however, it is known that the c-terminal microtubule interacting domain is not required for -

Catenin destruction (Smits et al, 1999).   

-Catenin phosphorylations occur sequentially through a priming phosphate added by 

CK1 and three more N-terminal phosphates added by GSK3.  CK1 protein has many isoforms 

which vary in size and ability to autoinhibit (Cegielska et al, 1998).  Isoforms ,, and  can bind 

to Axin and phosphorylate -Catenin in vitro (Amit et al, 2002), however it is CK1 that seems 

to be the prominent isoform for -Catenin phosphorylation (Liu et al, 2002; Elyada et al, 2011). 

Interestingly, -Catenin does not contain canonical CK1 phosphorylation sites; instead, -

Catenin contains a cluster of acid amino acids located at its carboxy-terminus which guides CK1 

to phosphorylated -Catenin at Ser45 (Marin et al, 2003).  

Phosphorylation of Ser45 primes -Catenin for phosphorylation by GSK3 on Thr41, 

Ser37, and Ser33 (Yost et al, 1996).  In mammals, GSK3 has two isoforms GSK3 and GSK3; 

both are capable of phosphorylating -Catenin and are functionally redundant in the Wnt 

signaling pathway (Doble et al, 2007).  It should be noted that, Drosophila has only one GSK3 
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homolog called Shaggy (Sgg/Zeste-White 3) which most closely resembles GSK3 (Bourouis et 

al, 1990; Ruel et al, 1993).  GSK3 can be phosphorylated at Tyr279 to cause an increase in 

enzymatic activity (Dajani et al, 2003) or at Ser9 to cause self-inhibition of GSK3 (Ding et al, 

2000).   GSK3 is a hierarchical kinase, which means it typically cannot phosphorylate a protein 

without a priming phosphate that targets it to the protein (Marin et al, 2003).  In the case of 

GSK3 it requires a priming phosphate four amino acids downstream of its target site.  The 

phosphate on Ser45 serves as the priming phosphate for -Catenin and Thr41 is phosphorylated 

due to that priming.  Then Thr41 serves as the priming phosphate for GSK3 which in turn 

phosphorylates Ser37 and Ser33, these phosphorylations then act as a phosphodegron, marking 

-Catenin for destruction (Yost et al 1996, Aberle et al, 1997).   

The half-life of -Catenin in a non-Wnt signaling cell is approximately 50 minutes 

(Munemitsu et al, 1996) and while the destruction complex prepares -Catenin for this rapid 

turnover, it is the proteasome that is responsible for the destruction (Aberle et al, 1997; Orford et 

al, 1997).  Recognition of -Catenin by the proteasome is mediated through ubiquitination by the 

E3 ligase, -TrCP.   -TrCP recognizes a short peptide sequence that includes the Ser37 and 

Ser33 phosphorylations by GSK3 (Winston et al, 1999; Liu et al, 1999).  Once bound, -TrCP 

and the Skp1/Cullin/F-box complex (SCF) add poly-ubiquitin to Lys19 and target it for 

degradation by the proteasome (Wu et al, 2003).  

Although not yet considered core components of the destruction complex, Protein 

phosphatase 1 and 2A (PP1 and PP2A, respectively) have been shown to associate with the 

complex and play a role in transient inhibition of -Catenin degradation by dephosphorylating 

both Axin and -Catenin (Hsu et al, 1999; Ratcliffe et al, 2000; Luo et al, 2007; Su et al, 2008). 
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These proteins are also predicted to be regulated by the destruction complex itself through Axin, 

which binds the catalytic domains of PP1 and PP2A and inhibits their positive effect on the Wnt 

signaling pathway (Hsu et al, 1999; Ikeda et al, 2000; Yamamoto et al, 2001; Luo et al 2007).   

Models for mechanism of action for -Catenin stabilization 

The major downstream effect of Wnt signaling is the stabilization of -Catenin and 

subsequent transcription of -Catenin target genes (Figure 1-2).  As such, regulation of -

Catenin levels is vital to all cells. Destruction of -Catenin is required for inhibition of the Wnt 

signal in cells and stabilization of -Catenin is the outcome of Wnt signaling 

  Many models have been proposed to explain how the destruction complex-mediated 

degradation of -Catenin is inhibited following Wnt receptor activation. One such model, the 

membrane sequestration of Axin1-GSK3 model, proposes that, due to the low number of Axin 

molecules in the cytoplasm, Axin relocalization to membrane receptors reduces the available 

destruction complexes free in the cytoplasm.  The relocation also functions to dephosphorylate 

Axin causing its instability and degradation, allowing -Catenin to become stabilized instead of 

bound to destruction complexes (Mao et al, 2001; Zeng et al, 2005).  This model also proposes 

that Axin is degraded upon receptor activation or disheveled activity (Lee et al, 2003; Mao et al, 

2001; Tolwinski et al, 2003).  Adding some support, Huang and colleagues show that inhibiting 

the poly-ADP-ribosylating enzyme tankyrase, with a small molecule inhibitor stabilized Axin 

and inhibited Wnt signaling; suggesting that Axin degradation is important for stabilization of -

Catenin (Huang et al, 2009).  It remains unclear how, or if, Wnt signaling regulates tankyrase 

activity, but additional studies on its role in Wnt signaling could reveal new insights in -Catenin 

stabilization.  Other studies on post-translational modifications of Axin show that sumoylation 
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inhibits Axin translocation to the plasma membrane which increases its stability and maintains -

Catenin destruction, inhibiting Wnt signal transduction (Kim et al, 2008; Jiang et al, 2009).  

Thus, transduction of the Wnt signal could be dependent on the degradation of Axin in this view.  

 A second model, the dissociation of the destruction complex model, proposes that the 

components of the destruction complex can no longer associate together upon induction of Wnt 

signaling.  This could occur either by removal - through degradation or relocation - of Axin or 

APC, increased activity of PP1 and PP2A, or by dissociation of the components via binding of 

the complex to the membrane receptors (Liu et al, 2005; Logan and Nusse, 2004; Malbon and 

Wang, 2006; van Amerongen and Berns, 2005; van Amerongen et al, 2005; Strovel et al, 2000; 

Roberts et al, 2011).  The dissociated complex would no longer bind and phosphorylate -

Catenin, leading to its stabilization. 

 Direct inhibition of GSK3 kinase activity has also been proposed as a third model of -

Catenin stabilization.  This model proposes that, upon Wnt signaling, GSK3 enzymatic activity 

on -Catenin is inhibited through association of the GSK3 catalytic site with LRP6 in place of -

Catenin (Cselenyi et al, 2008; Piao et al, 2008; Wu et al, 2009). Alternatively, the activation of 

Akt signaling by Wnt or disheveled overexpression activates PKB, a kinase known to inhibit 

GSK3 activity (Desbois-Mouthon et al, 2001; Fukumoto et al 2001).  It is worth noting that 

GSK3 self-inhibition though phosphorylation of Ser9 does not occur during Wnt signaling (Ding 

et al, 2000). Additionally, there has never been any report of decreased GSK3 activity upon Wnt 

stimulation, suggesting that if inhibition is occurring in vivo, it has yet to be recapitulated in 

vitro.   
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Recently, Vivian Li et al. have proposed that the stabilization of -Catenin occurs not 

through dissociation or inhibition of any destruction complex proteins, but rather through the 

recruitment of the destruction complex to the membrane along with bound, phosphorylated -

Catenin.  This -Catenin remains bound during Wnt signaling, allowing newly synthesized 

protein to accumulate in the cytoplasm and induce transcription of its target genes (Li et al, 

2012). 

Much of this past research has influenced the work of this thesis, and Chapter 3 focuses 

on an alternative model, GSK3 sequestration into MVBs, which shows that GSK3 is not directly 

inhibited, but rather sequestered away from its substrates in the cytoplasm, leading to the 

stability of cytoplasmic -Catenin (Taelman et al, 2010). 

Nuclear -Catenin and co-activation of target genes 

Once stabilized, -Catenin accumulates in the cytoplasm and is transported to the nucleus 

where it co-activates Wnt target genes (Huber et al, 1996; Behrens et al, 1996).  The mechanism 

for -Catenin translocation and retention in the nucleus remains elusive.  It is hypothesized that 

-Catenin has a nuclear location signal that allows it to translocate into the nucleus by interacting 

directly with nuclear pore proteins (Henderson and Fagotto, 2002).  Once inside the nucleus, -

Catenin is known to interact with the T cell factor/lymphoid enhancer factor (TCF/LEF) family 

of transcription factors.  Mammals have 4 TCF genes that give rise to many isoforms of TCF, 

whereas Drosophila only has 1 gene, pangolin, which can give rise to multiple protein isoforms 

(Arce et al, 2006; Hoppler and Kavanaugh, 2007).  In the absence of Wnt signaling and the 

nuclear localization of -Catenin, TCFs are primarily gene repressors via DNA binding with 
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their repressive co-factor Groucho. Upon -Catenin nuclear translocation, Groucho is displaced 

by -Catenin and TCF becomes an activator, recruiting other transcription factors for gene 

activation (Daniels and Weis, 2005).  Nuclear -Catenin is highly regulated through TCF/LEF 

posttranslational modifications, nuclear export proteins, such as Chibby and Inhibitor of -

Catenin and TCF-4 (ICAT), and competing -Catenin-interacting nuclear factors (Li et al, 2008; 

Tago et al, 2000; Zhang et al, 2006; Phillips and Kimble, 2009).   

Tight regulation of molecular interactions between Wnt signal transduction components 

and the activation of downstream target genes ensures accurate development and formation of an 

embryo as well as maintaining homeostasis in the adult tissue.  The next section will discuss the 

regulation of the Wnt signaling pathway by endosomal trafficking.  

 

IV. ENDOCYTOSIS AND WNT SIGNALING  

Endocytosis 

Endocytosis is the process of transporting extracellular molecules from the outside to the 

inside of a cell by way of the plasma membrane.  This process is integral to communication 

between cells at all stages of life and cellular growth (Andersson, 2012).  Early studies suggested 

that the signal transduction initiated at the plasma membrane and endocytosis primarily served to 

terminate the signal through trafficking proteins to the lysosome for degradation (Mellman, 

1996). More recent studies are revealing a more complex role in which endocytosis can inhibit 

some signals but lead to the enhancement of others (Dobrowolski and De Robertis, 2011).  Over 

the last decade, researchers have shown that regulation of Wnt signaling is fully integrated with 
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endocytic pathways (Gagliardi et al, 2008).  This section discusses endocytosis and its role in 

regulation of the Wnt signaling pathway.   

 There are several available routes for membrane receptors and their various cargo to enter 

into the cell.  Several endocytic pathways have been described which facilitate molecular 

movement from the plasma membrane to the inside of the cell through formation of vesicles 

involving Clathrin, Caveolin, or other pathways (Andersson, 2012; Mayor and Pagano, 2007).  

Clathrin-mediated endocytosis 

Clathrin-mediated endocytosis is the best characterized of the endocytic pathways.  In 

1976 Clathrin was described as a lattice-forming protein that was recruited to the membrane by 

adapter proteins, such as AP2, to form Clathrin coated pits (CCP) (Pearse, 1976; Schmid et al, 

2006).  At the membrane, adapter proteins recognize, concentrate, and sort receptors and cargo to 

ensure proper trafficking and delivery of vesicle contents to their appropriate sub-cellular 

location (Reider and Wendland, 2011).  The Clathrin vesicle is formed in a Dynamin-dependent 

manner (van der Bliek et al, 1993).  Dynamin causes a pinching off of the membrane to form a 

detached vesicle (Faelber et al, 2012). Once detached from the membrane, Clathrin dissociates 

from the vesicle and can be recycled to form more CCPs or vesicles (Sorkin, 2004; Schmid and 

McMahon, 2007; Doherty and McMahon, 2009).    Due to the large number of adapter proteins 

that recruit Clathrin to the membrane, Clathrin-mediated endocytosis is responsible for the 

endocytosis of most known receptor mediated pathways (Andersson, 2012; Schmid and 

McMahon, 2007).   

 



   

31 
 

Caveolin-mediated endocytosis 

The best characterized Clathrin-independent pathway utilizes the protein Caveolin to 

mediate vesicle formation (Parton and Simons, 2007).  Caveolin is specifically required for 

curvature of the membrane and formation of flask-shaped endocytic vesicles called caveolae 

(Parton, 2003); Dynamin is further required for the pinching off of the caveolae (Oh et al, 1998).  

In addition to associating uniquely with Caveolin, caveolae are also distinct in their lipid 

composition compared to the rest of the plasmid membrane and other endocytic vesicles (Simons 

and Ikonen, 1997).  Caveolae are primarily composed of sphingolipids and cholesterol; early 

studies referred to this method of entry as lipid raft endocytosis (Simons and Ikonen, 1997).  

These vesicles also tend to be enriched for signaling proteins and glycosyl phosphatidylinositol-

anchored proteins (GPI-AP) (Sprenger et al, 2004).  

Clathrin and Caveolin independent endocytic pathways 

While most protein transport is thought to go through either Clathrin or Caveolin 

mediated endocytosis, there are several other endocytic pathways that have been described and 

should also be included when discussing regulation of signaling pathways.  This section 

describes each of these alternate endocytic routes.   

Dynamin was initially thought to participate solely in Clathrin mediated and Caveolin 

(lipid raft) endocytosis.  However, recent studies have shown that Dynamin is also required for 

the small GTPase RhoA-mediated endocytosis of the interleukin-2 receptor (IL-2R) (Lamaze et 

al, 2001).  While very little is known about the mechanism for RhoA involvement in 

endocytosis, it is proposed that RhoA activation leads to reorganization of the actin cytoskeleton 
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through recruitment of the actin machinery, which, in conjunction with Dynamin, facilitates 

pinching off of a vesicle (Lamaze et al, 2001; Mayor and Pagano, 2007).   

Similarly, two additional GTPases, Arf6 and CDC42, can also induce formation of 

vesicles at the plasma membrane (Sabharanjak et al, 2002; Kalia et al, 2006).  Unlike RhoA 

however, Arf6 and CDC42 do not require Dynamin and little is known about the mechanism of 

action for specific cargo recognition (Doherty and McMahon, 2009).  Vesicles which do not 

require Clathrin, Caveolin, or Dynamin, such as the Arf6- and CDC42-regulated vesicles, are 

known as the Clathrin-independent carriers (CLIC) or GPI-A-P enriched early endosomal 

compartments (GEEC).  The CLIC/GEEC machinery relies on recruitment of actin-

polymerization machinery to form long tubular structures which then rely on myosin motors for 

budding (Chadda et al, 2007; Geli and Riezman, 1996)  This pathway is responsible for fluid 

phase uptake and is also enriched for GPI-APs (D'Souza-Schorey and Chavrier, 2006; Naslavsky 

et al, 2004).   

Since activation of GTPases can drive specific forms of endocytosis, then it is possible 

that extracellular ligands can activate distinct endocytosis-initiating signals.  Formation of 

transient vesicle-like structures on cell membranes in response to Epidermal growth factor 

(EGF), hepatocyte growth factor (HGF) and platelet derived growth factor (PDGF) have been 

described (Mellstrom et al, 1988; Mellstrom et al, 1983).  These structures are called circular 

dorsal ruffles (CDR) and function to pinocytose integrins upon growth factor-stimulated 

recruitment to CDRs (Peleg et al, 2011).  While Clathrin and Caveolin independent, CDR 

pinocytosis requires Dynamin and the actin binding protein, cortactin (Orth and McNiven, 2006; 

Weaver et al, 2001).   
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Flotillin, a membrane protein with sequence similarities to Caveolin, has also been shown 

to mediate endocytosis (Glebov et al, 1996).  However, the function of Caveolin and Flotillin are 

not redundant (Kirkham et al, 2008), as Flotillin facilitates endocytosis in both Clathrin-

dependent and independent pathways (Saslowsky et al, 2010; Cremona et al, 2011; Cornfine et 

al, 2011; Schneider et al, 2008; Neuman-Geisen et al, 2007).  It is still not clear whether or not 

Flotillin can act independently to mediate endocytosis or if it requires the machinery and 

mechanisms of other endocytic pathways (Glebov et al, 1996; Zhao et al, 2011).  However, it is 

interesting to note that Drosophila melanogaster does not have a gene homolog for Caveolin 

(Fischer et al, 2006), suggesting that endocytosis in Drosophila may rely more heavily on other 

proteins such as Flotillins.  It has also been suggested that Flotillins could be responsible for 

some cargo recognition, such as lipids, Clostridium difficile toxin B, and GPI-AP (Mayor and 

Pagano, 2007).   

As distinct as these pathways appear, the cargo that are known to associate with each pathway 

can be interchanged between pathways depending on tissue type, receptor composition, post-

translational modifications, or differential ligand binding (Andersson, 2012; Mayor and Pagano, 

2007).  In other words, it is not a ‘one pathway for every protein’ scenario.  For instance, 

epidermal growth factor receptor (EGFR) is trafficked either through the Clathrin-mediated or 

Clathrin-independent pathways depending on the level of EGF in the extracellular space and the 

ubiquitination state of EGFR (Sigismund et al, 2005). Scientist are just beginning to understand 

the various recognition sequences and membrane dynamics that are associated with each 

endocytic pathway. Additional studies are needed to improve our understanding of cargo 

recognition at the membrane and how that determines intracellular trafficking of vesicles in 

varying tissue types and organisms.      
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Trafficking of vesicles throughout the cytoplasm 

Delivery of proteins to their appropriate and final destination occurs through an intricate 

highway of trafficked vesicles.  At each step of endosome formation, from the plasma membrane 

to the lysosome, Rab GTPases control the phosphoinositol composition of membranes as well as 

recruit effectors of membrane remodeling to facilitate proper membrane trafficking (Jean and 

Kiger, 2012).  This section will focus on the key proteins, such as Rab GTPases, involved in 

maturation of endosome from the membrane through to the lysosome  and how this trafficking 

regulates cellular signaling (Figure 1-4).         

Early endosomes (EE) are the first vesicle in which recently endocytosed proteins can be 

found, along with fluid from the extracellular space and cargo (Helenius et al, 1983). They are 

thought to arise through fusion of several endocytic vesicles (Raiborg et al, 2003).  Within EE, 

proteins are sorted, with the majority of vesicle fluids and proteins being recycled back to the 

membrane for further use, leaving only the proteins destined to traffic through MVBs (Maxfield 

and McGraw, 2004).  EE are heterogeneous is size, shape, and function and can vary in 

distribution depending on cell type (Miaczynska et al, 2004; Lakadamyali et al, 2006; vanMeel 

and Klumperman, 2008).  However, in most cells EE are located around the periphery of the cell, 

close to the plasma membrane (Nielsen et al, 1999; Hoepfner et al, 2005). EE can be identified 

via their interaction with the GTPase Rab5, which remains active on the EE until late endosome 

(LE) maturation (Christoforidis et al, 1999; Zerial and McBride, 2001; Behnia and Munro, 

2005).  Because the EE is a fusion of many diverse endocytic vesicles and is responsible for 

recycling of various endocytic components and cargos, the EE membrane is composed of various 
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lipids, Caveolin, Rab4 and Rab11 (recycling Rab GTPases), as well as retromer complexes that 

traffic to the Golgi (Vonderheit and Helenius, 2005; Rojas et al, 2008).  The structure of the EE, 

which has long tubular regions as well as a vacuolar domain, facilitates in the proper sorting and 

vesicle budding from the EE to the appropriate destination (Bonifacino and Rojas, 2006).  The 

components recycled to the plasma membrane and Golgi-destined vesicles bud off the tubular 

structures, while the vacuolar domain matures into LE.  

Formation of ILVs, the luminal vesicles that give MVBs their name and identification, 

begin in the EE and are thought to be one of the key players in preliminary sorting of cargo, 

especially cargo comprised of ubiquitinated proteins (Raiborg et al, 2002; Sachse et al, 2002).  

The number and complexity of ILVs increases as the vesicle matures into a LE. 

One of the first changes that can be observed upon the onset of maturation of EE to LE is 

the appearance of Rab7 in small domains on the EE vacuole, resulting in a vesicle containing 

both Rab5 and Rab7 (Rink et al, 2005; Vonderheit and Helenius, 2005). The mechanism of 

switching from a Rab5 to a Rab7 endosome is unclear, but it is speculated that either the 

presence of Rab7 causes the inactivation of Rab5 which then leaves the surface of the EE (Rink 

et al, 2005), or a fission of the EE occurs between the Rab5 and Rab7 associated membranes and 

results in separate Rab5 EE and Rab7 LE (Gruenburg and Stenmark, 2004).   

A general requirement for Rab proteins has been shown for EE formation and further 

maturation, however, pathway-specific proteins have also been identified that help explain 

sorting of components that can lead to regulation of signaling pathways.  It was found that for 

TGF- activation of Smad2 and Smad3, the membrane-associated protein Smad anchor for 

receptor activation (SARA), was required (Tsukazaki et al, 1998; Panopoulou et al, 2002), and 
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Figure 1-4.  Key players in endocytic trafficking. 

After endocytosis at the plasma membrane (dark grey outer edge), the vesicle that is formed is 
called an endocytic vesicle.  Endosomes are then trafficked to sorting vesicles where the 
receptors and proteins will either be returned to the surface through recycling vesicles, marked 
by Rab11 (dark blue polygon) that bud off of the tubular membranes on the sorting vesicles.  
The larger vacuolar domain will mature into EE, then LE, and eventually fuse with lysosomes 
to degrade cargo and recycle nutrients.  ESCRT complexes (dark green, blue oval, brown 
spiral) sort ubiquitinated proteins and package them in IVLs.  Rab5 (pink polygon) marks EE 
endosomes, Rab7 (orange polygon) marks LE and lysosomes along with lysosome-associated 
membrane protein-1 (lamp-1) (purple rectangle).  Dynamin (light green rings). 

that SARA specific endosomes form during TGF- signaling.  Several years later, it was shown 

that another set of Smad protein, Smad1, Smad5 and Smad8, involved in BMP signal activation, 

required a different membrane-associated protein for activation, Endofin (Shi et al, 2007).  Both 

SARA and Endofin are lipid-binding proteins located in the early endosomal compartments.  

Their specific requirement for signal activation shows that there are specific proteins linked with 

the endocytic pathway that help to regulate cellular signals.  
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Several other changes occur during maturation of EE into LE including the loss of 

recycling capability, changes in lipid composition (both on the lumen and in ILVs), luminal 

compartment acidification, relocalization from the periphery of the cytoplasm to the perinuclear 

region, and an increase in ILV production (Huotari and Helenius, 2011).  Once fully mature, LE 

can fuse with one another to form specialized MVBs, such as SARA endosomes, or fuse with 

lysosomes for cargo degradation (Luzio et al, 2007).  The ability to fuse with other LEs is used 

as another form of sorting to ensure proper use and function of the cargo proteins, and allows for 

a dynamic trafficking system (Von Bartheld and Altick, 2011).   

While Rab GTPases facilitate vesicle formation and LE maturation, the biogenesis of 

MVBs requires the ESCRT complex, an acronym for Endosomal Sorting Complex Required for 

Transport.  Most of the proteins required for formation of the ESCRT complexes were first 

identified in yeast by the laboratory of Scott Emr.  Due to the vacuolar sorting defect phenotypes 

found in mutant strains, these proteins were called vacuolar protein sorting-associated protein 

(Vps) (Banta et al, 1988; Rothman et al, 1986). 

The five ESCRT complexes, ESCRT complex -0,  –I, -II, -III, Vps4 ( Asao et al, 1997; 

Babst et al, 1997; Babst et al, 2002a; Babst et al, 2002b; Katzmann et al, 2001; Shih et al, 2002), 

sort membrane proteins into ILVs by recognizing cargo and activating each of the five steps of 

ILV formation.   ESCRT-0 marks the site of membrane invagination through strong interactions 

with phosphatidylinositol-3-phosphate, PtdIns3P, and ubiquitinated cargo (Prag et al, 2007).  

ESCRT-0 is composed of two proteins, hepatocyte growth factor-regulated tyrosine kinase 

substrate (Hrs, also called Vps27) and signal transducing adaptor molecule1/2 (STAM1/2) (Prag 

et al, 2007).  Hrs contains a Fab-1, YGL023, Vps27, EEA-1 (FYVE) domain that binds PtdIns3P 
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and is responsible for the strong membrane interaction of ESCRT-0 (Mao et al, 2000; Raiborg et 

al, 2001).  Once bound to the membrane, ESCRT-0 recruits ESCRT-I and -II for the second step 

of ILV formation (Bache et al, 2003; Katzmann et al, 2003; Lu et al, 2003).   

ESCRT-I co-binds ESCRT-0 and ESCRT-II, this interaction is proposed to be 

responsible for initial curvature of the ILV (Wollert and Hurley, 2010).  ESCRT-I is composed 

of tumor susceptibility gene 101 (Tsg101), Vps28, Vps37, and multivesicular body 12 (Mvb12) 

(Bache et al, 2004; Bishop and Woodman, 2001; Eastman et al, 2005; Morita et al, 2007; 

Stuchell et al, 2004).  This complex also participates in recruiting and concentrating cargo into 

the intraluminal vesicle through ubiquitin binding sites on both Tsg101 and Mvb12 (Pornillos et 

al, 2002; Tsunematsu et al, 2010).   

Similarly to ESCRT-I, the ESCRT-II complex facilitates the generation of membrane 

curvature and cargo recognition.  ESCRT-II is composed of Vps22, Vps36 and two subunits of 

Vps25 (Babst et al, 2002b; Langelier et al, 2006).  The Gram-/ike ubiquitin-binding in EAP45 

(GLUE) domain in Vps22 facilitates ubiquitin binding for cargo recognition and provides 

interaction with PtdIns(3)P in the vesicle membrane (Slagsvold et al, 2005).  ESCRT-II is 

additionally required for the recruitment and binding of ESCRT-III to the site of ILV formation 

(Teo et al, 2004).  

The components of the ESCRT-III complex, unlike ECSRT-I and –II, do not readily 

associate in the cytoplasm, but instead assemble only upon Vsp25-induced activation of its 

Vps20 subunit (Teo et al, 2004).  Once activated, Vps20 recruits the other ESCRT-III complex 

subunits: the oligomerizing, Dynamin-like filamentous Snf7, Vps24, and Vps2.  The ESCRT-III 

complex recruits deubiquitinating enzymes that nucleate the cargo and prepare them for 
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trafficking to the lysosome (Luhtala and Odorizzi, 2004; Odorizzi et al, 2003).  In addition to 

cargo preparation, this complex advances the formation of the ILV by continuing membrane 

invagination, poising the vesicle for scission, and recruiting the Vps4-Vta1 complex required for 

ESCRT-III dissociation (Henne et al, 2011).   

Once the ESCRT-III complex is assembled on the membrane, it requires the energy 

provided by the ATPase Vps4 for disassembly and the final step of ILV formation: scission 

(Babst et al, 1997).  The Vpas4-Vta1 complex, the fifth and final ESCRT complex, is recruited to 

assembled ESCRT-III complexes where the ATP hydrolysis activity of Vps4 is activated (Babst 

et al, 1998).  The mechanism for ESCRT-III disassembly remains elusive, however, it has been 

suggested that Vps4 serves as a ratcheting system on ESCRT-III, providing a pulling force for 

step-wise disassembly, while also creating a force on the membrane that leads to scission of ILV 

from the endosomal limiting membrane (Saksena et al, 2009).   It is clear that Vps4 is necessary 

for disassembly of ESCRT-III proteins and formation of IVLs, but its specific mechanism 

remains unknown.   

Further investigation into each of the ESCRT complexes will lead to a greater 

understanding of MVB formation, cargo recognition and signal regulation through membrane 

trafficking.  Hrs and Vps4 are required for ILV formation and for canonical Wnt signaling 

(Taelman et al, 2010).  

Signaling and regulation of Wnt through endocytosis and vesicle trafficking 

Endocytosis was initially thought to be a process for recycling molecules and terminating 

signals arising at the plasma membrane (Katzmann et al, 2002).    More and more research has 

revealed that endocytic components play an important role in the transport of molecules 
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throughout the cell, serve in compartmentalizing cellular processes, and propagate signal 

transduction as opposed to terminate it (Scita and Di Fore, 2010; Miaczynska and Bar-Sagi, 

2010; Dobrowolski and De Robertis, 2011).   The interaction of Wnt components and endocytic 

components are inseparable in transducing and regulating the Wnt signal.  This section will 

discuss past research and explore the relationship between Wnt signaling and endocytosis.   

The first studies investigating the role of endocytosis in Wnt signaling were performed to 

answer the question, ‘Why does the distribution of Wnt ligand vary from only a 2-3 cell range in 

embryonic tissue to over a 20 cell range in the imaginal discs (Gagliardi et al, 2008)?’  

Inadvertently, through these first studies, it became apparent that endocytosis was playing a large 

part in shaping of the Wnt gradient by limiting the availability of the ligand (Moline et al, 1999; 

Strigini and Cohen, 2000).  What was not apparent was whether or not endocytosis was playing 

an overall positive or negative role on Wnt signal transduction.  Since these initial findings, there 

have been several reports that support both sides of the argument.   

In the Drosophila embryo, Dubois et al. showed that inhibition of Clathrin increased Wnt 

signaling (Dubois et al, 2001); suggesting that Clathrin-mediated endocytosis inhibited the Wnt 

signal by removing the ligand.  Conversely, expression of dominant negative forms of both 

Shibire (shi), the Drosophila Dynamin homolog, and Rab5 in the Drosophila imaginal disc 

showed a decrease in expression of Wnt target genes (Seto and Bellen, 2006), suggesting that in 

this tissue, endocytosis is playing a role in positively regulating the Wnt signal.  Additional 

support for positive regulation was found by Marois et al., who showed that inhibiting Rab5 

leads to a decrease in the Wg receptor Arrow, LRP6 homolog, (Marois et al, 2006), thus 

providing additional evidence for a positive role for endocytosis in the regulation of Wnt 
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signaling in the Drosophila imaginal disc.  However, these findings were disputed when it was 

shown by a different group that inhibition of Dynamin and Rab5 could lead to increased 

apoptosis and general down-regulation of transcription (Rives et al, 2006; Piddini et al, 2005; 

Marios et al, 2006), although the original findings did report that there was no increase in 

apoptosis.  These discrepancies are complicated by the fact that the same assays were not 

performed in the same tissues. Additionally, Clathrin inhibition affects only the Clathrin-

mediated endocytic pathway while Dynamin and Rab5 inhibition affect several different 

endocytic pathways.  

In hopes of simplifying their experimental systems, researchers have used cell culture and 

RNAi to investigate the positive or negative effect of endocytosis on Wnt signaling. To confirm 

the results found in vivo, Seto and Bellen used RNAi against shi and Rab5 and, once again, 

observed a reduction of Wnt signaling using the TOPflash reporter assay (Seto and Bellen, 

2006), which contains TCF sites linked to a luciferase reporter, and is activated upon Wnt 

signaling (Molenaar et al, 1996).  This work was later supported by Blitzer and Nusse who 

showed that in mammalian L-cells, inhibition of Clathrin through various pharmacological 

inhibitors and a dominant-negative Dynamin lead to the reduction of stabilized -Catenin 

(Blitzer and Nusse, 2006).  This demonstrated that endocytosis is required for Wnt signaling.  

Because the inhibitors used in the previous study could also have effects on all endocytic 

pathways, other authors have suggested the possibility that endocytic pathways other than 

Clathrin could also potentiate the Wnt signal (Yamamoto et al, 2006), although Caveolin 

knockout mice do not show Wnt phenotypes (Razani et al, 2002).   
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Overall, there seems to be a positive role for endocytosis on Wnt signaling, Chapter 3 

supports these findings and describes a novel cellular mechanism in which MVB formation is 

critical for isolating GSK3 from cytoplasmic -Catenin by trapping it in ILVs; this allows for -

Catenin stabilization and translocation to the nucleus.  The interaction of endocytosis and Wnt is 

a new frontier that will require more investigation to understand its full complexities in the 

developing embryo, tissue patterning, and adult homeostasis.      

 

 V. THE OPEN QUESTIONS ADDRESSED IN THIS THESIS 

 

After 30 years of Wnt research it seems as if we are just beginning to scratch the surface 

of discovering the ins and outs of this signaling pathway.  This thesis will address two 

unanswered questions pertaining to the function and mechanism of action for Wnt and introduces 

a Drosophila cell line that offers an additional culture tool for studying Wg signaling. 

The first question addresses the evolutionary idea that Wnt signaling is a very ancient 

signaling pathway and existed in the first multicellular organisms from which all other organisms 

were derived.  More specifically, it is thought that Wnt signaling was present in the first 

organism that had an A-P axis.  If this is true, and Wnt was required for this original A-P 

establishment, then all their descendants should also have regulation of their A-P axes by Wnt as 

well.  For the most part, this remains true for many organisms in the animal kingdom.  However, 

one glaring exception to this rule was one of the most commonly utilized model organisms for 

embryo patterning, Drosophila melanogaster.  In Drosophila, the A-P axis is established during 

egg formation and is determined by a set of maternal genes: Bicoid, Hunchback, Torso and 

Nanos.  It is generally accepted that the posterior expression of Wg plays no role in A-P axis 
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determination in the fly.  This thesis takes a closer look at the expression of Wg in the fly and 

addresses the prominent posterior expression of Wg in the early embryo.  In Chapter 2, I will 

present my investigation on the spatial and temporal expression of this band and provide 

evidence that it may still retain some function despite a divergence from its requirement in other 

bilateral animals (Vorwald-Denholtz and De Robertis, 2011).   

The second question addressed in this thesis is that of the mechanism of Wnt signal 

transduction.  It has been well established that during Wnt/Wg signal transduction GSK3-

dependent phosphorylation of -Catenin is inhibited (MacDonald et al, 2009).  This leads to an 

increase in-Catenin stabilization and translocation to the nucleus (Figure 1-2).  Though this 

process is widely accepted, the mechanism of inhibition of GSK3 activity remains elusive.  This 

thesis addresses this question by proposing a novel cellular pathway for GSK3 inhibition through 

sequestration into MVBs.  Upon Wnt binding to its receptors, GSK3 is removed from the 

cytoplasm, where it can readily interact with -Catenin, to a location in which it is isolated and 

unable to phosphorylate -Catenin and other cytoplasmic proteins.  Chapter 3 will provide 

molecular and biological evidence for the inhibition of GSK3 by MVB sequestration and present 

a novel mechanism of action for -Catenin stabilization.  Additionally, the data presented in 

Chapter 3 suggests that many proteins containing GSK3 phosphorylation sites are stabilized 

upon GSK3 sequestration.  Chapter 4 addresses this possibility with a preliminary report using 

mass spectrometry to identify these stabilized proteins in hopes of better understanding the 

global effect of Wnt signaling within the cell.  Finally, in Chapter 5, preliminary data is 

presented that identifies a new Drosophila cell line, BG3-c2, that responds well to Wg.  This 
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preliminary data that suggests this cell line will provide an excellent material in which to study 

the integration of Wg signaling and endocytosis.  

    

  



   

45 
 

REFERENCES 

Aberle H, Bauer A, Stappert J, Kispert A, Kemler R. (1997). Beta-Catenin is a target for the 
ubiquitin-proteasome pathway.  EMBO J 16, 3797-804. 

Adamska M, Larroux C, Adamski M, Green K, Lovas E, Koop D, Richards GS, Zwafink C, 
Degnan BM. (2010). Structure and expression of conserved Wnt pathway components in 
the demosponge Amphimedon queenslandica. Evol Dev 12, 494–518. 

Agathon A, Thisse C, Thisse B. (2003). The molecular nature of the zebrafish tail organizer. 
Nature 424, 448-452. 

Aguinaldo AMA, Turbeville JM, Linford LS,  Rivera MC,  Garey JR,  Raff RA,  Lake JA. 
Evidence for a clade of nematodes, arthropods and other moulting animals. (1997). 
Nature 387, 489–492. 

Amin N, Vincan E.  The Wnt signaling pathways and cell adhesion. (2012). Front Biosci. 17, 
784-804.  

Amit S, Hatzubai A, Birman Y, Andersen JS, Ben-Shushan E, Mann M, Ben-Neriah Y, Alkalay 
I. (2002). Axin-mediated CKI phosphorylation of b-Catenin at Ser 45: A molecular 
switch for the Wnt pathway. Genes Dev 16, 1066–1076. 

Andersson ER.(2012). The role of endocytosis in activating and regulating signal transduction. 
Cell Mol Life Sci. 69, 1755-1771. 

Angelini DR, Kaufman TC. (2005). Functional analyses in the milkweed bug Oncopeltus 
fasciatus (Hemiptera) support a role for Wnt signaling in body segmentation but not 
appendage development.  Dev Biol 283, 409-423. 

Arce L, Yokoyama NN, Waterman ML. (2006). Diversity of LEF/TCF action in development 
and disease. Oncogene  25, 7492–7504  

Asao H,  Sasaki Y,  Arita T,  Tanaka N,  Endo K,  Kasai H,  Takeshita T,  Endo Y,  Fujita T,  
Sugamura K. (1997). Hrs is associated with STAM, a signal-transducing adaptor 
molecule. Its suppressive effect on cytokine-induced cell growth. J. Biol. Chem  272, 
32785–32791 

Augustine K, Liu ET, Sadler TW.  (1993). Antisense attenuation of Wnt-1 and Wnt-3a 
expression in whole embryo culture reveals roles for these genes in craniofacial, spinal 
cord, and cardiac morphogenesis.  Dev Genet 14, 500-520. 

Aulehla A, Wehrle C, Brand-Saberi B, Kemler R, Gossler A, Kanzler B, Herrmann BG. 2003. 
Wnt3a plays a major role in the segmentation clock controlling somitogenesis. DevCell 
4: 395–406. 

Babst M,  Katzmann D,  Snyder WB, B. Wendland B,  Emr SD. (2002b) Endosome-associated 
complex, ESCRT-II, recruits transport machinery for protein sorting at the multivesicular 
body. Dev Cell 3, 283–289. 



   

46 
 

Babst M,  Katzmann DJ,  Estepa-Sabal EJ, T. Meerloo T,  Emr SD. (2002a) Escrt-III: an 
endosome-associated heterooligomeric protein complex required for mvb sorting Dev. 
Cell 3, 271–282 

Babst M,  Sato TK,  Banta LM,  Emr SD. (1997). Endosomal transport function in yeast requires 
a novel AAA-type ATPase, Vps4p. EMBO J 16, 1820–1831. 

Babst M, Wendland B, Estepa EJ, Emr SD. (1998). The Vps4p AAA ATPase regulates 
membrane association of a Vps protein complex required for normal endosome function. 
EMBO J 17, 2982–2993. 

Bache KG, C. Raiborg, A. Mehlum, H. Stenmark. (2003). STAM and Hrs are subunits of a 
multivalent ubiquitin-binding complex on early endosomes. J Biol Chem 278, 12513–
12521 

Bache KG, Slagsvold T, Cabezas A, Rosendal KR, Raiborg C, Stenmark H. (2004). The growth-
regulatory protein HCRP1/hVps37A is a subunit of mammalian ESCRT-I and mediates 
receptor down-regulation. Mol Biol Cell 15, 4337–4346. 

Baeg GH, Lin X, Khare N, Baumgartner S, Perrimon N. (2001). Heparan sulfate proteoglycans 
are critical for the organization of the extracellular distribution of Wingless. Development 
128, 87–94. 

Baker N. (1987). Molecular cloning of sequences from wingless, a segment polarity gene in 
Drosophila: a spatial distribution of a transcript in embryos.  EMBO J.  6, 1765-1773. 

Banta LM,  Robinson JS,  Klionsky DJ,  Emr SD. (1988).  Organelle assembly in yeast: 
characterization of yeast mutants defective in vacuolar biogenesis and protein sorting. J 
Cell Biol 107, 1369–1383. 

Bazan JF, Janda CY, Garcia KC. (2012). Structural architecture and functional evolution of 
Wnts.  Dev Cell 23, 227-232. 

Behnia R, Munro S. (2005). Organelle identity and the signposts for membrane traffic. Nature 
438, 597–604. 

Behrens J, Jerchow B-A, Wu¨rtele M, Grimm J, Asbrand C, Wirtz R, Ku¨hl M,Wedlich D, 
BirchmeierW. (1998). Functional interaction of an Axin homolog, conductin, with b-
Catenin, APC, and GSK3b. Science 280,  596–599. 

Belenkaya TY, Wu Y, Tang X, Zhou B, Cheng L, Sharma YV, Yan D, Selva EM, Lin X. (2008). 
The retromer complex influences Wnt secretion by recycling wntless from endosomes to 
the trans-Golgi network. Dev Cell 14, 120-131. 

Benchabane H, Hughes EG, Takacs CM, Baird JR, Ahmed Y. (2008). Adenomatous polyposis 
coli is present near the minimal level required for accurate graded responses to the 
Wingless morphogen. Development 135, 963–971. 



   

47 
 

Bhanot P, Brink M, Harryman Samos C, Hsieh, JC, Wang YS, et al. (1996). A new member of 
the frizzled family from Drosophila functions as a Wingless receptor. Nature 382, 225–
230. 

Bilic J, Huang YL, Davidson G, Zimmermann T, Cruciat CM, Bienz M, Niehrs C. (2007). Wnt 
induces LRP6 Signalosomes and promotes Dishevelled-dependent LRP6 
phosphorylation. Science 316, 1619–1622.  

Bishop N, Woodman P. (2001). TSG101/mammalian VPS23 and mammalian VPS28 interact 
directly and are recruited to VPS4-induced endosomes. J Biol Chem 276, 11735–11742. 

Blitzer JT, Nusse R. (2006). A critical role for endocytosis in Wnt signaling. BMC Cell Biol 7, 
28. 

Bolognesi R, Farzana L, Fischer TD, Brown SJ. (2008). Multiple Wnt genes are required for 
segmentation in the short-germ embryo of Tribolium castaneum. Curr. Biol 18, 1624-
1629. 

Bonifacino JS, Rojas R. (2006). Retrograde transport from endosomes to the trans-Golgi 
network. Nat Rev Mol Cell Biol 7, 568–579. 

Bourouis M, Moore P, Ruel L, Grau Y, Heitzler P, Simpson P. (1990). An early embryonic 
product of the gene shaggy encodes a serine/threonine protein kinase related to the 
CDC28/cdc2+ subfamily. EMBO J 9, 2877-2884. 

Bradley RS, Brown AM. (1990). The proto-oncogene int-1 encodes a secreted protein associated 
with the extracellular matrix. EMBO J 9, 1569–1575. 

Breitman M, Zilberberg A, Caspi M, Rosin-Arbesfeld R. (2008). The armadillo repeat domain of 
the APC tumor suppressor protein interacts with Striatin family members. Biochim 
Biophys Acta 1783, 1792–1802. 

Cadigan KM, Fish MP, Rulifson EJ, Nusse R. (1998). Wingless repression of Drosophila 
frizzled 2 expression shapes the Wingless morphogen gradient in the wing. Cell 93, 767–
777. 

Cegielska A, Gietzen KF, Rivers A, Virshup DM. (1998). Autoinhibition of casein kinase I 
epsilon (CKI epsilon) is relieved by protein phosphatases and limited proteolysis.  J Biol 
Chem 273, 1357-1364. 

Chadda, R. et al. (2007). Cholesterol-sensitive CDC42 activation regulates actin polymerization 
for endocytosis via the GEEC pathway. Traffic 8, 702–717. 

Chapman JA, Kirkness EF, SimakovO, Hampson SE, Mitros T,Weinmaier T, Rattei T, 
Balasubramanian PG, Borman J, Busam D, et al. (2010). The dynamic genome of Hydra. 
Nature 464, 592–596. 



   

48 
 

Chen MH, Li YJ, Kawakami T, Xu SM, Chuang PT. (2004). Palmitoylation is required for the 
production of a soluble multimeric Hedgehog protein complex and long-range signaling 
in vertebrates. Genes Dev 18, 641–659. 

Chen S, Bubeck D, MacDonald BT, Liang WX, Mao JH, Malinauskas T, Llorca O, Aricescu 
AR, Siebold C, He X, Jones EY.  (2011). Structural and functional studies of LRP6 
ectodomain reveal a platform for Wnt signaling.   Dev Cell 21, 848-861. 

Chien AJ, Conrad WH, Moon RT.(2009). A Wnt survival guide: from flies to human disease.  J 
Invest Dermatol 129, 1614-1627. 

Cho SJ, Valles Y, Giani VCJr, Seaver EC, Weisblat DA. (2010). Evolutionary dynamics of the 
wnt gene family: A lophotrochozoan perspective. Mol Biol Evol 27, 1645–1658. 

Christoforidis S, Miaczynska M, Ashman K, Wilm M, Zhao L, Yip SC, Waterfield MD, Backer 
JM, Zerial M. (1999). Phosphatidylinositol-3-OH kinases are Rab5 effectors. Nat Cell 
Biol 1, 249–252. 

Clevers H, Nusse R. (2012). Wnt/β-Catenin signaling and disease. Cell 149,1192-205. 

Cliffe A, Hamada F, Bienz M. (2003). A role of Dishevelled in relocating Axin to the plasma 
membrane during wingless signaling. Curr Biol 13, 960-966. 

Collins AG, Valentine JW. (2001).  Defining phyla: evolutionary pathways to metazoan body 
plans.  Evol Dev 3, 432-442. 

Cong F, Schweizer L, Varmus H. (2004). Wnt signals across the plasma membrane to activate 
the beta-Catenin pathway by forming oligomers containing its receptors, Frizzled and 
LRP. Development 131, 5103–5115. 

Cornfine S, Himmel M, Kopp P, El Azzouzi K, Wiesner C, Kruger M, Rudel T, Linder S. 
(2011). The kinesin KIF9 and reggie/Flotillin proteins regulate matrix degradation by 
macrophage podosomes. Mol Biol Cell 22, 202–215. 

Cremona ML, Matthies HJ, Pau K, Bowton E, Speed N, Lute BJ, Anderson M, Sen N, Robertson 
SD, Vaughan RA et al. (2011). Flotillin-1 is essential for PKC-triggered endocytosis and 
membrane microdomain localization of DAT. Nat Neurosci 14, 469–477. 

Cselenyi CS, Jernigan KK, Tahinci, Thorne CA, Lee LA, Lee E. (2008). LRP6 transduces a 
canonical Wnt signal independently of Axin degradation by inhibiting GSK3's 
phosphorylation of beta-Catenin. Proc. Natl. Acad. Sci. 105, 8032–8037. 

Cui Y, Niziolek PJ, MacDonald BT, Zylstra CR, Alenina N, Robinson DR, Zhong Z, Matthes S, 
Jacobsen CM, Conlon RA, Brommage R, Liu Q, Mseeh F, Powell DR, Yang QM, 
Zambrowicz B, Gerrits H, Gossen JA, He X, Bader M, Williams BO, Warman ML, 
Robling AG. (2011). Lrp5 functions in bone to regulate bone mass.  Nat Med 17, 684-
691. 



   

49 
 

Dajani R, Faser E, Roe SM, Yeo M, Good VM, Thompson V, Dale TC, Pearl LH. (2003). 
Structural basis for recruitment of glycogen synthase kinase 3β to the axin-APC scaffold 
complex. EMBO J 22, 494–501. 

Damen WG. (2007). Evolutionary conservation and divergence of the segmentation process in 
arthropods. Dev Dyn 236, 1379–1391. 

Daniels DL, Weis WI. (2005). Beta-Catenin directly displaces Groucho/TLE repressors from 
Tcf/Lef in Wnt-mediated transcription activation. Nat Struct Mol Biol 12, 364–371. 

Dann CE, Hsieh JC, Rattner A, Sharma D, Nathans J, Leahy DJ. 2001. Insights into Wnt binding 
and signalling from the structures of two Frizzled cysteine-rich domains. Nature 412:86–
90 

Davidson G, Wu W, Shen J, Bilic J, Fenger U, Stannek P, Glinka A, Niehrs C. (2005). Casein 
kinase 1 gamma couples Wnt receptor activation to cytoplasmic signal transduction. 
Nature 438, 867–872. 

De Robertis EM, Sasai Y. (1996). A common plan for dorsoventral patterning in Bilateria. 
Nature 380, 37–40. 

De Robertis EM. (2008). Evo-Devo: variations on ancestral themes. Cell 132, 185-195. 

De Robertis EM. (2010).  Wnt signaling in axial patterning and regeneration: a lesson from 
Planaria.  Sci. Signal 3, 1-3.  

Deak II.  (1978). Thoracic duplications in the mutant wingless of Drosophila and their effect on 
muscles and nerves. Dev Biol 66, 422-441. 

Desbois-Mouthon C, Cadoret A, Blivet-Van Eggelpoël MJ, Bertrand F, Cherqui G, Perret C, 
Capeau J. (2001). Insulin and IGF-1 stimulate the beta-Catenin pathway through two 
signalling cascades involving GSK-3beta inhibition and Ras activation. Oncogene 20, 
252–259. 

Ding VW, Chen RH, McCormick F. (2000). Differential regulation of glycogen synthase kinase 
3b by insulin and Wnt signaling. J Biol Chem 275, 32475–32481. 

Doble BW, Patel S, Wood GA, Kockeritz LK, Woodgett JR. (2007). Functional redundancy of 
GSK-3a and GSK-3b in Wnt/b-Catenin signaling shown by using an allelic series of 
embryonic stem cell lines. Dev Cell 12, 957–971. 

Dobrowolski R, De Robertis EM. (2011). Endocytic control of growth factor signalling: 
multivesicular bodies as signalling organelles. Nat Rev Mol Cell Biol 13, 53-60. 

Doherty GJ, McMahon HT. (2009). Mechanisms of endocytosis. Annu Rev Biochem. 78, 857-
902. 

D'Souza-Schorey C, Chavrier P. (2006). ARF proteins: roles in membrane traffic and beyond. 
Nature Rev. Mol. Cell Biol 7, 347–358. 



   

50 
 

Dubois L, Lecourtois M, Alexandre C, Hirst E, Vincent JP. (2001). Regulated endocytic routing 
modulates wingless signaling in Drosophila embryos. Cell 105, 613–624. 

Eastman SW, J. Martin-Serrano J, Chung W, Zang T, Bieniasz PD. (2005). Identification of 
human VPS37C, a component of endosomal sorting complex required for transport-I 
important for viral budding. J Biol Chem 280, 628–636. 

Eklof Spink K, Fridman SG, Weis WI. (2001). Molecular mechanisms of b-Catenin recognition 
by adenomatous polyposis coli revealed by the structure of an APC-bCatenin complex. 
EMBO J 20, 6203–6212. 

Elyada E, Pribluda A, Goldstein RE,Morgenstern Y, Brachya G, Cojocaru G, Snir-Alkalay I, 
Burstain I, Haffner-Krausz, Jung S, et al. (2011). CKIa ablation highlights a critical role 
for p53 in invasiveness control. Nature 470, 409–413. 

Faelber K, Held M, Gao S, Posor Y, Haucke V, Noé F, Daumke O.  (2012). Structural insights 
into dynamin-mediated membrane fission.  Structure 20, 1621-1628. 

Fagotto F, Jho E, Zeng L, Kurth T, Joos T, Kaufmann C, Costantini F. (1999). Domains of axin 
involved in protein-protein interactions, wnt pathway inhibition, and intracellular 
localization. J Cell Biol 145, 741–756. 

Fiedler M, Mendoza-Topaz C, Rutherford TJ, Mieszczanek J, Bienz M.  (2011). Dishevelled 
interacts with the DIX domain polymerization interface of Axin to interfere with its 
function in down-regulating β-Catenin.  Proc Natl Acad Sci 108, 1937-1942. 

Finnerty JR. (2003). The origins of axial patterning in the metazoa: how old is bilateral 
symmetry?  Int J Dev Biol. 47, 523-529. 

Fischer JA, Suk Ho Eun, and Benjamin T. (2006). Doolan Endocytosis, Endosome Trafficking, 
and the Regulation of Drosophila Development. Annu. Rev Cell Dev Biol 22, 181–206. 

Franch-Marro X, Wendler F, Guidato S, Griffith J, Baena-Lopez A, Itasaki N, Maurice MM, 
Vincent JP. (2008). Wingless secretion requires endosome-to-Golgi retrieval of 
Wntless/Evi/Sprinter by the retromer complex. Nat Cell Biol 10, 170-177. 

Fukumoto S,  Hsieh CM, K. Maemura K,  Layne MD,  Yet SF,  Lee KH, Matsui T, Rosenzweig 
A,  Taylor WG,  Rubin JS et al. (2001). Akt participation in the Wnt signaling pathway 
through Dishevelled. J Biol Chem 276, 17479–17483. 

Gagliardi M, Piddini E, Vincent JP. (2008). Endocytosis: a positive or a negative influence on 
Wnt signalling? Traffic 9, 1-9. 

Galli LM, Barnes TL, Secrest SS, Kadowaki T, Burrus LW. (2007). Porcupine-mediated lipid-
modification regulates the activity and distribution of Wnt proteins in the chick neural 
tube. Development 134, 3339-3348. 

Gavin BJ, McMahon JA, McMahon AP. (1990). Expression of multiple novel Wnt-1/int-1-
related genes during fetal and adult mouse development.  Genes Dev 4, 2319-2332. 



   

51 
 

Geli MI, Riezman H. (1996). Role of type I myosins in receptor-mediated endocytosis in yeast. 
Science 272, 533–535. 

Glebov OO, Bright NA, Nichols BJ. (2006). Flotillin-1 defines a Clathrin-independent endocytic 
pathway in mammalian cells. Nat Cell Biol 8, 46–54. 

Gönczy P, Rose LS. (2005). Asymmetric cell division and axis formation in the embryo.  
WormBook. Oct 15:1-20. 

Gordon MD, Nusse R.  (2006). Wnt signaling: multiple pathways, multiple receptors, and 
multiple transcription factors.  J Biol Chem 281, 22429-22433. 

Greco TL, Takada S, Newhouse MM, McMahon JA, McMahon AP, Camper SA. (1996). 
Analysis of the vestigial tail mutation demonstrates that Wnt-3a gene dosage regulates 
mouse axial development.  Genes Dev 10, 313-324. 

Greco V, Hannus M, Eaton S. (2001). Argosomes: a potential vehicle for the spread of 
morphogens through epithelia. Cell  106, 633–645. 

Gruenberg J, Stenmark H. (2004). The biogenesis of multivesicular endosomes. Nat Rev Mol 
Cell Biol 5, 317–323 

Gurley KA, Elliott SA, Simakov O, Schmidt HA, Holstein TW, Sanchez Alvarado A. (2010). 
Expression of secreted Wnt pathway components reveals unexpected complexity of the 
planarian amputation response. Dev Biol 347, 24–39. 

Gurley KA, Rink JC, Sánchez Alvarado A. (2008).  β-Catenin defines head versus tail identity 
during planarian regeneration and homeostasis.  Science 319, 323-326. 

Ha N-C, Tonozuka T, Stamos JL, Choi H-J, Weis WI. (2004). Mechanism of phosphorylation-
dependent binding of APC to β-Catenin and its role in β-Catenin degradation. Mol Cell 
15, 511–521. 

Halanych KM, Bacheller JD, Aguinaldo AM, Liva SM, Hillis DM, Lake JA. (1995). Evidence 
from 18S ribosomal DNA that the lophophorates are protostome animals. Science 267, 
1641–1643. 

Han C, Yan D, Belenkaya TY, Lin X. (2005). Drosophila glypicans Dally and Dally-like shape 
the extracellular Wingless morphogen gradient in the wing disc. Development 132, 667–
679. 

Hart MJ, de los Santos R, Albert IN, Rubinfeld B, Polakis P. (1998). Downregulation of b-
Catenin by human Axin and its association with the APC tumor suppressor, b-Catenin, 
and GSK3b. Curr Biol 8, 573–581.  

Hausmann G, Bänziger C, Basler K. (2007). Helping Wingless take flight: how WNT proteins 
are secreted. Nat Rev Mol Cell Biol 8, 331-336. 

He X, Semenov M, Tamai K,  Zeng X. (2004). LDL receptor-related proteins 5 and 6 in 
Wnt/beta-Catenin signaling: arrows point the way. Development 131, 1663–1677. 



   

52 
 

Helenius A, Mellman I, Wall D, Hubbard A. (1983). Endosomes. Trends Biochem Sci 8, 245–
250. 

Henderson BR, Fagotto F. (2002). The ins and outs of APC and beta-Catenin nuclear transport.  
EMBO Rep 3, 834-839. 

Henne WM, Buchkovich NJ, Emr SD. (2011). The ESCRT pathway. Dev Cell 21, 77-91. 

Hoepfner S, Severin F, Cabezas A, Habermann B, Runge A, Gillooly D, Stenmark H, Zerial M. 
(2005). Modulation of receptor recycling and degradation by the endosomal kinesin 
KIF16B. Cell 121, 437–450. 

Holley SA, Ferguson EL. (1997). Fish are like flies are like frogs: conservation of dorsal-ventral 
patterning mechanisms. Bioessays 19, 281–284. 

Holmen SL, Robertson SA, Zylstra CR, Williams BO. (2005). Wnt-independent activation of 
beta-Catenin mediated by a Dkk1-Fz5 fusion protein. Biochemical and biophysical 
research communications.  328, 533–539. 

Holstein TW. (2012). The evolution of the Wnt pathway.  Cold Spring Harb Perspect Biol. 4, 
a007922. 

Hoppler S, Kavanagh CL. (2007). Wnt signalling: variety at the core. J. Cell Sci 120, 385–393. 

Hsieh JC, Rattner A, Smallwood PM, Nathans J. (1999). Biochemical characterization of Wnt-
frizzled interactions using a soluble, biologically active vertebrate Wnt protein. Proc Natl 
Acad Sci  96, 3546–3551. 

Hsiung F, Ramirez-Weber FA, Iwaki DD, Kornberg TB. (2005). Dependence of Drosophila 
wing imaginal disc cytonemes on Decapentaplegic. Nature 437, 560–563. 

Hsu W, Zeng L, Costantini F. (1999). Identification of a domain of Axin that binds to the 
serine/threonine protein phosphatase 2A and a self-binding domain. J Biol Chem 274, 
3439–3445. 

Huang H, He X. (2008). Wnt/beta-Catenin signaling: new (and old) players and new insights. 
Curr. Opin. Cell Biol. 20, 119–125. 

Huang HC, Klein PS. (2004). The Frizzled family: receptors for multiple signal transduction 
pathways. Genome Biol. 5, 234. 

Huang SM,  Mishina YM,  Liu A,  Cheung A,  Stegmeier F,  Michaud GA,  Charlat O,  Wiellette 
E,  Zhang Y,  Wiessner S et al. (2009). Tankyrase inhibition stabilizes axin and 
antagonizes Wnt signaling. Nature, 461, 614–620. 

Huber O, Korn R, McLaughlin J, Ohsugi M, Herrmann BG, Kemler R. (1996). Nuclear 
localization of beta-Catenin by interaction with transcription factor LEF-1.  Mech Dev 
59, 3-10. 

Huotari J, Helenius A. (2011). Endosome maturation. EMBO J 30, 3481-3500. 



   

53 
 

Ikeda S, Kishida M, Matsuura Y, Usui H, Kikuchi A. (2000). GSK-3β-dependent 
phosphorylation of adenomatous polyposis coli gene product can be modulated by β-
Catenin and protein phosphatase 2A complexed with Axin. Oncogene 19, 537–545. 

Ikeda S, Kishida S, Yamamoto H, Murai H, Koyama S, Kikuchi A. (1998). Axin, a negative 
regulator of the Wnt signaling pathway, forms a complex with GSK-3beta and beta-
Catenin and promotes GSK-3beta-dependent phosphorylation of beta-Catenin. EMBO J. 
17, 1371-1384. 

Janssen R, Le Gouar M, Pechmann M, Poulin F, Bolognesi R, Schwager EE, Hopfen C, 
Colbourne JK, Budd GE, Brown SJ, et al. (2010). Conservation, loss, and redeployment 
of Wnt ligands in protostomes: Implications for understanding the evolution of segment 
formation. BMC Evol Biol 10, 374. 

Jean S, Kiger AA. (2012). Coordination between RAB GTPase and phosphoinositide regulation 
and functions. Nat Rev Mol Cell Biol. 22, 463-470. 

Jiang Y, Luo W, Howe PH. (2009). Dab2 stabilizes Axin and attenuates Wnt/beta-Catenin 
signaling by preventing protein phosphatase 1 (PP1)-Axin interactions. Oncogene 28, 
2999–3007 

Jimbo T, Kawasaki Y,Koyama R, Sato R, Takada S,Haraguchi K, Akiyama T. (2002). 
Identification of a link between the tumour suppressor APC and the kinesin superfamily. 
Nat Cell Biol 4, 323–327. 

Kalia, M. et al. (2006). Arf6-independent GPI-anchored protein-enriched early endosomal 
compartments fuse with sorting endosomes via a Rab5/phosphatidylinositol-3'-kinase-
dependent machinery. Mol. Biol. Cell 17, 3689–3704 . 

Katanaev VL, Ponzielli R, Sémériva M, Tomlinson A. (2005). Trimeric G protein-dependent 
frizzled signaling in Drosophila. Cell 120, 111-122. 

 Katzmann DJ, Babst M, Emr SD. (2001). Ubiquitin-dependent sorting into the multivesicular 
body pathway requires the function of a conserved endosomal protein sorting complex, 
ESCRT-I. Cell 106, 145–155. 

Katzmann DJ, Odorizzi G, Emr SD. (2002). Receptor downregulation and multivesicular-body 
sorting. Nat Rev Mol Cell Biol 12, 893-905. 

Katzmann DJ, Stefan CJ, Babst M, Emr SD. (2003). Vps27 recruits ESCRT machinery to 
endosomes during MVB sorting. J. Cell Biol 162, 413–423. 

Kawasaki Y, Senda T, Ishidate T, Koyama R, Mirishita T, Iwayama Y, Higuchi O, Akiyama T. 
(2000). Asef, a link between the tumor suppressor APC and G-protein signaling. Science 
289, 1194–1197. 

Kiecker C, Niehrs, C. (2001).  A morphogen gradient of Wnt/β-Catenin signaling regulates AP 
neural patterning in Xenopus.  Development 128, 4189-4201. 



   

54 
 

Kim MJ, Chia IV, Costantini F. (2008). SUMOylation target sites at the C terminus protect Axin 
from ubiquitination and confer protein stability FASEB J 22, 3785–3794. 

Kimelman D, Xu W. (2006). beta-Catenin destruction complex: insights and questions from a 
structural perspective. Oncogene  25, 7482-91. 

Kirkham M, Nixon SJ, Howes MT, Abi-Rached L, Wakeham DE, Hanzal-Bayer M, Ferguson C, 
Hill MM, Fernandez-Rojo M, Brown DA, et al. (2008). Evolutionary analysis and 
molecular dissection of caveola biogenesis. J Cell Sci 121, 2075–2086. 

Kishida S, Yamamoto H, Hino S, Ikeda S, Kishida M, Kikuchi A. (1999). DIX domains of Dvl 
and axin are necessary for protein interactions and their ability to regulate bCatenin 
stability. Mol Cell Biol 19, 4414–4422. 

Kohler EM, Chandra SH, Behrens J, Schneikert J. (2009). b-Catenin degradation mediated by the 
CID domain of APC provides a model for the selection of APC mutations in colorectal, 
desmoid and duodenal tumours. Hum Mol Genet 18, 213–226. 

Komekado H, Yamamoto H, Chiba T, Kikuchi A. (2007). Glycosylation and palmitoylation of 
Wnt-3a are coupled to produce an active form of Wnt-3a.Genes Cells 12, 521-534. 

Komiya Y, Habas R. (2008). Wnt signal transduction pathways. Organogenesis. 2, 68-75. 

Korkut C, Ataman B, Ramachandran P, Ashley J, Barria R, Gherbesi N, Budnik V. (2009). 
Trans-synaptic transmission of vesicular Wnt signals through Evi/Wntless. Cell 139, 393-
404. 

Kreuger J, Kjellén L.  (2012). Heparan sulfate biosynthesis: regulation and variability. J 
Histochem Cytochem. 60, 898-907.  

KusserowA, Pang K, Sturm C, Hrouda M, Lentfer J, Schmidt HA, Technau U, von Haeseler A, 
Hobmayer B, Martindale MQ, et al. (2005). Unexpected complexity of the Wnt gene 
family in a sea anemone. Nature 433, 156–160. 

Lakadamyali M, Rust MJ, Zhuang X. (2006). Ligands for Clathrinmediated endocytosis are 
differentially sorted into distinct populations of early endosomes. Cell 124, 997–1009. 

Lamaze C. et al. (2001). Interleukin-2 receptors and detergent-resistant membrane domains 
define a Clathrin-independent endocytic pathway. Mol. Cell 7, 661–671. 

Langelier C,  von Schwedler UK,  Fisher RD,  De Domenico I,  White PL,  Hill CP,  Kaplan J,  
Ward D, Sundquist WI.  (2006). Human ESCRT-II complex and its role in human 
immunodeficiency virus type 1 release. J Virol 80,  9465–9480. 

Lapebie P, Gazave E, Ereskovsky A, Derelle R, Bezac C, Renard E, Houliston E, Borchiellini C. 
(2009). WNT/b-Catenin signalling and epithelial patterning in the homoscleromorph 
sponge Oscarella. PLoS ONE 4, e5823. 

Lawrence P.A. (1992). The Making of a Fly: the genetics of animal design. Blackwell Science 
Ltd, Oxford.  



   

55 
 

Lee E, Salic A, Kru¨ger R, Heinrich R, Kirschner MW. (2003). The roles ofAPC and axin 
derived fromexperimental and theoretical analysis of the Wnt pathway. PLoS Biol 1, 
116–132. 

Lee PN, Kumburegama S, Marlow HQ, Martindale MQ, Wikramanayake AH. (2007). 
Asymmetric developmental potential along the animal–vegetal axis in the anthozoan 
cnidarian, Nematostella vectensis, is mediated by Dishevelled. Dev Biol 310, 169–186. 

Lee PN, Pang K, Matus DQ, Martindale MQ. (2006). AWNT of things to come: Evolution of 
Wnt signaling and polarity in cnidarians. Semin Cell Dev Biol 17, 157–167. 

Lengfeld T,Watanabe H, SimakovO, LindgensD, Gee L, Law L, Schmidt HA, Ozbek S, Bode H, 
Holstein TW. (2009). Multiple Wnts are involved inHydra organizer formation and 
regeneration. Dev Biol 330, 186–199. 

Lengyel J.A., Iwaki, D.D. (2002). It takes guts: the Drosophila hindgut as a model system for 
Organogenesis.  Dev. Biol. 243, 1-19. 

Li FQ, Mofunanya A, Harris K, Takemaru K. (2008). Chibby cooperates with 14-3-3 to regulate 
beta-Catenin subcellular distribution and signaling activity. J. Cell Biol, 181, 1141–1154. 

Li Q, Kannan A, Das A, Demayo FJ, Hornsby PJ, Young SL, Taylor RN, Bagchi MK, Bagchi 
IC. (2013). WNT4 Acts Downstream of BMP2 and Functions via β-Catenin Signaling 
Pathway to Regulate Human Endometrial Stromal Cell Differentiation.  Endocrinology. 
154, 446-457 

Li VS, Ng SS, Boersema PJ, Low TY, Karthaus WR, Gerlach JP, Mohammed S, Heck AJ, 
Maurice MM, Mahmoudi T, Clevers H. (2012).  Wnt signaling through inhibition of β-
Catenin degradation in an intact Axin1 complex. Cell 149, 1245-1256. 

Li X, Kulkarni RP, Hill RJ, Chamberlin HM.  (2009). HOM-C genes, Wnt signaling and axial 
patterning in the C. elegans posterior ventral epidermis. Dev Biol 332, 156-165. 

Lin X, Perrimon N. (1999). Dally cooperates with Drosophila Frizzled 2 to transduce Wingless 
signaling. Nature 400, 281–284. 

Lin X, Perrimon N. (2000) Role of heparan sulfate proteoglycans in cell-cell signaling in 
Drosophila. Matrix Biol 19, 303–307. 

Liu C, Kato Y, Zhang Z, Do VM, Yankner BA, He X. (1999). b-Trcp couples b-Catenin 
phosphorylation-degradation and regulates Xenopus axis formation. Proc Natl Acad Sci 
96, 6273–6278. 

Liu C, Li Y, Semenov M, Han C, Baeg G-H, Tan Y, Zhang Z, Lin X, He X. (2002). Control of 
β-Catenin phosphorylation/degradation by a dual-kinase mechanism. Cell 108, 837–847. 

Liu J, Xing Y, Hinds TR, Zheng J, Xu W. (2006). The third 20amino acid repeat is the tightest 
binding site of APC for b-Catenin. J Mol Biol 360, 133–144. 



   

56 
 

Liu T, DeCostanzo AK, Lui X Wang, H, Hallagan S, Moon RT et al (2001). G protein signaling 
form activated rat frizzled-1 to the b-Catenin-lef-tcf pathway.  Science 292, 1718-1722. 

Liu X, Rubin JS, Kimmel AR. (2005). Rapid, Wnt-induced changes in GSK3b associations that 
regulate b-Catenin stabilization are mediated by Ga proteins.  Curr Biol 15, 1989-1997. 

Logan CY, Nusse R.  (2004). The Wnt signaling pathway in development and disease. Annu. 
Rev. Cell Dev Biol 20, 781–810. 

Lu Q,  Hope LW,  Brasch M,  Reinhard C,  Cohen SN.  (2003). TSG101 interaction with HRS 
mediates endosomal trafficking and receptor down-regulation. Proc Natl Acad Sci 100, 
7626–7631. 

Luhtala N, G. Odorizzi. (2004). Bro1 coordinates deubiquitination in the multivesicular body 
pathway by recruiting Doa4 to endosomes. J Cell Biol 166, 717–729. 

Luo W, A. Peterson, B.A. Garcia, G. Coombs, B. Kofahl, R. Heinrich, J. Shabanowitz, D.F. 
Hunt, H.J. Yost, D.M. (2007). Virshup. Protein phosphatase 1 regulates assembly and 
function of the beta-Catenin degradation complex. EMBO J 26, 1511–1521. 

Luzio JP, Pryor PR, Bright NA. (2007b). Lysosomes: fusion and function. Nat Rev Mol Cell 
Biol 8, 622–632. 

Macdonald BT, He X. (2012). Frizzled and LRP5/6 Receptors for Wnt/β-Catenin Signaling.  
Cold Spring Harb Perspect Biol. Dec 1;4(12). 

MacDonald BT, Tamai K, He X. (2009).  Wnt/β-Catenin signaling: components, mechanisms, 
and diseases.Dev Cell. 17, 9–26. 

Malbon CC, H.Y. Wang.  (2006). Dishevelled: a mobile scaffold catalyzing development. Curr 
Top Dev Biol 72, 153–166. 

Mao Y,  Nickitenko A,  Duan X,  Lloyd TE,  Wu MN,  Bellen H,  Quiocho FA. (2000). Crystal 
structure of the VHS and FYVE tandem domains of Hrs, a protein involved in membrane 
trafficking and signal transduction. Cell 100, 447–456. 

Mao, J, Wang, J, Liu, B, Pan, W, Farr, G.H, 3rd, Flynn, C, Yuan, H, Takada, S, Kimelman, D, 
Li, L, et al. (2001). Low-density lipoprotein receptor-related protein-5 binds to Axin and 
regulates the canonical Wnt signaling pathway. Mol. Cell 7, 801–809. 

Marin O, Bustos VH, Cesaro L, Meggio F, Pagano MA, Antonelli M, Allende CC, Pinna LA, 
Allende JE. (2003). A noncanonical sequence phosphorylated by casein kinase 1 in b-
Catenin may play a role in casein kinase 1 targeting of important signaling proteins. Proc 
Natl Acad Sci 100, 10193–10200. 

Marois E, Mahmoud A, Eaton S. (2006). The endocytic pathway and formation of the Wingless 
morphogen gradient. Development 133, 307–317. 

Martin BL, Kimelman D. (2009).  Wnt Signaling and the Evolution of Embryonic Posterior 
Development.  Curr. Biol. 19, R215-R219. 



   

57 
 

Martindale MQ. (2005).  The evolution of metazoan axial properties.  Nat Rev Genet. 12, 917-
927. 

Maxfield FR, McGraw TE. (2004). Endocytic recycling. Nat Rev Mol Cell Biol 5: 121–132 

Mayor S, Pagano RE. (2007). Pathways of Clathrin-independent endocytosis. Nat Rev Mol Cell 
Biol 8, 603-612. 

McCartney BM, Nathke IS. (2008). Cell regulation by the Apc protein Apc as master regulator 
of epithelia. Curr Opin Cell Biol 20, 186–193. 

McGregor AP, Pechmann M, Schwager EE, Feitosa NM,  Kruck S, Aranda M, Damen WGM. 
(2008).  Wnt8 is required for growth-zone establishment and development of 
opisthosomal segments in a spider. Curr. Biol. 18, 1619-1623. 

Mellman I. (1996). Endocytosis and molecular sorting.  Annu Rev Cell Dev Biol. 12, 575-625. 

Mellstrom K, Heldin CH, Westermark B. (1988). Induction of circular membrane ruffling on 
human fibroblasts by platelet-derived growth factor. Exp Cell Res 177,347–359. 

Mellstroom K, Hoglund AS, Nister M, Heldin CH, Westermark B, Lindberg U. (1983). The 
effect of platelet-derived growth factor on morphology and motility of human glial cells. 
J Muscle Res Cell Motil 4,589–609. 

Mi K, Dolan PJ, Johnson GV. (2006). The low density lipoprotein receptor-related protein 6 
interacts with glycogen synthase kinase 3 and attenuates activity. J Biol Chem 281, 
4787–4794. 

Miaczynska M, Bar-Sagi D. (2010).  Signaling endosomes: seeing is believing. Curr Opin Cell 
Biol 22, 535–540. 

Miaczynska M, Christoforidis S, Giner A, Shevchenko A, Uttenweiler-Joseph S, Habermann B, 
Wilm M, Parton RG, Zerial M. (2004). APPL proteins link Rab5 to nuclear signal 
transduction via an endosomal compartment. Cell 116, 445–456. 

Miyawaki K, Mito T, Sarashina I, Zhang H, Shinmyo Y, Ohuchi H, Noji S. 2004. Involvement 
of Wingless/Armadillo signaling in the posterior sequential segmentation in the cricket, 
Gryllus bimaculatus (Orthoptera), as revealed by RNAi analysis.  Mech. Develop. 121, 
119-130. 

Molenaar M, van de Wetering M, Oosterwegel M, Peterson-Maduro J, Godsave S, Korinek V, 
Roose J, Destree O, Clevers H. (1996). XTcf-3 transcription factor mediates beta-
Catenin-induced axis formation in Xenopus embryos. Cell 86, 391–399. 

Moline MM, Southern C, Bejsovec A. (1999). Directionality of wingless protein transport 
influences epidermal patterning in the Drosophila embryo. Development  126, 4375–
4384. 

Momose T, Derelle R, Houliston E. (2008). A maternally localized Wnt ligand required for axial 
patterning in the cnidarian Clytia hemisphaerica. Development 135, 2105–2113. 



   

58 
 

Momose T, Houliston E. (2007). Two oppositely localized Frizzled RNAs as axis determinants 
in a cnidarian embryo. PLoS Biol 5, e70. 

Morita E,  Sandrin V,  Alam SL,  Eckert DM,  Gygi SP,  Sundquist WI. (2007). Identification of 
human MVB12 proteins as ESCRT-I subunits that function in HIV budding. Cell Host 
Microbe  2, 41–53. 

Mulligan KA, Fuerer C, Ching W, Fish M, Willert K, Nusse R. (2011). Secreted wingless-
interacting molecule (Swim) promotes long-range signaling by maintaining wingless 
solubility.  Proc Natl Acad Sci 109, 370-377. 

Munemitsu S, Albert I, Rubinfeld B, Polakis P. (1996). Deletion of an amino-terminal sequence 
stabilizes b-Catenin in vivo and promotes hyperphosphorylation of the adenomatous 
polyposis coli tumor suppressor protein. Mol Cell Biol 16, 4088–4094. 

Murat S, Hopfen C, McGregor, AP. (2010). The function and evolution of Wnt genes in 
arthropods.  Arthropod Struct. Dev 39, 446-452. 

Nagano T, Takehara S, Takahashi M, Aizawa S, Yamamoto A.  (2006). Shisa2 promotes the 
maturation of somitic precursors and transition to the segmental fate in Xenopus 
embryos. Development 133, 4643-4654. 

Naslavsky N, Weigert R, Donaldson JG. (2004). Characterization of a nonClathrin endocytic 
pathway: membrane cargo and lipid requirements. Mol Biol Cell 15, 3542–3552. 

Neumann CJ, Cohen SM. (1997).  Long-range action of Wingless organizes the dorsal-ventral 
axis of the Drosophila wing. Development 124, 871–880. 

Neumann S, Coudreuse DYM, van der Westhuyzen DR, Eckhardt ERM, Korswagen HC, 
Schmitz G, Sprong H. (2009). Mammalian Wnt3a is released on lipoprotein particles. 
Traffic 10, 334–343. 

Neumann-Giesen C, Fernow I, Amaddii M, Tikkanen R. (2007). Role of EGF-induced tyrosine 
phosphorylation of reggie-1/Flotillin-2 in cell spreading and signaling to the actin 
cytoskeleton. J Cell Sci 120, 395–406. 

Niehrs C. (2010). On growth and form: A Cartesian coordinate system of Wnt and BMP 
signaling specifies bilaterian body axes. Development 137, 845–857. 

Niehrs C. (2012). The complex world of WNT receptor signalling. Nat Rev Mol Cell Biol. 12, 
767-779. 

Nielsen E, Severin F, Backer JM, Hyman AA, Zerial M. (1999). Rab5 regulates motility of early 
endosomes on microtubules. Nat Cell Biol 1, 376–382. 

Niemann S. Tetra-Amelia Syndrome. (2007). Aug 28 [Updated 2012 Aug 2]. In: Pagon RA, Bird 
TD, Dolan CR, et al., editors. GeneReviews™ [Internet]. Seattle (WA): University of 
Washington, Seattle; 1993-. Available from: 
http://www.ncbi.nlm.nih.gov/books/NBK1276/ 



   

59 
 

Nordstrom U, Jessell T. M, Edlund T. (2002). Progressive induction of caudal neural character 
by graded Wnt signaling. Nat. Neurosci. 5, 525-532. 

Noutsou M, Duarte AM, Anvarian Z, Didenko T, Minde DP, Kuper I, de Ridder I, Oikonomou 
C, Friedler A, Boelens R, et al.  (2011). Critical scaffolding regions of the tumor 
suppressor Axin1 are natively unfolded. J Mol Biol 405, 773–786. 

Nusse R, Varmus H. (2012). Three decades of Wnts: a personal perspective on how a scientific 
field developed. EMBO J 31, 2670-2684. 

Nusse R, Varmus HE. (1982). Many tumors induced by the mouse mammary tumor virus 
contain a provirus integrated in the same region of the host genome. Cell 31, 99-109. 

Odorizzi G,  Katzmann DJ,  Babst M,  Audhya A,  Emr SD. (2003). Bro1 is an endosome-
associated protein that functions in the MVB pathway in Saccharomyces cerevisiae. J 
Cell Sci 116 , 1893–1903 

Oh P, McIntosh DP, Schnitzer JE. (1998). Dynamin at the neck of caveolae mediates their 
budding to form transport vesicles by GTP-driven fission from the plasma membrane of 
endothelium. J Cell Biol 141, 101–114. 

Onai T, Lin HC, Schubert M, Koop D, Osborne PW, Alvarez S, Alvarez R, Holland ND, 
Holland LZ. (2009). Retinoic acid and Wnt/b-Catenin have complementary roles in 
anterior/posterior patterning embryos of the basal chordate amphioxus. Dev Biol 332, 
223–233. 

Orford K, Crockett C, Jensen JP, Weissman AM, Byers SW. (1997). Serine phosphorylation-
regulated ubiquitination and degradation of β-Catenin. J Biol Chem 272, 24735–24738. 

Orth JD, McNiven MA. (2006). Get off my back! Rapid receptor internalization through circular 
dorsal ruffles. Cancer Res 66, 11094–11096. 

Pan´akov´a D, Sprong H, Marois E, Thiele C, Eaton S. (2005). Lipoprotein particles are required 
for Hedgehog and Wingless signalling. Nature 435, 58–65. 

Pang K, Ryan JF, Mullikin JC, Baxevanis AD, Martindale MQ. (2010). Genomic insights into 
Wnt signaling in an early diverging metazoan, the ctenophore Mnemiopsis leidyi. 
Evodevo 1, 10. 

Panopoulou E., Gillooly D.J., Wrana J.L., Zerial M., Stenmark H., Murphy C., Fotsis T.  (2002). 
Early endosomal regulation of Smad-dependent signaling in endothelial cells. J Biol 
Chem. 277, 18046-18052. 

Pant S, Hilton H, Burczynski ME. (2012). The multifaceted exosome: biogenesis, role in normal 
and aberrant cellular function, and frontiers for pharmacological and biomarker 
opportunities. Biochem Pharmacol 11, 1484-1494. 

Parton RG, Simons K. (2007). The multiple faces of caveolae. Nature Rev Mol Cell Biol 8, 185–
194. 



   

60 
 

Parton RG.  (2003). Caveolae- from ultrastructure to molecular mechanisms. Nature Rev Mol 
Cell Biol 4, 162–167. 

Pearse BM. (1976). Clathrin: a unique protein associated with intracellular transfer of membrane 
by coated vesicles. Proc Natl Acad Sci 73,1255–1259 

Peleg B, Disanza A, Scita G, Gov N. (2011). Propagating cell-membrane waves driven by 
curved activators of actin polymerization. PLoS One 6, e18635. 

Perrimon N, Pitsouli C, Shilo BZ.(2012). Signaling mechanisms controlling cell fate and 
embryonic patterning. Cold Spring Harb Perspect Biol 4, a005975.  

Petersen CP, Reddien PW. (2008).  Smed-βCatenin-1 is required for AP blastema polarity in 
planarian regeneration.  Science 319, 327-330. 

Peterson-Nedry W, Erdeniz N, Kremer S, Yu J, Baig-Lewis S, Wehrli M. (2008). Unexpectedly 
robust assembly of the Axin destruction complex regulates Wnt/Wg signaling in 
Drosophila as revealed by analysis in vivo. Dev Biol 320, 226–241. 

Phillips BT, Kimble J. (2009). A new look at TCF and β-Catenin through the lens of a divergent 
C. elegans Wnt pathway. Dev. Cell 17,. 27–34. 

Piao S,  Lee SH,  Kim H,  Yum S,  Stamos JL,  Xu Y,  Lee SJ,  Lee J,  Oh S,  Han JK et al. 
(2008).  Direct inhibition of GSK3beta by the phosphorylated cytoplasmic domain of 
LRP6 in Wnt/beta-Catenin signaling. PLoS ONE 3, e4046. 

Piddini E, Marshall F, Dubois L, Hirst E, Vincent JP. (2005). Arrow (LRP6) and Frizzled2 
cooperate to degrade Wingless in Drosophila imaginal discs. Development 132, 5479–
5489. 

Pinson KI, Brennan J, Monkley S, Avery BJ, Skarnes WC. (2000). An LDL-receptor-related 
protein mediates Wnt signalling in mice. Nature 407, 535–538. 

Pornillos O, Alam SL, Rich RL, Myszka DG, Davis DR, Sundquist WI. Structure and functional 
interactions of the Tsg101 UEV domain. EMBO J 21, 2397–2406. 

Port F, Kuster M, Herr P, Furger E, Bänziger C, Hausmann G, Basler K. (2008). Wingless 
secretion promotes and requires retromer-dependent cycling of Wntless. Nat Cell Biol 10, 
178-185. 

Prag G, Watson H, Kim YC, Beach BM, Ghirlando R, Hummer G,  Bonifacino JS, Hurley JH.  
(2007). The Vps27/Hse1 complex is a GAT domain-based scaffold for ubiquitin-
dependent sorting. Dev Cell 12, 973–986. 

Purro SA, Ciani L, Hoyos-Flight M, Stamatakou E, Siomou E, Salinas PC.  (2008). Wnt 
regulates axon behavior through changes in microtubule growth directionality: A new 
role for adenomatous polyposis coli.  Journal of Neuroscience 28, 8644-8654. 



   

61 
 

Putnam NH, Srivastava M, Hellsten U, Dirks B, Chapman J, Salamov A, Terry A, Shapiro H, 
Lindquist E, Kapitonov VV, et al. (2007). Sea anemone genome reveals ancestral 
eumetazoan gene repertoire and genomic organization. Science 317, 86–94. 

Raiborg C,  Bremnes B,  Mehlum A,  Gillooly DJ,  D'Arrigo A,  Stang E,  Stenmark H. (2001). 
FYVE and coiled-coil domains determine the specific localisation of Hrs to early 
endosomes. J Cell Sci 114, 2255–2263. 

Raiborg C, Bache KG, Gillooly DJ, Madshus IH, Stang E, Stenmark H. (2002). Hrs sorts 
ubiquitinated proteins into Clathrin-coated microdomains of early endosomes. Nat Cell 
Biol 4, 394–398. 

Raiborg C, Rusten TE, Stenmark H. (2003). Protein sorting into multivesicular endosomes. Curr 
Opin Cell Biol. 15, 446-455. 

Ratcliffe MJ, Itoh K, Sokol SY. (2000). A positive role for the PP2A catalytic subunit in Wnt 
signal transduction. J Biol Chem 275, 35680–35683. 

Razani B, Woodman SE, Lisanti MP. (2002). Caveolae: from cell biology to animal physiology. 
Pharmacol Rev 54, 431–467. 

Reddien PW, Sanchez Alvarado A. (2004). Fundamentals of planarian regeneration. Annu Rev 
Cell Dev Biol 20, 725–757. 

Reichsman F, Smith L, Cumberledge S. (1996). Glycosaminoglycans can modulate extracellular 
localization of the wingless protein and promote signal transduction.  J Cell Biol 135, 
819–827. 

Reider A, Wendland B. (2011). Endocytic adaptors-social networking at the plasma membrane. J 
Cell Sci 124, 1613–1622. 

Rink J, Ghigo E, Kalaidzidis Y, Zerial M. (2005). Rab conversion as a mechanism of progression 
from early to late endosomes. Cell 122,735–749. 

Rives AF, Rochlin KM, Wehrli M, Schwartz SL, DiNardo S. (2006). Endocytic trafficking of 
Wingless and its receptors, Arrow and DFrizzled-2, in the Drosophila wing. Dev Biol 
293, 268–283. 

Roberts DM, Pronobis MI, Poulton JS, Waldmann JD, Stephenson EM, Hanna S, Peifer M. 
(2011). Deconstructing the b-Catenin destruction complex:Mechanistic roles for the 
tumor suppressor APC in regulating Wnt signaling. Mol Biol Cell 22, 1845–1863. 

Rothman JH, Stevens TH. (1986). Protein sorting in yeast: mutants defective in vacuole 
biogenesis mislocalize vacuolar proteins into the late secretory pathway. Cell 47, 1041–
1051. 

Rubinfeld B, Albert I, Porfiri E, Fiol C, Munemitsu S, Polakis P. (1996). Binding of GSK3β to 
the APC-β-Catenin complex and regulation of complex assembly. Science 272, 1023–
1026. 



   

62 
 

Rubinfeld B, Albert I, Porfiri E, Munemitsu S, Polakis P. (1997a). Loss of b-Catenin regulation 
by the APC tumor suppressor protein correlates with loss of structure due to common 
somatic mutations of the gene. Cancer Res 57, 4624–4630. 

Rubinfeld B, Souza B, Albert I, Munemitsu S, Polakis P. (1995). The APC protein and E-
cadherin form similar but independent complexes with a-Catenin, b-Catenin, and 
plakoglobin. J Biol Chem 270, 5549–5555. 

Rubinfeld B, Tice DA, Polakis P. (2001). Axin-dependent phosphorylation of the Adenomatous 
Polyposis Coli protein mediated by casein kinase 1ε. J Biol Chem 276, 39037–39045. 

Ruel L, Pantesco V, Lutz Y, Simpson P, Bourouis M. (1993). Functional significance of a family 
of protein kinases encoded at the shaggy locus in Drosophila. EMBO J 12, 1657-1669. 

Ruiz-Trillo I, Roger AJ, Burger G, Gray MW, Lang BF. (2008). A phylogenomic investigation 
into the origin of metazoa. Mol Biol Evol 25, 664-672. 

Sabharanjak S, Sharma P, Parton R G, Mayor S. (2002). GPI-anchored proteins are delivered to 
recycling endosomes via a distinct CDC42-regulated, Clathrin-independent pinocytic 
pathway. Dev Cell 2, 411–423. 

Sachse M, Urbe S, Oorschot V, Strous GJ, Klumperman J. (2002). Bilayered Clathrin coats on 
endosomal vacuoles are involved in protein sorting toward lysosomes. Mol Biol Cell 
13,1313–1328. 

Saksena S, Wahlman J, Teis D, Johnson AE, Emr SD. (2009). Functional reconstitution of 
ESCRT-III assembly and disassembly. Cell 136, 97–109. 

Salic A, Lee E, Mayer L, KirschnerMW. (2000). Control of bCatenin stability: Reconstitution of 
the cytoplasmic steps of the Wnt pathway in Xenopus egg extracts. Mol Cell 5, 523–532. 

Saslowsky DE, Cho JA, Chinnapen H, Massol RH, Chinnapen DJ, Wagner JS, De Luca HE, 
Kam W, Paw BH, Lencer WI. (2010). Intoxication of zebrafish and mammalian cells by 
cholera toxin depends on the Flotillin/reggie proteins but not derlin-1 or -2. J Clin Invest 
120, 4399–4409. 

Sato A, Kojima T, Ui-Tei K, Miyata Y, Saigo K. (1999). Dfrizzled-3, a new Drosophila Wnt 
receptor, acting as an attenuator of Wingless signaling in wingless hypomorphic mutants.  
Development. 126, 4421-4430. 

Schierwater B, Eitel M, Jakob W, Osigus HJ, Hadrys H, Dellaporta SL, Kolokotronis SO, 
Desalle R. (2009). Concatenated analysis sheds light on early metazoan evolution and 
fuels a modern “urmetazoon” hypothesis. PLoS Biol 7, e20. 

Schmid EM, Ford MG, Burtey A, Praefcke GJ, Peak-Chew SY, et al. (2006). Role of the AP2 
betaappendage hub in recruiting partners for Clathrin-coated vesicle assembly. PLoS 
Biol. 4, e262. 



   

63 
 

Schmid EM, McMahon HT. (2007). Integrating molecular and network biology to decode 
endocytosis. Nature 448, 883–888. 

Schneider A, Rajendran L, Honsho M, Gralle M, Donnert G, Wouters F, Hell SW, Simons M. 
(2008). Flotillin-dependent clustering of the amyloid precursor protein regulates its 
endocytosis and amyloidogenic processing in neurons. J Neurosci 28, 2874–2882. 

Schwarz-Romond T, Metcalfe C, Bienz M. (2007). Dynamic recruitment of axin by Dishevelled 
protein assemblies. J Cell Sci 120, 2402–2412. 

Scita G, Di Fiore PP. (2010). The endocytic matrix. Nature 463, 464–473. 

Seeling JM, Miller JR, Gil R, Moon RT, White R, Virshup DM. (1999). Regulation of b-Catenin 
signaling by the B56 subunit of protein phosphatase 2A. Science 283, 2089–2091. 

Seto ES, Bellen HJ. (2006). Internalization is required for proper Wingless signaling in 
Drosophila melanogaster. J Cell Biol 173, 95–106. 

Sharma RP, Chopra VL. (1976).  Effect of the Wingless (wg1) mutation on wing and haltere 
development in Drosophila melanogaster.  Dev Biol 48, 461-465. 

 Sheldahl LC,  Slusarski DC,  Pandur P,  Miller JR,  Kuhl M,  Moon RT.(2003). Dishevelled 
activates Ca 2+ flux, PKC, and CamKII in vertebrate embryos  J. Cell Biol 161, 769. 

Shi W., Chang C., Nie S., Xie S., Wan M., Cao, X. (2007). Endofin acts as a Smad anchor for 
receptor activation in BMP signaling. J Cell Sci 120, 1216-1224. 

Shih SC, Katzmann DJ, Schnell JD, Sutanto M, Emr SD, Hicke L. (2002). Epsins and 
Vps27p/Hrs contain ubiquitin-binding domains that function in receptor endocytosis. Nat 
Cell Biol 4, 389–393. 

Shimizu H, Julius MA, Giarré M, Zheng Z, Brown AM, Kitajewski J. (1997). Transformation by 
Wnt family proteins correlates with regulation of beta-Catenin. Cell Growth Differ. 8, 
1349-1358. 

Shimizu T, Bae YK, MuraokaO, Hibi M. (2005). Interaction of Wnt and caudal-related genes in 
zebrafish posterior body formation. Dev Biol 279, 125–141. 

Sigismund, S., Woelk, T., Puri, C., Maspero, E., Tacchetti, C., Transidico, P., Di Fiore, P. P., and 
Polo, S. (2005). Clathrin-independent endocytosis of ubiquitinated cargos. Proc Natl 
Acad Sci  102, 2760-2765. 

Silhankova M, Korswagen HC.  (2007). Migration of neuronal cells along the anterior-posterior 
body axis of C. elegans: Wnts are in control. Curr Opin Genet Dev 17, 320-325.  

Simons K, Ikonen E. (1997). Functional rafts in cell membranes. Nature 387, 569–572. 

Slagsvold T, Aasland R, Hirano S, Bache KG, Raiborg C, Trambaiolo D, Wakatsuki S, Stenmark 
H. (2005). Eap45 in mammalian ESCRT-II binds ubiquitin via a phosphoinositide-
interacting GLUE domain. J Biol Chem 280, 19600–19606. 



   

64 
 

Smits R, Kielman MF, Breukel C, Zurcher C, Neufeld K, Jagmohan-Changur S, Hofland N, van 
Dijk J, White R, Edelmann W, et al. (1999). Apc1638T: A mouse model delineating 
critical domains of the adenomatous polyposis coli protein involved in tumorigenesis and 
development. Genes Dev 13, 1309–1321. 

Sobrado P, Jedlicki A, Bustos VH, Allende CC, Allende JE. (2005). Basic region of residues 
228–231 of protein kinase CK1α is involved in its interaction with axin: Binding to axin 
does not affect the kinase activity. J Cell Biochem 94, 217–224. 

Sorkin A. (2004). Cargo recognition during Clathrin-mediated endocytosis: a team effort. Curr 
Opin Cell Biol 16,392–399. 

Spink KE, Polakis P, Weis WI. (2000). Structural basis of the Axin-adenomatous polyposis coli 
interaction. EMBO J 19, 2270–2279. 

Sprenger RR, et al. (2004). Comparative proteomics of human endothelial cell caveolae and rafts 
using two-dimensional gel electrophoresis and mass spectrometry. Electrophoresis 25, 
156–172. 

Srivastava M, Begovic E, Chapman J, Putnam NH, Hellsten U, Kawashima T, Kuo A, Mitros T, 
Salamov A, Carpenter ML, et al. (2008). The Trichoplax genome and the nature of 
placozoans. Nature 454, 955–960. 

Strigini M, Cohen SM. (2000). Wingless gradient formation in the Drosophila wing. Curr Biol 
10, 293–300. 

Strovel ET, Wu D, Sussman DJ. (2000). Protein phosphatase 2Calpha dephosphorylates axin and 
activates LEF-1-dependent transcription. J Biol Chem, 275,  2399–2403. 

Stuchell MD, J.E. Garrus, B. Müller, K.M. Stray, S. Ghaffarian, R. McKinnon, H.G. Kräusslich, 
S.G. Morham, W.I. Sundquist.  (2004). The human endosomal sorting complex required 
for transport (ESCRT-I) and its role in HIV-1 budding. J Biol Chem 279,  36059–36071 

Su Y, Fu C, Ishikawa S, Stella A, Kojima M, Shitoh K, Schreiber EM, Day BW, Liu B. (2008). 
APC is essential for targeting phosphorylated β-Catenin to the SCFβ-TrCP ubiquitin 
ligase. Mol Cell 32, 652–661. 

Swarup S, Verheyen EM. (2012). Wnt/Wingless signaling in Drosophila. Cold Spring Harb 
Perspect Biol Jun 1,4(6). 

Taelman VF,  Dobrowolski R,  Plouhinec JL,  Fuentealba LC,  Vorwald PP,  Gumper I,  Sabatini 
DD,  De Robertis EM. (2010). Wnt signaling requires sequestration of glycogen synthase 
kinase 3 inside multivesicular endosomes. Cell 143, 1136–1148. 

Tago K,  Nakamura T,  Nishita M,  Hyodo J,  Nagai S,  Murata Y,  Adachi S,  Ohwada S,  
Morishita Y,  Shibuya H, et al. (2000). Inhibition of Wnt signaling by ICAT, a novel 
beta-Catenin-interacting protein. Genes Dev 14, 1741–1749. 



   

65 
 

Takada R, Satomi Y, Kurata T, Ueno N, Norioka S, Kondoh H, Takao T, Takada S.  (2006). 
Monounsaturated fatty acid modification of Wnt protein: its role in Wnt secretion. Dev 
Cell 11, 791-801. 

Takei Y, Ozawa Y, Sato M, Watanabe A, Tabata T. (2004). Three Drosophila EXT genes shape 
morphogen gradients through synthesis of heparin sulfate proteoglycans. Development 
131, 73–82. 

Tamai K, Zeng X, Liu C, Zhang X, Harada Y, et al. (2004). A mechanism for Wnt coreceptor 
activation. Mol Cell 13, 149–156.  

Tan CW, Gardiner BS, Hirokawa Y, Layton MJ, Smith DW, Burgess AW. (2012). Wnt 
signalling pathway parameters for mammalian cells. PLoS ONE 7, e31882. 

Teo H,  Perisic O,  González B,  Williams RL. (2004). ESCRT-II, an endosome-associated 
complex required for protein sorting: crystal structure and interactions with ESCRT-III 
and membranes. Dev Cell 7, 559–569. 

Thomas KR, Capecchi MR. (1990).  Targeted disruption of the murine int-1 proto-oncogene 
resulting in severe abnormalities in midbrain and cerebellar development.  Nature 
346, 847-850. 

Tolwinski NS, Wehrli M, Rives A, Erdeniz N, DiNardo S, Wieschaus E. (2003). Wg/Wnt signal 
can be transmitted through arrow/LRP5,6 and Axin independently of Zw3/Gsk3beta 
activity. Dev Cell  4, 407–418. 

Tsuda M,  Kamimura K,  Nakato H,  Archer M,  Staatz W,  Fox B,  Humphrey M,  Olson S,  
Futch T,  Kaluza V, et al. (1999). The cell-surface proteoglycan Dally regulates Wingless 
signalling in Drosophila.  Nature 400, 276–280. 

Tsukazaki T., Chiang T. A., Davison A. F., Attisano L.,  Wrana, J. (1998). SARA, a FYVE 
domain protein that recruits Smad2 to the TGFβ receptor. Cell 95, 779-791. 

Tsunematsu T,  Yamauchi E,  Shibata H,  Maki M,  Ohta T,  Konishi H. Distinct functions of 
human MVB12A and MVB12B in the ESCRT-I dependent on their posttranslational 
modifications. Biochem Biophys Res Commun 399, 232–237. 

Valentine JW. (2004). On the Origin of Phyla. The University of Chicago Press, Chicago. 
Edition 1, 1-608. 

van Amerongen R, Mikels A, Nusse R. (2008). Alternative wnt signaling is initiated by distinct 
receptors. Sci Signal 1, re9. 

van der Bliek AM, Redelmeier TE, Damke H, Tisdale EJ, Meyerowitz EM, Schmid SL.  (1993). 
Mutations in human dynamin block an intermediate stage in coated vesicle formation. J 
Cell Biol. 122, 553-563. 

van Meel E, Klumperman J. (2008). Imaging and imagination: understanding the endo-lysosomal 
system. Histochem Cell Biol 129, 253–266. 



   

66 
 

vanAmerongen R,  Nawijn M,  Franca-Koh J,  Zevenhoven J,  van der Gulden H,  Jonkers J,  
Berns A. (2005). Frat is dispensable for canonical Wnt signaling in mammals. Genes Dev 
19, 425–430. 

vanAmerongen R, Berns A. (2005). Re-evaluating the role of Frat in Wnt-signal transduction. 
Cell Cycle 4, 1065–1072. 

Veeman MT, Axelrod JD, Moon RT.  (2003). A second canon. Functions and mechanisms of 
beta-Catenin-independent Wnt signaling. Dev Cell 5, 367-377. 

Von Bartheld CS, Altick AL. (2011).  Multivesicular bodies in neurons: distribution, protein 
content, and trafficking functions. Prog Neurobiol 93, 313–340. 

Vonderheit A, Helenius A. (2005). Rab7 associates with early endosomes to mediate sorting and 
transport of Semliki forest virus to late endosomes. PLoS Biol  3,  e233. 

Vorwald-Denholtz PP, De Robertis EM. (2011). Temporal pattern of the posterior expression of 
Wingless in Drosophila blastoderm. Gene Expr Patterns. 11, 456-463. 

Wallingford JB, Habas R.  (2005). The developmental biology of Dishevelled: an enigmatic 
protein governing cell fate and cell polarity. Development 132, 4421-4436. 

Wang Y, Macke JP, Abella BS, Andreasson K, Worley P, Gilbert DJ, Copeland NG, Jenkins 
NA, Nathans J. (1996). A large family of putative transmembrane receptors homologous 
to the product of the Drosophila tissue polarity gene frizzled.  J Biol Chem 271, 4468-
4476. 

Watanabe T,Wang S, Noritake J, Sato K, Fukata M, Takefuji M, Nakagawa M, Izumi N, 
Akiyama T, Kaibuchi K. (2004). Interaction with IQGAP1 links APC to Rac1, Cdc42, 
and actin filaments during cell polarization and migration. Dev Cell 7, 871–883. 

Weaver AM, Karginov AV, Kinley AW, Weed SA, Li Y, Parsons JT, Cooper JA. (2001). 
Cortactin promotes and stabilizes Arp2/3-induced actin filament network formation. Curr 
Biol 11, 370–374. 

Wikramanayake AH, Hong M, Lee PN, Pang K, Byrum CA, Bince JM, Xu R, Martindale MQ. 
(2003). An ancient role for nuclear b-Catenin in the evolution of axial polarity and germ 
layer segregation. Nature 426, 446–450. 

Willert K, Brown JD, Danenberg E, Duncan AW, Weissman IL, Reya T, Yates JR 3rd, Nusse R. 
(2003). Wnt proteins are lipid-modified and can act as stem cell growth factors. Nature 
23, 448-452. 

Winston JT, Strack P, Beer-Romero P, Chu CY, Elledge SJ, Harper JW. (1999). The SCFb-
TRCP-ubiquitin ligase complex associates specifically with phosphorylated destruction 
motifs in IkBa and b-Catenin and stimulates IkBa ubiquitination in vitro. Genes Dev 13,  
270–283. 



   

67 
 

Wollert T, Hurley JH. (2010). Molecular mechanism of multivesicular body biogenesis by 
ESCRT complexes. Nature 464, 864–869. 

Wu CH, Nusse R. (2002). Ligand receptor interactions in the Wnt signaling pathway in 
Drosophila. J Biol Chem 277, 41762-41769.  

Wu G,  Huang H,  Garcia Abreu J,  He X. (2009). Inhibition of GSK3 phosphorylation of beta-
Catenin via phosphorylated PPPSPXS motifs of Wnt coreceptor LRP6. PLoS ONE 4, 
e4926. 

Wu G, Xu G, Schulman BA, Jeffrey PD, Harper JW, Pavletich NP. (2003). Structure of a β-
TrCP1-Skp1-β-Catenin complex: Destruction motif binding and lysine specificity of the 
SCF(β-TrCP1) ubiquitin ligase. Mol Cell 11, 1445–1456. 

Yamamoto H, Hinoi T, Michiue T, Fukui A, Usui H, Janssens V, Van Hoof C, Goris J, 
Asashima M, Kikuchi A. (2001). Inhibition of the Wnt signaling pathway by the PR61 
subunit of protein phosphatase 2A. J Biol Chem 276, 26875–26882. 

Yamamoto H, Kishida S, Kishida M, Ikeda S, Takada S, Kikuchi A. (1999). Phosphorylation of 
Axin, AWnt signal  negative regulator, by glycogen synthase kinase-3b regulates its 
stability. J Biol Chem 274, 10681–10684. 

Yamamoto H, Komekado H, Kikuchi A. (2006). Caveolin is necessary for Wnt-3a-dependent 
internalization of LRP6 and accumulation of betaCatenin. Dev Cell 11, 213–223. 

Yan D, Lin X. (2009a). Shaping morphogen gradients by proteoglycans. Cold Spring Harb 
Perspect Biol 1, a002493. 

Yan D,Wu Y, Feng Y, Lin S-C, Lin X. (2009b). The core protein of glypican Dally like 
determines its biphasic activity in wingless morphogen signaling. Dev Cell 17, 470–481. 

Yang-Snyder J, Miller JR, Brown JD, Lai CJ, Moon RT. (1996). A frizzled homolog functions in 
a vertebrate Wnt signaling pathway. Curr Biol 6, 1302-1306. 

Yost C, Torres M, Miller JR, Huang E, Kimelman D, Moon RT. (1996). The axis-inducing 
activity, stability, and subcellular istribution of b-Catenin is regulated in Xenopus 
embryos by glycogen synthase kinase 3. Genes Dev 10,1443–1454. 

Yu J-K, Satou Y, Holland N.D, Shin-l T, Kohara Y, Satoh N, Bronner-Fraser M, Holland L.Z. 
(2007).  Axial patterning in cephalochordates and the evolution of the organizer.  Nature 
445, 613-617.   

Zecca M, Basler K, Struhl G. (1996). Direct and long-range action of a wingless morphogen 
gradient. Cell 87, 833–844. 

Zeng X, Huang H, Tamai K, Zhang X, Harada Y, Yokota C, Almeida K, Wang J, Doble B, 
Woodgett J, et al. (2008). Initiation of Wnt signaling: control of Wnt coreceptor Lrp6 
phosphorylation/activation via frizzled, disheveled and axin functions. Development 135, 
367–375. 



   

68 
 

Zeng X, Tamai K, Doble B, Li S, Huang H, Habas R, Okamura H, Woodgett J, He X. (2005). A 
dual-kinase mechanism for Wnt co-receptor phosphorylation and activation. Nature 438, 
873–877. 

Zerial M, McBride H. (2001) Rab proteins as membrane organizers. Nat Rev Mol Cell Biol 2, 
107–117. 

Zhai L, Chaturvedi D. (2004). Cumberledge S. Drosophila Wnt-1 undergoes a hydrophobic 
modification and is targeted to lipid rafts, a process that requires Porcupine. J. Biol. 
Chem. 279, 33220–33227. 

Zhang W, Chen X, Kato Y, Evans PM, Yuan S, Yang J, Rychahou PG,  ang VW, He X, Evers 
BM, et al.  (2006).  Novel cross talk of Kruppel-like factor 4 and beta-Catenin regulates 
normal intestinal homeostasis and tumor repression. Mol Cell Biol 26, 2055–2064. 

Zhao F, Zhang J, Liu YS, Li L, He YL. (2011). Research advances on Flotillins.  Virol J 8, 479.  

 

 

 

  



   

69 
 

 

 

 

 

 

CHAPTER 2 

 

Temporal pattern of the posterior expression of Wingless in Drosophila blastoderm. 
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ABSTRACT 

 

In most animals, the Antero-Posterior (AP) axis requires a gradient of Wnt signaling.  

Wnts are expressed posteriorly in many vertebrate and invertebrate embryos, forming a gradient 

of canonical Wnt/-Catenin activity that is highest in the posterior and lowest in the anterior.  

One notable exception to this evolutionary conservation is in the Drosophila embryo, in which 

the AP axis is established by early transcription factors of maternal origin.  Despite this initial 

axial establishment, Drosophila still expresses Wingless (Wg), the main Drosophila Wnt 

homologue, in a strong posterior band early in embryogenesis.  Since its discovery 30 years ago 

this posterior band of Wg has been largely ignored.  In this study, we re-examined the onset of 

expression of the Wg posterior band in relation to the expression of Wg in other segments, and 

compared the timing of its expression to that of axial regulators such as gap and pair-rule genes.  

It was found that the posterior band of Wg is first detected in blastoderm at mid nuclear cycle 14, 

before the segment-polarity stripes of Wg are formed in other segments.  The onset of the 

posterior band of Wg expression was preceded by that of the gap gene products Hunchback (Hb) 

and Krüppel (Kr), and the pair-rule protein Even-skipped (Eve).  Although the function of the 

posterior band of Wg was not analyzed in this study, we note that in temperature-sensitive Wg 

mutants, in which Wg is not properly secreted, the posterior band of Wg expression is 

diminished in strength, indicating a positive feedback loop required for Wg robust expression at 

the cellular blastoderm stage.  We propose that this early posterior expression could play a role 

in the refinement of AP patterning. 

Peggy Vorwald was principally responsible for this work and involved in all aspects of 

this study. 
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INTRODUCTION 

The antero-posterior (AP) body axis of most animals is specified by evolutionarily conserved 

molecular mechanisms, as exemplified by the Hox genes (Doubule, 2007; Butts et al., 2008; De 

Robertis, 2008 ;).  An important recent realization has been that the Wnt family of secreted 

growth factors function as global regulators of AP pattern development in most animals. Wnts 

are expressed posteriorly in many vertebrate and invertebrate embryos, forming a gradient of 

canonical Wnt/-Catenin activity that is highest in the posterior and lowest in the anterior, where 

extracellular Wnt antagonists such as Dickkopf (Dkk) and secreted Frizzled-Related Proteins 

(sFRP/Frzb) are expressed (Kiecker and Niehrs, 2001; Peterson and Reddien, 2009; Niehrs, 

2010).  The remarkable conservation of the AP patterning system is best exemplified by 

planarians, in which knock-down of canonical Wnt signaling with β-Catenin RNAi leads to 

regeneration of heads instead of tails (Gurley et al., 2008; Peterson and Reddien, 2008; Iglesias 

et al., 2008). Conversely, increasing canonical Wnt signaling using adenopolyposis coli RNAi 

causes the regeneration of tails instead of heads (Gurley et al., 2008). 

One notable exception is the Drosophila embryo, in which the AP and dorso-ventral (D-V) 

patterns are specified by maternal determinants deposited in the egg (Lawrence, 1992).  

Wingless, the main Drosophila Wnt homologue, functions in the specification of the polarity of 

individual segments during early embryogenesis, but is not thought to be involved in global AP 

patterning. In view of the near universal role of Wnt in AP patterning in animal development, it 

seemed puzzling that the Drosophila embryo would lack this regulation. 

The wingless (wg) mutation was initially identified in adults that lacked one or both wings 

(Sharma and Chopra, 1976).  The wg gene was then found to be required for the polarity of 
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Drosophila segments in a classical screen of zygotic mutations that affect the embryonic cuticle 

(Nüsslein-Volhard and Wieschaus, 1980).  In earlier investigations, wg transcripts and protein 

have been detected in each segment, just anterior to the parasegment boundary (Baker, 1987; van 

den Heuvel et al., 1989).  Expression was also noted in the head region at ~85% egg length (EL) 

and in a posterior band at ~10% EL.  Since these early studies, attention has been focused on the 

segmental function of wg.  This was likely due to the fact that wg null mutants generate a striking 

cuticle phenotype consisting of a lawn of denticles in which all segmentation is lost.  However, it 

was also briefly noted that in wg null flies the cuticle of the entire posterior region, and part of 

the anterior cuticle, were deleted (Baker, 1987).   

The renewed interest in a global effect of Wnt signaling in AP pattering prompted us to 

reinvestigate the posterior expression of wg mRNA and protein in the Drosophila early embryo.  

We found that the posterior band of Wg was expressed before the 14 Wg segmental stripes.   

When compared to the expression of the gap genes hunchback (hb) and Krüppel (Kr), or the 

pair-rule gene even-skipped (eve), the posterior Wg band appeared later, at mid nuclear cycle 14 

stage, during cellularization of the blastoderm. Wg expression in the posterior band remained 

very prominent, stronger than in any segmental stripe, throughout early development, until 

hindgut invagination at the end of gastrulation.  This early region of Wg expression in the 

posterior may represent an evolutionary residual atavism originating in insect ancestors that 

patterned the AP axis via a posterior growth zone driven by Wnt signals. 

EXPERIMENTAL PROCEDURES 

 

Fly stocks 

The W1118 fly strain was used for all temporal immunostaining and in situ hybridization.  
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Wgts mutant was used to visualize non-secreted Wg in the early embryo (Bloomington Stock 

Center, stock #7000).  We attempted the use of marked balancers to identify the wgts mutants, 

however their expression was not detectable at the early cellular blastoderm stages used in this 

study.  However, mutant embryos, at the non-permissive temperature, were identified by 

differences in Wg protein staining patterns which is intracellular and not secreted (van den 

Heuvel et al., 1991).  All flies and embryos were grown at 25ºC until collection and fixation.  

Drosophila embryo immunostaining 

Drosophila embryos were collected at the desired stage, dechorionated in 50% bleach and 

rinsed thoroughly in distilled H2O. Embryos were transferred to a glass scintillation vial 

containing 50% heptane, 50% PEMFA (100 mM PIPES, 2.0 mM EGTA, 1.0 mM MgSO4, pH to 

6.9 using KOH and 4% formaldehyde) solution and gently rocked for 20 min. The lower 

PEMFA layer was removed and an equal volume of methanol was added to the remaining 

heptane solution. The vial was then vigorously shaken for 30 seconds and embryos were allowed 

to settle to the bottom. The methanol/heptane solution was removed and embryos were washed 3 

times with 100% methanol. Embryos were stepwise rehydrated in 0.2% Triton X-100 in 

phosphate buffered saline (PBS) and incubated for 1 h with gentle rocking. After blocking for 1 

h in blocking solution (1x PBS, 20% goat serum, 2.5% bovine serum albumin) antibody 

solutions were added to the embryos. For whole-mount embryo immunostaining, the primary 

antibodies used were the monoclonal mouse antibodies anti-Wg (1:200 from concentrated 

antibody, Developmental Studies Hybridoma Bank #4D4), and anti-Eve (1:100, from 

concentrated antibody, Developmental Studies Hybridoma Bank #3C10), or the polyclonal rabbit 

antibodies anti-Hb (1:1000), and anti-Kr (1:500) (both Hb and Kr antisera were generous gifts 

from H. Jäckle).  Antibodies were incubated overnight in blocking solution at 4°C.  Embryos 
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were washed 4 times for 15 min each using PBS/0.2% Triton X-100 before applying secondary 

antibodies (anti-rabbit Alexa-488 conjugated, anti-mouse Alexa488 conjugated, anti-mouseCy3 

conjugated,  (1;1000, Jackson Labs)) for 1 h at room temperature. After washing 4 times with 

PBS/0.2% Triton X-100 for 15 min each, Drosophila embryos were mounted on glass slides 

using DAPI-containing Vectashield (Vector). Immunofluorescence was analyzed and 

photographed using a Zeiss Imager Z.1 microscope with Apotome. 

In Figure 2-4B some artifactual bands present are due to the use of a sequential antibody 

staining procedure, which allowed us to perform double immunofluorescence using two 

antibodies of mouse origin. The anti-Eve antibody was incubated for 1 h with embryos and 

washed off as described above.  After washing, a secondary anti-mouse-Cy3 was added for 1 h to 

detect Eve protein (in red).  Anti-mouse-Cy3 was then washed off, and anti-Wg antibody added 

and was incubated for 1 h and then washed.  A second secondary antibody, anti-mouse-Alexa488 

(green signal) was then added for 1 h and washed as described above. Embryos were imaged as 

described above.  The seven weak bands seen in the green fluorescent channel are due to the fact 

that trace amounts of the secondary antibody used to detect Wg also recognize the anti-Eve 

mouse antibodies, giving the appearance of seven weak stripes in the green channel (Figure 2-

4B).  When the first Eve antibody was omitted, these artifactual Wg bands were not observed. 

In situ hybridization 

Embryo preparation, fixation, probe preparation and hybridization were performed as 

described in Kosman et al. (2004). A 400 bp region of wg cDNA obtained by PCR was cloned 

into pGEM vector. This vector was linearized with NdeI,  purified by phenol/chloroform 

extraction, 2 x volumes of ethanol, 0.1 volume of sodium acetate pH 5.2 added, and precipitated 

at -20ºC overnight . Plasmid DNA was pelleted in an Eppendorph centrifuge for 15min at 
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maximal speed, washed with 70% ethanol, and centrifuged again for 2 min.  The pellet was dried 

and resuspended in 20 μl nuclease-free water. Synthesis of the probe with T7 polymerase plus 

transcription buffer (Roche, #881-767) was performed using a digoxigenin (DIG) RNA labeling 

mix (Roche, #1-277-073).  Because only a short fragment of wg cDNA was used to make the 

probe, no fragmentation of the probe was required.  Following the synthesis reaction, DNAse 

was added for 15 min at 37ºC and a spin column was used to purify the RNA (Quick Spin 

Column, Roche).  The probe was quantified and stored at -20ºC (1 μg of probe was used per 

hybridization reaction).  Probes were detected using a primary sheep anti-DIG (Roche) and 

secondary anti-sheep Alexa488 conjugated antibody to amplify the signal (1:1000, Jackson 

Labs.)    

 

RESULTS 

 

The posterior band of Wg expression appears before the segmental stripes 

The first expression of Wg protein appeared during cellularization of the blastoderm (Figure 

2-1), which occurs between 2 h 30 min to 3 h 15min after egg laying (AEL) (Wieschaus and 

Nüsslein-Volhard, 1998).  At mid nuclear cycle 14 (Wieschaus and Nüsslein-Volhard, 1998; Lott 

et al., 2011), posterior Wg appeared in a band at ~10% egg length (EL) (Figure 2-1A). Two 

patches of anterior expression at ~85% and 100% EL were present as well (Figure 2-1A; van del 

Heuvel et al., 1989).  Note that this expression occurred before the appearance of any segmental 

Wg stripes.  As blastoderm stage progressed, the posterior band became stronger and remained 

the most prominent region of Wg expression during gastrulation and early germ-band extension 

(Figure 2-1B-E).  The segmental stripes appeared sequentially from the anterior to the posterior 
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(with a weak pair-rule pattern) during the late cell cycle 14 blastoderm stage (Figure 2-1C).  At 

early gastrulation, all 14 of the segmental stripes were formed and posterior Wg maintained its 

expression in a strong band at ~10% EL (Figure 2-1D).  By late gastrulation, this posterior Wg 

band migrated dorsally to a position parallel to with the length of the embryo in a region called 

the midgut plate and (Figure 2-1E-F).  This region is known to invaginate at the extended germ-

band and eventually forms the hindgut (van den Heuvel et al., 1989; Wieschaus and Nüsslein-

Volhard, 1998; Wu and Lengyel 1998; Takashima and Murakami, 2001).      

In situ hybridization studies showed that wg mRNA followed a very similar pattern to that of  

its protein expression, with posterior wg transcripts being first detected at early nuclear cycle 14 

(beginning of blastoderm cellularization) (Figure 2-2A), and remaining strong through germ-

band extension (Figure 2-2B-E) (Baker, 1987, 1988).   

 Expression of the Wg posterior band starts after gap and pair-rule genes  

The focus of embryonic Wg expression in the literature has primarily been concerned with 

the 14 segmental stripes involved in polarization of the segments. This was likely due to the 

great interest in the mutant phenotypes of the cuticle. Inasmuch, little attention has been paid to 

the temporal expression of posterior Wg when compared to other early genes expressed in the 

blastoderm that are involved in embryo patterning, such as gap and pair-rule genes.  In Figure 2-

3 A-E, we show that the posterior band of Wg appears subsequently to Hunchback (Hb) protein 

expression in the posterior region. Hb is already detectable during late cleavage stages of the 

syncytial blastoderm. Posterior Hb was detected at early cellularization in a broad stripe from 0-

15% EL, while Wg expression was not detectable at this stage (compare Figure 2-3A to2-3C) 

(Bender et al., 1988).  During cellularization of the blastoderm, the Hb stripe narrowed to ~10- 
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Figure 2-1. Expression of Wg protein in a posterior band of the early Drosophila embryo. 
(A) Early cellularization of the blastoderm (early-mid nuclear cycle 14) (Wieschaus and 
Nüsslein-Volhard, 1998) Wg expression starts in anterior and posterior regions (the asterisk 
marks the posterior band).   
(B) Mid nuclear cycle 14, expression in the posterior band has intensified.  
(C) Late nuclear cycle 14, the blastoderm becomes cellularized and the segmental Wg bands 
become weakly apparent; note that they arise with a pair-rule pattern.   
(D) By early gastrulation (Stage 6) the segment polarity stripes are established (displaying 
pair-rule variations in intensity) and the posterior band is the strongest signal; the ventral 
furrow has been formed.   
(E) As the midgut invaginates (Stage 7) posterior Wingless moves dorsally to form the midgut 
plate.  
(F) By late germ band extension (Stage 12) posterior Wg is found in the future hindgut. 
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Figure 2-2.  Transcript distribution of wg in the early Drosophila embryo.   
(A) Early cellularization of the blastoderm (early nuclear cycle 14), wg mRNA is found in the 
posterior region, starting slightly before anterior wg expression and posterior protein 
expression (asterisk marks posterior band).   
(B) At mid nuclear cycle 14, before complete cellularization of the blastoderm, mRNA levels 
of the posterior band have increased and transcripts for segmental bands begin to appear in 
anterior segments.   
(C) Late nuclear stage 14, cellularization is not completed yet, as indicated by the absence of 
the cephalic furrow, which forms just after cellularization.   
(D) Early gastrulation, each segment has a thin stripe of wg mRNA and the posterior wg band 
is most intense, ventral view (stage 6).  
(E) Early germ band extension (stage 7) in which the posterior stripe remains strong and moves 
dorsally to form the midgut plate.  
(F) At full germ-band extension (stage 10) the posterior tissue expressing wg mRNA 
invaginates to later form the hindgut. 
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15% EL (Figure 2-3D, F) and Wg was found in a narrow band posterior to this Hb stripe (Figure 

2-3B, F).  This shows that posterior Wg expression was activated after Hb expression, but prior 

to Wg segment polarity stripes.   

The temporal expression of additional gap gene product, Krüppel (Kr), was also compared to 

that of posterior Wg (Figure 2-3G-L).  Kr protein is first detected during late syncytial 

blastoderm at 50-60% EL (Figure 2-3G, K; Gual et al., 1987).  At early nuclear cycle 14, Kr was 

well expressed but Wg protein was not detectable (Figure 2-3G, I, K).  By mid nuclear cycle 14, 

Kr expression was still strong and well defined, and the Wingless posterior band appeared just 

posterior to the Kr domain (Figure 2-3H, J, L). 

To more precisely define the temporal expression of Wg, its protein expression was also 

compared to the pair-rule protein Even-skipped (Eve) (Figure 2-4).  Eve antigen is first 

expressed at early blastoderm, where it gradually becomes more defined (Frasch et al., 1987). At 

early nuclear cycle 14, Eve is found in its seven characteristic stripes, while Wg was not yet 

detectable (Figure 2-4A, C, E). At mid nuclear cycle 14 blastoderm, Wg protein became 

detectable posterior to the seventh Eve stripe (Figure 2-4B, D, F, arrows). The Eve and Wg 

antibodies used in these double staining studies were both of mouse origin. We therefore 

performed the stainings sequentially, which allowed us to detect both proteins in the same 

embryo. The appearance of the seven weak green pair-rule stripes in green in the blastoderm 

(Figure 2-4B), due to cross reaction of the secondary antibodies, was an unavoidable artifact of 

the staining procedure (see experimental procedures). We conclude that the posterior Wg band is 

expressed subsequently to Hb, Kr and Eve. 
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Figure 2-3. Wg protein expression appears after that of the gap gene products Hunchback 
(Hb) and Krüppel (Kr).   
(A, C, E) Early nuclear cycle 14 (Wieschaus and Nüsslein-Volhard, 1998), Hb expression is  
present in both anterior and posterior domains (green). Wg (in red) is not yet expressed at this 
time.  
(B, D, F) By mid nuclear cycle 14, Wg is expressed both anteriorly and posteriorly (arrow) and 
abuts the now narrower band of posterior Hb.  
(G, I, K) Krüppel expression is clearly defined by early nuclear cycle 14, at which time no Wg 
expression is detected.  
(H, J, L) By mid-nuclear cycle 14, posterior Wg expression (arrow) is detected at 10% EL of the 
embryo.  DAPI staining was used to identify nuclei (blue). 

 

To more precisely define the temporal expression of Wg, its protein expression was also 

compared to the pair-rule protein Even-skipped (Eve) (Figure 2-4).  Eve antigen is first 

expressed at early blastoderm, where it gradually becomes more defined (Frasch et al., 1987). At 

early nuclear cycle 14, Eve is found in its seven characteristic stripes, while Wg was not yet 

detectable (Figure 2-4A, C, E). At mid nuclear cycle 14 blastoderm, Wg protein became 

detectable posterior to the seventh Eve stripe (Figure 2-4B, D, F, arrows). The Eve and Wg 

antibodies used in these double staining studies were both of mouse origin. We therefore 

performed the stainings sequentially, which allowed us to detect both proteins in the same 

embryo. The appearance of the seven weak green pair-rule stripes in green in the blastoderm 

(Figure 2-4B), due to cross reaction of the secondary antibodies, was an unavoidable artifact of 

the staining procedure (see experimental procedures). We conclude that the posterior Wg band is 

expressed subsequently to Hb, Kr and Eve. 

Posterior Wg expression levels are decreased in a wg temperature-sensitive mutant 

Is the posterior Wg band active in signaling? To answer this question we used the wg 

temperature-sensitive mutant wgts (Nüsslein-Volhard et al., 1984). Heterozygous flies were 
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crossed at non-permissive temperature (25oC), and the resulting embryos stained for Wg protein 

expression at blastoderm stages. In about a quarter of the progeny, we observed that the 

expression of Wg was much less robust than in non-mutant embryos, particularly in the posterior 

(Figure 2-5). In situ hybridization studies indicated this decrease was at the transcriptional level 

(data not shown).  The decrease in Wg protein was apparent even before the start of Wg 

segmental expression, indicating that it results from signaling by the posterior Wg band (Figure 

2-5). The wgts mutant lacks the ability to be secreted; therefore, it cannot transmit the Wg signal 

but still makes full length protein that is recognizable by antibody staining (González et al., 

1991). The wgts mutant has been used to show that Wg is required to establish segmental polarity 

independently of other segmental genes such as engrailed (en), but the function of the posterior 

Wg band was not investigated (Yoffe et al., 1995).  Posterior Wg was thought to have no 

function prior to hindgut formation. The present results indicate that posterior Wg does signal 

during blastoderm, and is required to maintain high levels of its own expression in the posterior 

band. 

DISCUSSION 

The most prominent expression of Wg in the early Drosophila embryo appears in the 

posterior region before Wg expression starts in a segmental pattern. Nevertheless, this posterior 

band has received very little attention in the literature. This may be attributed to the analysis of 

wg cuticular phenotypes being centered on the dramatic segmental defects, with little emphasis 

given to posterior deletions initially reported in the larval cuticle (Baker, 1987). AP patterning in 

Drosophila is established by maternal genes such as bicoid and nanos, which subsequently turn 

on gap and pair-rule genes (Rivera-Pomar and Jäckle, 1996).   Our analyses show that expression 

of the posterior Wg band starts after gap and pair-rule genes are activated. Therefore, the 
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posterior band of Wg cannot be responsible for the initiation of the overall AP pattern.    

Figure 2-4. Wg expression starts after formation of the characteristic seven stripes of the 
pair-rule gene Even-skipped.  
(A, C, E) Early nuclear cycle 14, the seven stripes of Eve (red) are apparent; note that Wg is not 
yet expressed.  
(B, D, F) Mid nuclear cycle 14, Wg expression (in green) is detected in the posterior band. The 
posterior band of Wg is marked with an arrow. DAPI is used to mark nuclei (blue). Sequential 
staining with two mouse antibodies was used in this experiment (see Experimental Procedures). 
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Figure 2-5. Wg secretion mutants (wgts) have a less robust posterior stripe than wild-type 
embryos.  
(A, A’) Non-mutant embryo showing Wg protein expression (in white) at late nuclear cycle 14 in 
both the whole embryo and a higher magnification (boxed) of the posterior band region.  
(B, B’) wgts mutant embryo at the same stage showing Wg expression at late nuclear cycle 14 in 
both the whole embryo and an enlargement of the posterior band region alone. DAPI is used to 
identify the nuclei (blue). Note that the posterior Wg protein band is narrower and less intense in 
the mutant; this indicates that Wg does signal during blastoderm stages, increasing its own 
expression. 
 

However, posterior Wg expression starts before that of the 14 Wg segmental stripes and is very 

is abundant. Thus, it cannot be excluded that it may participate in a later refinement of AP 

patterning.  

In the case of D-V patterning in the Drosophila embryo, the Short-gastrulation BMP-binding 

protein (Sog) is secreted into the perivitelline space where it diffuses from the ventral to the 

dorsal side (O’Connor et al. 2006; Srinivasan et al., 2002; Wang and Ferguson, 2005). An 

attractive hypothesis would be that Wg protein might be secreted into the perivitelline space at 

cellular blastoderm and may diffuse over long distances, contributing to the regulation of AP 
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pattern. The methods used here do not have the sensitivity to test this hypothesis. Testing the 

function of Wg in the posterior blastoderm band would be difficult for us, since it would require 

loss-of-function manipulations targeting specifically the posterior Wg band without affecting 

segmental Wg expression.  An RNAi against Wg has been proven effective in Wg knockdown 

(E. Eivers, H. Demagny, and E.M.D.R., submitted); however, an early driver in the posterior 

region would be necessary to utilize it in studies of the posterior. We tested several posterior 

drivers, but  none drove GAL4 sufficiently early and specifically enough to knockdown the 

posterior band of Wg. Functional testing of the posterior Wg band at blastoderm stages will 

require development of new tools. It should be noted that Bejsovec and Martinez Arias (1991), 

using a wgts mutant, showed that inactivating Wg for the first four hours of development resulted 

in normal segment formation, when the posterior band is first expressed.  However, in this case 

posterior Wg might still signal after four hours, since its expression persists until late 

gastrulation.  This posterior region (10% EL) also expresses caudal, which overlaps with Wg 

expression, and gives rise to the cuticle of the analia (proctodeum) and to the hindgut (Calleja et 

al., 1996; Lengyel and Iwaki, 2002). At later stages, during organogenesis, posterior Wg 

functions mostly in hindgut development (Lengyel et al., 2002; Takashima and Murakami, 2001; 

van den Heuvel et al., 1989; Wu and Lengyel, 1998). As shown here, at blastoderm stages 

posterior Wg is active in signaling, for it is required to maintain high levels of its own expression 

in the posterior band as early as late cell cycle 14 (Figure 2-5).  Wg is known to form a positive 

autoregulatory loop upon its own expression during Drosophila segmentation (Manoukian et al., 

1995, Yoffe et al., 1995).    

The regulation of the early posterior band of wg is distinct from the regulation of wg 

responsible for segment polarity.  Ingham and Hidalgo (1993) analyzed the regulation of wg by 
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pair-rule genes, but did not comment as to why the posterior and anterior wg expression domains 

remained unaffected by any of the mutations studied.  In their study, the posterior wg band 

remained robust throughout embryogenesis in the absence of many known regulators of 

segmental wg, such as ftz, paired (prd), eve, and hedgehog (hh), although only the segmental 

pattern was studied (Ingham and Hidalgo, 1993). Further studies will be required to identify the 

transcriptional regulators of the Wg posterior band. 

There is extensive evidence that most animals use Wg to pattern the AP body axis (Kiecker 

and Niehrs, 2001; De Robertis, 2008; Petersen and Reddien, 2009; Niehrs et al., 2010).  In most 

animals, Wnts are expressed at the site of the blastopore formation which develops to posterior 

end of the AP axis.  Closely related to human development, the posterior expression of Wnt3a in 

mice is required for proper posterior patterning (Takada et al., 1994).  In amphioxus embryos, 

genes of the AP Wnt/Dkk/sFRP axis are deployed perpendicularly to those of the BMP/Chordin 

D-V pathway (Yu et al., 2007).  Even in non-bilateral animals such as cnidarians (Hydra and sea 

anemones), a Wnt/Dkk axis determines the polarity of the body column (Guder et al., 2006).  In 

the lophotrochozoan branch, planarians have a marked requirement for Wnt/-Catenin signaling 

in the regeneration of the AP axis (Gurley et al., 2008; Petersen and Reddien, 2008; Iglesias et 

al., 2008). When Wnt signaling is inhibited by -Catenin or dishevelled RNAi knockdown, 

planarians regenerate heads instead of tails; when Wnt signaling is increased by adenopolyposis 

coli knockdown, tails regenerate instead of heads. Wnt signaling is needed to sustain posterior 

development, and is involved in most aspects of planarian wound regeneration (De Robertis, 

2010).  

A recent study on the hemichordate Saccoglossus kowalevskii has shown that embryonic 
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patterning of this basal deuterostome is also regulated by Wnt in a similar fashion to chordates. 

Darras et al. (2011) showed that Wnt has two signaling phases during embryonic development, 

early and late. At early cleavage, nuclear -Catenin accumulates in vegetal cells, leading to the 

specification of the endomesoderm. The endomesoderm, at a later stage in development, secretes 

Wnt signals that are responsible for AP axis formation in the ectoderm (Darras et al., 2011).  

In a similar way, in Xenopus an early maternal Wnt signal causes accumulation of -Catenin 

in the dorsal side at cleavage stages, establishing the Nieuwkoop center, which in turn leads to 

the induction of Spemann’s organizer (Heasman, 2006; Tao et al., 2005; Weaver and Kimelman, 

2004). The organizer signaling center then induces axis development in Xenopus (De Robertis et 

al., 2000). The posteriorizing activity of Wnt only starts at later stages of development (Christian 

and Moon, 1993), when a gradient of Wnt/-Catenin, maximal in the posterior, regulates 

Xenopus AP patterning (Kiecker and Niehrs, 2001; Niehrs, 2010).  

From the discussion above, it is clear that Wnt signaling is a determinant of AP patterning in 

many animals. The expression pattern of Wingless in the posterior of the Drosophila blastoderm 

examined here might suggest that Wg may play a role in Drosophila AP regulation, in addition 

to its well-known role in segment formation, but this will remain a hypothesis until functional 

experiments are carried out.  As is the case in hemichordates and Xenopus, the posteriorizing 

effect of Wingless would not take place at the earliest stages of development, as posterior 

Wingless expression only starts after the gap and pair-rule genes have outlined the overall AP 

pattern of the Drosophila embryo. 

Drosophila is not the only insect to have posterior wg expression. In fact, many arthropods 

have been shown to exhibit posterior abdominal defects when canonical Wnt signaling is 
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disrupted (Bolognesi et al., 2008; Murat et al., 2010). RNAi knockdown of just one Wg 

homologue in general is not sufficient to cause posterior defects, but when multiple Wnt family 

members are targeted, or a single Wnt gene in conjunction with a downstream signaling 

components - such as armadillo/β-Catenin, pangolin/TCF, or arrow/LRP6 - abdominal AP 

patterning defects are observed (Angelini and Kaufman, 2005; Bolognesi et al., 2008; Miyawaki 

et al., 2004).  In spiders, knockdown of a single gene, Wnt8, has been shown to cause defects in 

posterior development (McGregor et al., 2008). Drosophila, a highly derived long germ-band 

embryo, may have retained the posterior band of wg as an atavism inherited from a short germ-

band ancestor in which the abdomen developed from a posterior growth zone that required Wnt 

signaling (Martin and Kimelman, 2009; Murat et al., 2010).  

Although the function of the Wingless posterior band is yet to be deciphered, its presence in 

this region indicates an evolutionary conservation that spans the passage of large periods of time. 

There is general agreement that Urbilateria, the common ancestor for protostomes and 

deuterostomes, patterned its AP body axis using a Wnt gradient (De Robertis, 2008; Niehrs, 

2010). The striking posterior band of Drosophila Wg expression may represent a remnant of the 

evolutionary history of its ancestors.  
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UNPUBLISHED SUPPLEMENTAL MATERIAL 

The integration of the vesicle trafficking and Wnt signaling is still a developing field.  

While several reports have investigated, and continue to decipher, the traditional endocytic 

pathway from Rab5 vesicles to the Lysosome, there has been very little research conducted on 

the role of Rab11, a recycling vesicle Rab-GTPase, and its role in Wnt signaling.   

Currently, there are two ideas surrounding Rab11 and Wnt signaling; neither of which are 

fully understood or investigated.  The first idea is that Rab11 inhibits Wnt signaling either 

through downregulation of LRP6 or sequestration of -Catenin (Sakane et al, 2010; Li et al, 

2012).  The second idea is that Rab11 is needed to potentiate by delivering Wg to the synapse for 

precise synaptic development and plasticity (Koles et al, 2012; Gordon et al, 2012).  It is very 

possible that both of these hypothesis are correct and that the role of Rab11 is tissue specific.  

While investigating the Rab proteins in the Wg posterior band of Drosophila, I noticed 

that colocalization of  Rab11 with Wg was much higher than colocalization of Rab5 or Rab7 

with Wg (Figure A2-1).  It is possible that trafficking of the Wg ligand is effecting signaling of 

the posterior band, either by inhibiting signaling as suggested above or through other means yet 

to be elucidated.  It is possible that this recycling of the Wg ligand is simply inhibiting its 

degradation and may, in part, be the reason for the strength of this band and shear amount of 

protein observed in comparison to Wg throughout the rest of the embryo.   

It is worth noting that subsequent to the experiments shown in Figure A2-1, Rab11B was 

also detected in the proteomic screen described in Appendix 1.  Rab11B was shown to be 

stabilized during Wnt signaling (ratio of  0.85) (Table A1-1, Table A1-2). 
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The Drosophila embryo is a great system in which to continue the investigation of Rab11 

and its role in Wg signaling.  Because the role of Rab11 may be tissue specific, the Drosophila 

embryo allows for modulation of both Wg and Rab11 levels in various tissues, findings from 

these types of experiments could further refine the role of endocytic trafficking in Wg/Wnt 

signaling not only in development but adult homeostasis as well.  
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Figure S2-1. Rab11 and Wg co-localization in the posterior band and Drosophila S2R+ 
cells.   
(A, B, C) 40x magnification of the Wg posterior band stained with anti-Wg (purple) and either 
anti-Rab5, anti-Rab7, or anti-Rab11 (green) antibodies.  
(A’, B’, C’) Further magnified views of the region outlined in with the boxes in A,B,C.  Arrows 
indicate colocalized vesicles. Note that there are more incidences of colocalization in the Rab11 
stained embryos in comparison to either Rab5 or Rab7.    
(D,E,F) S2R+ cells stained with anti-Rab11 (green), anti-Wg (red) and merged images of with 
DAPI (blue).  Cells were plated on slides treated with concanavolin A, which flattens the cells 
for better visualization of vesicles.  
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CHAPTER 3 

 

Wnt signaling requires the sequestration of Glycogen Synthase kinase 3 inside multivesicular 
endosomes. 

 

 

 

 

This chapter contains text and figures as published in 

Cell, 143, 1136-1148 (2010) 

Taelman VF, Dobrowolski R, Plouhinec JL, Fuentealba LC,  Vorwald PP, Gumper I, Sabatini 
DD, De Robertis EM. 
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ABSTRACT 

Canonical Wnt signaling requires inhibition of Glycogen Synthase Kinase 3 (GSK3) 

activity, but the molecular mechanism by which this is achieved remains unclear. Here, we 

report that Wnt signaling triggers the sequestration of GSK3 from the cytosol into multivesicular 

bodies (MVBs), so that this enzyme becomes separated from its many cytosolic substrates. 

Endocytosed Wnt colocalized with GSK3 in acidic vesicles positive for endosomal markers. 

After Wnt addition, endogenous GSK3 activity decreased in the cytosol, and GSK3 became 

protected from protease treatment inside membrane-bounded organelles. Cryoimmunoelectron 

microscopy showed that these corresponded to MVBs. Two proteins essential for MVB 

formation, HRS/Vps27 and Vps4, were required for Wnt signaling. The sequestration of GSK3 

extended the half-life of many other proteins in addition to β-Catenin, including an artificial 

Wnt-regulated reporter protein containing GSK3 phosphorylation sites. We conclude that 

multivesicular endosomes are essential components of the Wnt signal-transduction pathway. 

 

Peggy Vorwald contributed to this work by generating data during the first two years of my 

thesis research on the sequestration of GSK3 in Drosophila cells, which spurred many of the 

subsequent experiments published in the proceeding article.   
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INTRODUCTION 

Canonical Wnt signaling plays a crucial role in development, tissue regeneration, stem 

cells, and cancer (Logan and Nusse, 2004; Clevers, 2006; MacDonald et al., 2009; Angers and 

Moon, 2009). A cytoplasmic destruction complex consisting of Glycogen Synthase Kinase 3 

(GSK3, which has α and β isoforms), Casein Kinase 1 (CK1), Adenomatous Polyposis Coli 

(APC), and Axin mediates the phosphorylation of β-Catenin. Phosphorylation targets β-

Catenin for polyubiquitinylation and subsequent degradation in proteasomes. In the presence of 

Wnt, the destruction complex becomes inactivated in ways that are incompletely understood. 

Wnt triggers signaling by binding to Frizzled and LDL-receptor related protein 6 (LRP6), 

causing the aggregation of Dishevelled (Dvl) and Axin on the plasma membrane (Bilic et al., 

2007; Zeng et al., 2008). The key step in the canonical pathway is the inactivation of GSK3, as 

evidenced by the fact that pharmacological inhibition of this enzyme elicits a typical Wnt signal. 

The molecular mechanism of GSK3 inhibition remains one of the main open questions in the 

Wnt field (Wu and Pan, 2010). 

Internalization of receptor complexes is an absolute requirement for Wnt signaling 

(Blitzer and Nusse, 2006; Yamamoto et al., 2006). Bilic et al. (2007) discovered that cytoplasmic 

particles designated LRP6-signalosomes—containing aggregates of phospho-LRP6, Frizzled, Dvl, 

Axin, and GSK3—are formed at and under the plasma membrane 15 min after Wnt addition. 

Activated Wnt receptors recruit Axin and GSK3, which phosphorylates five critical PPPS/TP 

sequences in the intracellular domain of LRP6 (Zeng et al., 2008; Niehrs and Shen, 2010). A 

number of mechanisms have been proposed to explain the inhibition of GSK3 (Kimelman and 

Xu, 2006). For example, the LRP6 tail may act as a direct inhibitor of GSK3 (Mi et al., 
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2006; Cselenyi et al., 2008; Piao et al., 2008; Wu et al., 2009). The LRP6 PPPSP repeats serve 

both as substrates and binding sites for GSK3 and may act as competitive inhibitors of this 

enzyme, although at low affinity (Ki of 1.3 × 10−5 M; Cselenyi et al., 2008). 

GSK3 has many substrates in addition to β-Catenin, including Dvl, Axin, and APC 

(Jope and Johnson, 2004). This promiscuous enzyme phosphorylates serine or threonine at 

position −4 of sites primed by phosphorylation (S/TXXXS/TPO3]) (Cohen and Frame, 2001). We 

reported that the transcription factor Smad1 is polyubiquitinated and degraded after GSK3 

phosphorylation and is stabilized by canonical Wnt signaling, resulting in the integration of BMP 

and Wnt signaling (Fuentealba et al., 2007). Additional substrates destabilized by GSK3 

phosphorylation have since been identified (Kim et al., 2009). 

During our investigations on signaling integration, we measured GSK3 enzyme activity 

in Wnt-treated cell extracts (prepared in the presence of Triton X-100) and were surprised to find 

that Wnt did not change GSK3 activity (data not shown), even though in the direct GSK3 

inhibition model one would have predicted inhibition. How could this be? Upon reflection, we 

realized that following ligand binding and endocytosis, growth factor receptors are incorporated 

into multivesicular endosomes within 15 min (Gruenberg and Stenmark, 2004). Multivesicular 

body (MVB) formation is an obligatory step before degradation in lysosomes can take place 

(Katzmann et al., 2002). As first discovered for EGF receptor, the topology is such that the 

cytoplasmic side of the plasma membrane corresponds to the lumen of the small MVB vesicles 

(McKanna et al., 1979). Therefore, Wnt-induced MVB formation would cause GSK3 bound to 

phosphorylated LRP6 cytoplasmic tails (and other GSK3 substrates such as Axin, APC, β-
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Catenin, and Dvl) to become sequestered from its cytosolic substrates by two layers of 

membrane (see model in Figure 3-7), effectively inhibiting its activity. 

In this study, we tested the GSK3 sequestration hypothesis of Wnt signaling. 

Fluorescence microscopy showed that Wnt signaling caused the relocalization of cytoplasmic 

GSK3 to vesicles that colocalized with endocytosed xWnt8-Venus protein, and with the MVB 

and lysosomal markers Rab7 and LysoTracker. Wnt signal transduction was blocked by 

depletion of Hrs/Vps27 or expression of dominant-negative Vps4, two proteins essential for 

intralumenal vesicle formation in MVBs (Katzmann et al., 2002; Wollert and Hurley, 2010). 

Moreover, Wnt treatment decreased cytosolic GSK3 activity levels (measured in Digitonin-

permeabilized cells), yet full enzyme activity was recovered after solubilization of all 

membranes with Triton X-100. Similarly, Wnt caused endogenous GSK3β to become partially 

protected from Proteinase K digestion, but only in the absence of Triton X-100. Finally, 

cryoimmunoelectron microscopy showed that GSK3 was indeed translocated from the cytosol 

into MVBs after Wnt pathway activation. Bioinformatic analyses revealed that 20% of the 

human proteome contains multiple putative GSK3 phosphorylation sites. Total protein half-life 

was extended by Wnt treatment or GSK3 inhibition. The addition of GSK3 phosphorylation sites 

was sufficient to place the stability of a Green Fluorescent Protein (GFP) biosensor under the 

control of Wnt. We conclude that canonical Wnt signaling sequesters GSK3 inside MVBs, 

reducing its cytosolic levels and extending the half-life of many GSK3 substrates. 
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EXPERIMENTAL PROCEDURES 

DNA Constructs 

All expression constructs made in our laboratory used the pCS2 vector (a gift from Dr. D. 

Turner) as backbone. GSK3-RFP and GSK3-GFP were cloned behind a PCR product from the 

EGFP sequence (GB#U55763) or the RFP sequence (GB#AF506027), by inserting in frame a 

PCR product from Xenopus laevis GSK3β (GB#L38492). A Flag tag was also added 5′ to the 

EGFP sequence. The GSK3-GFP construct was used as template to generate DN-GSK3 by 

introducing K85R and K86R mutations (He et al., 1995) using the QuickChange II XL kit from 

Stratagene. The Dsh-RFP constructs was made by exchanging the myc tag for a GFP tag in 

MycxDvl (gift of S. Sokol). The CA-LRP6-GFP construct was made by cloning the EGFP 

sequence at the C-terminus end of the CA-LRP6 construct (Tamai et al., 2004). Flag-HDAC4 

and flag-JunB constructs were obtained by PCR from ESTs by adding at the N-terminus a Flag 

tag to the human sequences (GB#BC039904 and GB#BC004250). The human HRS construct 

(hHRS) was constructed from an EST (GB#BC003565), introducing the RFP sequence at the N-

terminus. The stabilized-β-Catenin-GFP construct was made by mutating the GSK3 sites S33A, 

S37A and T41A (Miller and Moon, 1997) in a wild-type β-Catenin-GFP construct provided by 

Dr. R. Moon. The Vps4-WT-GFP and Vps4-EQ-GFP constructs (Bishop and Woodman, 2000) 

were subcloned into the pCS2 plasmid in order to use them for mRNA transcription. A 

dominant-negative form of the DsRed-Rab5-WT obtained via Addgene (Sharma et al., 2003) 

was made by introducing a Q79L point mutation (DsRed-Rab5-QL; Wegner et al. 2010). DN-

Dynamin (Addgene plasmid 22197) was from Lee and De Camilli (2002). FYVE-GFP was 

from Gillooly et al. (2000). The β-Catenin-DN-xTcf3 fusion was made on a pCS2 backbone 
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joining the transactivation domain of Xenopus β-Catenin to DN-xTcf3, mimicking an 

Armadillo-DN-xTcf3 construct initially described by Roose et al. (1998), and was a gift of Dr. 

O. Wessely. The TCF reporter SuperTopFlash was from Veeman et al. (2003) and was 

normalized for SV40-Renilla using the Dual-Luciferase Reporter Assay System (Promega 

#017319). The artificial GFPGSK3-MAPK and GFP-GSK3mut-MAPK constructs were 

generated by adding to the C terminus of GFP sequences synthetic oligonucleotides encoding for 

AAASAAASAAASAPASPAAAAAAAAPPAYDYKDDDDK and 

AAAAAAAAAAAAAPASPAAAAAAAAPPAYDYKDDDDK, respectively. The additional 

constructs used as controls in this study were GFP-GSK3-MAPK-E3mut and GFP-GSK3-CK1-

E3. They were generated by addition of the following sequences to the C-terminus of 

GFP:AAASAAASAAASAPASPAAAAAAAAAAAADYKDDDDK, or 

AAASAAASAAASAAASLSGKGNPEEEDVDPPAYDYKDDDDK. 

Cell Culture and Transfections 

HeLa, 3T3, 293 and L-cells (ATCC #CRL-2648) as well as L-Wnt3a-cells (ATCC 

#CRL-2647) were cultured in DMEM/10% FBS/Glutamine/Pen/Strep medium. L-cell control 

conditioned medium and Wnt3a conditioned medium were harvested according to the ATCC 

protocol (Willert et al., 2003). DNA constructs were transfected with FuGENE 6 (Roche) 24 hr 

after plating cells. siRNAs were transfected with Lipofectamine 2000 using the reverse 

transfection protocol (Invitrogen) and analyzed after 48 hr. For RNAi depletion experiments, 

cells were first transfected with siRNA and, 24 hr later, with DNA. Cycloheximide (Sigma #C-

7698) was dissolved in ethanol and used at a final concentration of 20 μg/ml. In the experiments 
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shown in Figure 6, culture medium was supplemented with 4 ng/ml human FGF-2 protein from 

R&D (#233-FB-025) to promote MAPK/Erk activity. 

For each well of 6-well plates, DNAs were transfected in the following amounts: 0.5 μg of 

Rab7-GFP, GSK3-RFP, GSK3-GFP, Vps4WT-GFP, Vps4EQ-GFP, Flag-HDAC4, Flag-JunB, 

Dsh-RFP or Axin-GFP; 0.3 μg of GFP-GSK3-MAPK, GFP-GSK3mut-MAPK, GFP-GSK3-

MAPK-E3mut or GFP-GSK3-CK1-E3; 0.2 μg of stabilized-β-Catenin-GFP, β-Catenin-GFP, 

CA-LRP6 and CA-LRP6-GFP; 0.1 μg SuperTopFlash; and 0.01 μg of SV40-Renilla internal 

control. DNA levels in each well were adjusted by adding empty pCS2 vector, so that each 

received a total of 1.5 μg of DNA. 

Cell Immunostainings 

For immunostainings, HeLa, NIH 3T3, and L-cells were grown on two-chamber slides 

(Lab-Tek II, Fisher Scientific#154461), fixed with fresh 4% paraformaldehyde (Sigma #P6148) 

for 15 min, and permeabilized by treatment with 0.2% Triton X-100 in DPBS (Gibco) for 10 

min. After blocking with 5% goat serum and 0.5% BSA in DPBS for 1 hour (blocking solution), 

primary antibodies were added overnight at 4°C. Slide chambers were washed 10 min three 

times with DPBS, and secondary antibodies applied for one hour at room temperature. After 

three additional washes with DPBS, chambers were removed and slides mounted with 

Vectashield (Vector #H-1200) containing DAPI stain to visualize DNA. Immunofluorescence 

was analyzed and photographed using a Zeiss Imager Z.1 microscope with Apotome. For 

LysoTracker stainings, living cells were exposed to prewarmed medium containing a 1:1000 

dilution of LysoTracker Red DND-99 or LysoTracker Blue DND-22 (Invitrogen #L7528 and 
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#L7525, respectively) for 1 min at 37°C, washed with PBS, and fixed with 4% PFA for 15 min 

at room temperature. Cells were mounted with Vectashield and analyzed as described above. 

GSK3 Protection and Kinase Activity Measurements 

Protease protection assays were performed essentially as described by Vanlandingham 

and Ceresa (2009). Control and Wnt-treated confluent L-cells were trypsinized from a 10 cm 

culture plate and pelleted at 800 rpm in a Sorvall 6000 tabletop centrifuge. Cells were 

resuspended in buffer (100 mM potassium phosphate pH 6.7, 5 mM MgCl2, 250 mM sucrose) 

containing 6.5 μg/ml Digitonin and incubated for 5 min at room temperature, followed by 

30 min on ice. The Digitonin solution was removed by centrifugation for 5 min at 13,000 rpm in 

an Eppendorf centrifuge. Permeabilized cells were resuspended in buffer without Digitonin and 

divided into Eppendorf tubes containing reagents to generate final concentrations of 1 μg/ml 

Proteinase K (Invitrogen), Proteinase K with 0.1% Triton X-100, or water. After incubation for 

10 min at room temperature the reaction was stopped by adding 20 mM PMSF preheated in 5× 

loading buffer, and heated at 95°C for 10 min before electrophoresis. 

For measurements of GSK3 enzymatic activity (Ryves et al., 1998), a similar protocol as for 

protease protection was used to prepare permeabilized cells. However, a modified buffer was 

applied (100 mM potassium phosphate pH 6.7, 5 mM MgCl2, 250 mM sucrose, 10 mM DTT, 

1 mM PMSF, 1 mM benzamidine, 50 mM NaF, 0.1 μM okadaic acid, 0.5 mM Na3VO4 with or 

without 0.1% Triton X-100). In total, 12.5 μl of the resuspended permeabilized cells were 

mixed with 6.25 μl substrate mix (4 mg/ml phospho-Glycogen Synthase peptide 2 from 

Millipore, CA, USA), with or without 200 mM LiCl) and 6.25 μl ATP mix (200 mM Hepes pH 
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7.5, 50 mM MgCl2, 8 mM DTT, 400 μM ATP, 0.125 μCi [γ32P]ATP, 3,000 Ci/mmol. The 

mixture was incubated for 8 min at room temperature, and the reaction stopped by spotting 20 μ

l of the solution onto P81 ion-exchange paper (Whatman), dried and washed three times in 

100 mM phosphoric acid for 5 min (Ryves et al., 1998). The radioactivity of each sample was 

determined by scintillation counting and corrected for total protein content. 

Cryoimmunoelectron Microscopy 

For cryoimmunoelectron microscopy, 3T3 fibroblasts were treated with or without Wnt3a 

conditioned medium for 6 hr. HeLa cells expressing GSK3-GFP with or without CA-LRP6 were 

fixed 12 hr after transfection. Confluent 10 cm dishes were incubated with 3 ml of serum-free 

medium containing cryo-EM fixative (final concentrations: 4% paraformaldehyde, 0.2 M PHEM 

buffer (120 mM Pipes, 50 mM Hepes, 20 mM EGTA, 4 mM MgCl2 pH 7.0), and 0.4% 

glutaraldehyde) for 1 hr. This solution was replaced by one containing the same fixatives diluted 

in 0.1 M PHEM buffer and incubated for 90 min. Cells were collected using a Teflon scraper, 

divided into several Eppendorf tubes, and centrifuged for 10 min at 10,000 rpm. The pellets were 

carefully washed three times for 10 min with 0.1 M PHEM buffer. The specimens were then 

subjected to cryo sectioning and labeling and immunoelectron microscopy using chicken IgY 

anti-GSK3β (Sigma #GW22779) or chicken IgY anti-GFP (Invitrogen #A10262) followed by 

15 nm Protein A-Gold, as described (Guo et al., 2009; Slot and Geuze, 2007; Liou et al., 1996). 

Xenopus Embryo Assays 

For Xenopus embryo microinjection, DNAs were linearized with NotI and mRNAs 

synthesized with mMessage mMachine SP6 (Ambion). For embryo secondary axis induction, 80 
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pg of CALRP6 mRNA or 80 pg β-Catenin-Myc mRNA (Yost et al., 1998) were injected into a 

ventral vegetal cell at 8-cell stage. The antisense oligo Morpholino (MO) against Xenopus 

laevis HRS had the following sequence: TGCCGCTTCCTCTTCCCATTGCGAA. This MO 

targets both the Xenopus laevis sequence and that ofX. tropicalis. Four nl of 0.3 mM Morpholino 

were coinjected with CA-LRP6 or β-Catenin mRNA, with or without 10 pg of mRNA coding 

for human HRS. For Vps4-WT or Vps4-EQ, 500 pg of mRNA were coinjected. 

For Siamois mRNA (Lemaire et al., 1995), 20 pg were injected once ventrally. In situ 

hybridizations of injected embryos were carried out at stage 19. Embryos receiving a single 

ventral injection of HRS MO or Vps4-EQ mRNA do not survive past stage 23. The effects of 

Vps4-EQ or HRS-MO on endogenous axis development could not be ascertained as their 

injection into the entire embryo disrupts gastrulation. Staining of embryos injected with LacZ 

mRNA was performed as described (Reversade and De Robertis, 2005). 

Ectodermal explants harvested for western blot (Figure S6D) were injected four times 

with 100 pg Flag-HDAC mRNA with or without 50 pg xWnt8 mRNA. Animal caps were cut at 

stage 9, cultured until stage 10.5, and homogenized in lysis buffer (50 mM Tris pH 7.4, 150 mM 

NaCl, 1 mM EDTA, 1% Triton X-100, and Protease inhibitor #10863600 from Roche). 

Ectodermal explants harvested for Luciferase gene reporter assay (Figure 3F) were injected four 

times with 50 pg of SuperTopFlash DNA and 80 pg CA-LRP6 mRNA, with or without HRS MO. 

In Silico Identification of Putative GSK3 Phosphorylation Sites 

To identify putative human GSK3 protein targets, a copy of the complete human 

proteome was downloaded from the Ensembl website (http://www.ensembl.org, release 55) 

(Hubbard, 2009). A custom Perl algorithm was used to generate a list of all human proteins 
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containing at least 2 consecutive GSK3 sites (consensus: S/TXXXS/T[PO3]) primed by any 

Serine or Threonine (Puntervoll et al., 2003). To estimate the potential physiological relevance of 

the phosphorylation site predictions, we examined the evolutionary conservation of each of the 

motifs identified. Proteins in the list were grouped by gene family as defined by Ensembl. For 

each family, an alignment of family members belonging to the following species was retrieved 

from the Ensembl database: human, mouse, opossum, platypus, chicken, Xenopus tropicalis, 

zebrafish, pufferfish (Tetraodon nigroviridis), ascidian (Ciona intestinalis), nematode 

(C. elegans), and fruit fly (D. melanogaster). Putative phosphorylation motifs were subsequently 

identified in these sequences by the same bioinformatic method as above, and their conservation 

assayed by counting the number of genes containing a motif at the same position in the 

alignment (designated Conservation Index). A complete list of predicted GSK3 phosphorylation 

targets in the human proteome and their evolutionary conservation is provided in Table S3. 

Radioactive 35S Methionine Pulse-Chase Experiments 

HEK293T cells at 70%-80% confluence were starved for Methionine with DMEM 

culture medium lacking this amino acid supplemented with 10% dialyzed serum (Invitrogen, 

NY, USA) for 30 min. Cells were metabolically labeled with 0.2 mCi/ml 35S-Methionine 

(Perkin Elmer, MA, USA) for 30 min. Culture medium was replaced by nonradioactive 

conditioned medium (supplemented with an additional 15 mg/l Methionine, final concentration 

45 mg/l) from control L-cells or L-Wnt3a-cells (or Wnt3a purified protein,Willert et al., 2003). 

Cells were harvested at different chase time intervals in standard lysis buffer (50 mM Tris, 

150 mM NaCl, 1 mM EDTA, 1% Triton X-100 pH 7.4, plus Roche protease inhibitor cocktail) 

and spotted on a Whatman 3MM paper preblocked with 0.1% Methionine, or analyzed by SDS-
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PAGE. Dry paper pieces containing the spotted samples were placed in 10% cold Trichloroacetic 

acid (TCA) for 20 min and transferred into a boiling solution of 5% TCA for 15 min to 

hydrolyze radioactive charged Met-tRNA. Paper fragments were then washed again with 5% 

TCA and 95% ethanol at room temperature and dried. The radioactivity of each sample was 

determined by scintillation counting and normalized for total protein content (measured by the 

BCA kit from Pierce). Protein half-life values were calculated using the polynomial regression 

method using MS Excel. The half-life of control and Wnt-stimulated cells was calculated from 

the slope of the regression function as the mean from four pulse-chase experiments. Protein gels 

from samples chased for 6 hr were dried using the DryEase Mini-Gel drying system (Invitrogen, 

NY, USA) and used for autoradiography. The GSK3 inhibitor BIO (Meijer et al., 2003) was used 

at 5 μM. 

DNA Constructs and siRNAs 

The following GFP or RFP fusion proteins were generated for this study: GSK3-RFP, 

GSK3-GFP, DN-GSK3-GFP, CA-LRP6-GFP, xDvl-RFP, stabilized mutant β-Catenin-GFP, 

human HRS-RFP, GFP-GSK3-MAPK reporter, GFP-GSK3mut-MAPK, GFP-GSK3-MAPK-

E3mut, and GFP-GSK3-CK1-E3. A pCS2 vector containing amino-terminal Flag-EGFP 

(GB#U55763) or HA-RFP (GB#AF506027) was used to clone in-frame fusions generated by 

PCR from ESTs or from constructs generously provided by colleagues listed in the 

Acknowledgments. The siRNAs targeting human β-Catenin, HRS, and Axin1 were ON-

TARGETplus SMARTpool from Thermo Scientific #L-003482, #L-016835, and #L-009625, 

respectively. The siRNAs used to knock down human GSK3α and GSK3β were Validated 

Stealth RNAi DuoPak from Invitrogen #45-3210 and #45-1488, respectively. 
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Immunostaining and Western Blots 

For immunostainings, primary antibodies were: anti-GSK3β monoclonal (BD 

Transduction #610201) at 1:350, and anti-phospho-β-Catenin (Cell Signaling #9561) at 1:350. 

For cryoimmunoelectron microscopy, antibodies used were chicken IgY anti-GSK3β (Sigma 

#GW22779) at 1:800 and chicken IgY anti-GFP (Invitrogen #A10262) at 1:250. For western 

blots, primary antibodies used were the anti-GSK3β monoclonal at 1:1000, anti-β-Catenin 

(Sigma #C2206) at 1:4000, anti-α-tubulin monoclonal (Calbiochem #CP06) at 1:1500, anti-Flag 

monoclonal (Sigma #F1804) at 1:1500, and anti-Total-Erk (Cell Signaling #9102) at 1:1000. 

Secondary antibodies coupled to Infra Red Dyes (IRDye 680 and IRDye 800) at 1:3000 (LI-

COR) were used, and western blots were analyzed using a LI-COR Odyssey scanner system. 

Statistics 

Results are given as the mean ± standard error of the mean (SEM). Statistical analyses 

were performed with Excel (Microsoft Corp.) applying the two-tailed t test, as appropriate. 

Differences of means were considered significant at a significance level of 0.05. 
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RESULTS 

Wnt Causes GSK3 Relocalization in Acidic Cytoplasmic Vesicles 

We first asked whether Wnt treatment changed the subcellular localization of GSK3. 

Human 293T cells expressing xWnt8-Venus (Mii and Taira, 2009) were cultured together with 

mouse 3T3 cells transfected with GSK3-RFP. Remarkably, endocytosed Wnt-Venus and GSK3-

RFP accumulated in the same vesicular structures (arrows in Figure 3-1F), while GSK3-RFP 

levels decreased in the cytosol (Figures 3-1A–1F). Relocalization of endogenous GSK3β was 

also observed in these co-cultures (Figures 3-S1A–S1C available online). Wnt-Venus puncta 

were counted in each responding cell (n = 80), and 56% ± 9% of them colocalized with GSK3-

RFP puncta (see histogram in Figure 3-1C). Thus, cytosolic GSK3 decreases and becomes 

relocalized to the same endosomes as the internalized Wnt ligand. 

Transfection of constitutively active LRP6 lacking its extracellular domain, designated 

CA-LRP6, causes a potent Wnt signal (Tamai et al., 2004). CA-LRP6 cytoplasmic signalosome 

formation (Bilic et al., 2007) required Dynamin and caused a striking relocalization of GSK3β 

from the cytosol into prominent cytoplasmic puncta (Figures 3-1G–1L’ and Figures 3-S1D–

S1O). Treatment of 3T3 cells with LysoTracker, a dye that becomes concentrated in acidic 

organelles such as MVBs and lysosomes, showed that endogenous GSK3β relocated to these 

compartments (Figure 3-1G–1L’). In addition, GSK3β colocalized with Dvl, Axin, and 

LysoTracker, as well as the PI3P probe FYVE-GFP, when Wnt signaling was activated by 

overexpression of Dvl (Figures 3-S2A–S2O). Remarkably, a protein consisting of the DIX 

domain of Dvl fused to the LRP6 cytoplasmic tail (DIX > Ctail-GFP), which triggers a very 
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strong Wnt signal (Metcalfe et al., 2010), also formed signalosomes colocalizing with acidic 

vesicles that sequestered cytosolic GSK3β (Figures 3-S2P–S2Aa). 

Figure 3-1. GSK3β Is Translocated to Acidic Vesicles upon Wnt Signaling. 

(A–F) In co-culture experiments, xWnt8-Venus (green) secreted by 293T cells caused the 

relocalization of GSK3β-RFP (red) in 3T3 cells that endocytosed Wnt. Arrows in the 

enlargement in (F) indicate xWnt8-Venus endosomes that sequester GSK3-RFP. In controls 
lacking xWnt8-Venus, GSK3-RFP localization was cytoplasmic (D and E); asterisks indicate 
untransfected control 293 cell nuclei. 

(G–L’) GSK3β antigen relocalized to LysoTracker-positive endosomes upon activation of Wnt 

pathway by CA-LRP6 in 3T3 cells; note that endogenous GSK3β was depleted from cytoplasm. 

(M–R’) Rab7-GFP (green) and GSK3β-RFP (red) colocalized in CA-LRP6 signalosomes (in 

62% ± 7% of GSK3-positive puncta, n = 80 HeLa cells); note GSK3 sequestration from cytosol. 

(S–U) Endogenous GSK3β puncta (white) were larger and more numerous after 4 hr of Wnt3a 

addition to untransfected 3T3 cells permeabilized with Digitonin. 

Data are represented as mean ± SEM 

 



   

113 
 

CA-LRP6 signalosomes colocalized with the late endosomal marker Rab7-GFP (Figures 3-1M–

1R) in 62% ± 7% of the GSK3 puncta, indicating that GSK3-RFP relocated to MVBs or 

lysosomes (Bucci et al., 2000). About 40% of GSK3-RFP vesicles colocalized with Vps4-GFP 

(see Figures 3-3L–3N’), a marker of the final stages of intralumenal vesicle formation in 

endosomes (Bishop and Woodman, 2000; Gruenberg and Stenmark, 2004). In untransfected 3T3 

cells the number and size of endogenous GSK3β puncta increased after treatment with Wnt3a 

conditioned medium (Figures 3-1S–1U) in cells permeabilized with Digitonin (which facilitates 

the visualization of intracellular organelles; Bishop and Woodman 2000). 

Taken together, these results strongly support the hypothesis that Wnt signaling causes 

the relocalization of cytosolic GSK3 to the endosomal compartment. 

GSK3 Is Sequestered inside MVBs 

To determine whether Wnt3a treatment sequesters GSK3 kinase activity from cytosol, 

endogenous cytosolic kinase activity was measured in untransfected L cells permeabilized with 

Digitonin through the incorporation of phosphate from [γ32P]-ATP into a phospho-glycogen 

synthase peptide substrate (Ryves et al., 1998). Digitonin solubilizes cholesterol-rich patches in 

the plasma membrane, leaving MVBs and other intracellular organelles intact (Dunn and Holz, 

1983). Addition of Wnt3a for 4 hr decreased cytosolic GSK3 activity levels by 66% ± 5% 

(Figure 3-2A, lanes 1 and 2), and the missing GSK3 activity was recovered when all membranes 

were dissolved with 0.1% Triton X-100 (Figure 3-2A, compare lanes 2 and 4). 

The gold standard to determine the localization of a protein inside a membrane-bounded 

compartment is the protease protection assay. GSK3 protein became protected from Proteinase K 
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digestion (Vanlandingham and Ceresa, 2009) after Wnt3a treatment (Figure 3-2B, compare lanes 

3 and 4) in untransfected L cells permeabilized with Digitonin. This Wnt-dependent protease 

protection of GSK3 was eliminated when membranes were solubilized with 0.1% Triton X-100 

(Figure 3- 2B, lanes 4 and 6). As a negative control, we used α-tubulin, which is not contained 

in vesicular organelles and was not protected from Proteinase K digestion (Figure 3- 2B). These 

experiments strongly suggest that GSK3 becomes sequestered within membrane-bounded 

organelles upon Wnt treatment. 

The relocalization of GSK3 to multivesicular endosomes in Wnt3a-treated cells was 

visualized by cryoimmunoelectron microscopy. In untransfected 3T3 cells treated with control 

conditioned medium, endogenous GSK3β was found almost exclusively in the cytosol, whereas 

in Wnt3a-treated cells a substantial fraction was found inside MVBs (Figures 3-2C and 3-2D). In 

HeLa cells cotransfected with CA-LRP6 and GSK3-GFP, an anti-GFP antibody revealed 

colloidal Gold particles in MVBs (Figure 3-2E). In some cases Gold particles were observed on 

the cytoplasmic surface of vesicles fusing with multivesicular endosomes (Figure 3-2F), as well 

as within the small vesicles that fill MVBs (arrows with asterisks in Figure 3-2F), supporting the 

topology shown in Figure 3-7. In the absence of CA-LRP6, Gold-labeled GSK3-GFP was 

located in the cytosol (Figure 3-2G). 

To confirm the cryoimmuno localization results in a quantitative way, we resorted to an 

activated mutant of Rab5. Rab5-Q79L causes the formation of giant multivesicular endosomes 

containing large numbers of intralumenal vesicles (Wegener et al., 2010). These MVBs are so 

large that the outer membrane (outlined by Rab5-QL-DsRed) can be readily distinguished from 

its internal contents by light microscopy. As shown in Figures 3-2H–2M, GSK3β translocated 
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from the cytoplasm into the interior of Rab5-QL multivesicular endosomes (arrows, 77% ± 9% 

colocalization) when CA-LRP6 was coexpressed, but not in its absence. Cytosolic depletion of 

GSK3-GFP was very clear (compare Figures 3-2J and 3-2M). 

Taken together, these results demonstrate that the GSK3 enzyme becomes translocated 

from the cytosol into membrane-bounded multivesicular endosomes when Wnt signals. 

Wnt Signaling Requires the ESCRT Machinery 

The molecular machinery that forms endosomal intralumenal vesicles has been well 

characterized (Wollert and Hurley, 2010). Several endosomal sorting complexes required for 

transport, or ESCRTs, have been identified through yeast genetics (designated Vacuolar Protein 

Sorting, Vps, mutants) and biochemistry (Katzmann et al., 2002). The GSK3 sequestration 

hypothesis predicts that ESCRT proteins essential for vesicle invagination should be required for 

Wnt signaling. Therefore, we tested two ESCRT proteins essential for vesicle formation 

(Figure 3-3A). 
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Figure 3-2. Wnt Signaling Causes Sequestration of GSK3 inside Multivesicular Endosomes 
(A) GSK3 kinase activity was decreased by 66% ± 5% by Wnt3a treatment and was recovered 
after membrane solubilization with 0.1% Triton X-100 in Digitonin-permeabilized L cells. LiCl 
inhibition shows that the radioactive assay was specific for GSK3. Data are from two 
independent experiments using untransfected L cells. GSK3β and α-tubulin provide loading 
controls. 
(B) GSK3β becomes protected from Proteinase K after Wnt3a treatment, but only in the absence 
of Triton X-100 (lanes 3–6). Similar results were obtained in five independent experiments 
(untransfected L cells). All samples were permeabilized with Digitonin, which causes leakage of 
37% of the endogenous GSK3 (three independent experiments). 
(C and D) Cryoimmunoelectron microscopy demonstrating relocation of endogenous GSK3β 
into MVBs (arrows) after Wnt3a treatment in untransfected 3T3 cells. 
(E–G) GSK3-GFP localized in MVBs (white arrows) in CA-LRP6 transfected HeLa cells but 
was cytosolic in control cells lacking CA-LRP6 transfection. 
(H–J) Rab5-QL-DsRed forms giant endosomes (arrows), whereas GSK3β-GFP remains 
uniformly distributed in the cytosol (n = 100).(K–M) In the presence of CA-LRP6, GSK3-GFP is  
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Figure 3-2 (cont.) 
translocated inside Rab5-QL giant multivesicular endosomes (see arrows) in 77% ± 9%, n = 80, 
of cotransfected cells. Note that GSK3 becomes depleted from cytosol. 
Data are represented as mean ± SEM. 

 

HRS/Vps27 (hepatocyte growth factor regulated tyrosine-kinase substrate) initiates 

formation of the ESCRT-0 complex. Depletion of HRS by siRNA blocked the accumulation of 

β-Catenin observed after 2 hr of Wnt3a treatment in 293T cells, whereas control scrambled 

siRNA had no effect (Figure 3-3B, lanes 1–4). Total GSK3 levels increased by about 70% when 

HRS was depleted (Figure 3-3B compare lanes 1 and 3, three independent experiments; see 

also Figure 3-S3), suggesting that GSK3 is normally partially degraded by the endosomal 

machinery; however, Wnt addition did not significantly change GSK3 levels in these 

experiments. We were expecting a decrease in total GSK3 levels in western blots because MVBs 

are usually targeted to the lysosome and degradation. Many reasons might explain this result. For 

example GSK3 may have a long half-life, it may be replenished by translational regulation, or 

GSK3 may have a long time of residency in MVBs induced by Wnt signaling before lysosomal 

degradation takes place (Wnt might even affect the rate of MVB processing globally). In 

addition there is recent evidence that intralumenal MVB vesicles may be recycled back into the 

cytosol by “back-fusion” to the late endosome-limiting membrane (Falguieres et al., 2009). 

Despite the lack of change in total levels, the relocation of GSK3 from the cytosol into MVBs is 

clearly documented in the figures above, providing the basis for the sequestration model for Wnt 

signaling presented in Figure 3-7. 

The requirement of HRS for Wnt signal transduction was demonstrated directly in these 

cultures by measuring the expression of the SuperTopFlash-Luciferase reporter, which contains 
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multiple TCF-binding sites (Figure 3-3C, brackets). In addition we observed that relocalization 

of GSK3 into vesicle-like structures in CA-LRP6 transfected cells was blocked by HRS siRNA 

and was not affected by control scrambled siRNA (Figures 3-3D–3E’). In animal cap explants 

the activation of TCF-Luciferase by CA-LRP6 mRNA was blocked by HRS antisense 

morpholino (Figure 3-3F, brackets). In Xenopus embryos, injection of CA-LRP6 mRNA into a 

single ventral blastomere at the eight-cell stage caused complete axis duplications, which were 

eliminated by coinjection of HRS MO (Figures 3-3G–3I and Figure 3-S4N). HRS depletion did 

not affect cell viability or proliferation until neurula stage (Figures 3-S4A–S4M). The effects of 

HRS MO could be partially rescued by human HRS mRNA (Figures 3-4C and 3-4O). 

Vps4 is an ATPase required for the disassembly of ESCRT-III complexes, the last step in 

the pinching off of intralumenal vesicles in multivesicular endosomes (Gruenberg and Stenmark, 

2004). A point mutation in the ATPase site (Vps4-EQ) creates a potent dominant-negative form 

that inhibits MVB formation (Bishop and Woodman, 2000). Vps4-EQ blocked canonical Wnt3a 

signaling (Figure 3-3J, brackets). The control in this experiment was Vps4-WT, which differs by 

only one amino acid yet was without effect in TCF-Luciferase assays. Vps4-EQ also inhibited 

the transcriptional effects of CA-LRP6 (Figure 3-3K, brackets). Vps4-EQ cotransfection 

inhibited the relocalization of endogenous cytosolic GSK3β into CA-LRP6 signalosomes 

(Figures 3-3L–3Q). In Xenopus embryos, Vps4-EQ, but not Vps4-WT, coinjected with CA-LRP6 

mRNA into a ventral blastomere inhibited the formation of complete secondary axes containing 

head structures (Figures 3-3R–3T and Figure S4O). Importantly, we also tested the requirement 

of the ESCRT machinery for axis induction by Siamois, a homeobox gene activated by Wnt 

signaling. We found that Vps4-EQ mRNA was unable to inhibit Siamois secondary axes 
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(see Figures 3-4Ba–4Da and Figure 3-S5A). This epistatic experiment placed the requirement for 

Vps4 early in the Wnt pathway, upstream of its transcriptional effector Siamois. 

These experiments show that two components of the ESCRT machinery, HRS/Vps27 and 

Vps4, are required for canonical Wnt signaling. 

Figure 3-3. Components of the ESCRT Machinery Are Required for Wnt Signaling 
(A) HRS and Vps4 are proteins required for intralumenal vesicle formation in MVBs. GSK3 is 
indicated in red. 

(B) HRS siRNA inhibits Wnt3a-induced accumulation of β-Catenin. 

(C) TCF-Luciferase reporter gene assays showing that Wnt signaling requires HRS (brackets). 

(D–E’) HRS is required for sequestration of GSK3-RFP in CA-LRP6 signalosomes (78% ± 8%, 

n = 150). 
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Figure 3-3 (cont.) 
 (F) Wnt signaling induced byCA-LRP6 mRNA in Xenopus animal caps was blocked by HRS 
morpholino (brackets).  

(G–I) Induction of secondary axis in Xenopus embryos by CA-LRP6 mRNA (80 pg) requires 

HRS (neural tissue visualized with Sox2 probe). 
(J and K) Expression of Vps4-EQ, but not Vps-WT, inhibited signaling by Wnt3a or CA-LRP6 
(brackets) in 293T cells. 

(L–N’) CA-LRP6 signalosomes sequestered endogenous GSK3β and partly colocalized with 

Vps4-WT-GFP, a multivesicular endosome marker (43% ± 5% of vesicles, arrows, in n = 80 

cells). 

(O–Q’) Overexpression of Vps4-EQ-GFP inhibits sequestration of endogenous GSK3β in CA-

LRP6 signalosomes.  

(R–T) Head formation in axes induced by CA-LRP6 was inhibited by Vps4-EQ, but not by Vps4-

WT mRNA. Data are represented as mean ± SEM.  

β-Catenin Is Required for GSK3 Sequestration 

While investigating the requirements for GSK3 sequestration, we made an unexpected 

finding: the translocation of GSK3 into CA-LRP6 signalosomes and its depletion from the 

cytosol were inhibited by β-Catenin siRNA (Figures 3-4A and 3-4B and Figure 3-S3C). Using 

SuperTopFlash reporter in animal caps, we found that HRS MO blocked signaling by 

microinjected β-Catenin mRNA and was partially rescued by human HRS mRNA coinjection 

(Figure 3-4C). We also noticed that endogenous β-Catenin, especially its GSK3-phosphorylated 

form (i.e., targeted for degradation), colocalized with CA-LRP6-GFP in signalosomes (Figures 

3-4D–4F). Taken together, these results suggest that β-Catenin is required for the sequestration 

of GSK3 in multivesicular endosomes. 

We next asked whether β-Catenin overexpression was sufficient to trigger GSK3 

sequestration in endosomes. Stabilized β-Catenin-GFP (in which its three GSK3 sites were 

mutated into alanines) accumulated in the nucleus as expected but also in cytoplasmic vesicle-
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like structures, which sequestered GSK3-RFP (Figures 3-4G–4I). Wild-type β-Catenin-GFP 

accumulated inside giant Rab5-QL MVBs (Figures 3-4J–4L) and in LysoTracker-positive 

vesicles (Figures 3-S3D–S3F). Injection of β-Catenin mRNA into a ventral cell causes twinning 

in Xenopus embryos. Coinjection of β-Catenin mRNA with HRS-MO or Vps4-EQ showed that 

MVB formation was required for β-Catenin axis induction in Xenopus (Figures 3-4M–R and 

Figures 3-S4P and 3-S4Q). 

This new function of β-Catenin in sequestering GSK3 in MVBs occurs upstream of the 

well-established transcriptional role of β-Catenin and Tcf3 in Wnt signaling (Clevers, 2006). 

Depletion of β-Catenin with MO generated ventralized Xenopus embryos lacking all neural 

structures (Figures 3-4S and 3-4T). Although GSK3 inhibition by DN-GSK3β mRNA (a 

dominant-negative catalytically inactive form) greatly expanded neural structures, this effect was 

blocked by β-Catenin or xTcf3 depletion (Figures 3-4U–W). However, a construct fusing the 

transactivation domain of Xenopus β-Catenin to DN-xTcf3 was able to signal in β-Catenin-

depleted embryos (Figure 3-4X). In secondary axis induction assays, the β-Catenin-DN-xTcf3 

fusion was active even when MVB formation was inhibited by Vps4-EQ mRNA microinjection 

(Figures 3-4Y–Aa and Figure 3-S5B). These experiments show that the classical transcriptional 

role of β-Catenin/Tcf3 is distinct from its new function in facilitating GSK3 sequestration. 

We conclude that β-Catenin protein is required and sufficient to cause GSK3 

sequestration in acidic cytoplasmic endosomes. It has been proposed that the entire destruction 

complex (which includes β-Catenin) is recruited to phosphorylated LRP6 receptors (Zeng et al., 
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2008). Once β-Catenin levels begin to rise during Wnt signaling, β-Catenin would enhance the 

signal, forming a feed-forward loop by facilitating GSK3 sequestration. 

Figure 3-4. β-Catenin Is Required for GSK3 Localization in Multivesicular Endosomes 

(A and B) β-Catenin siRNA inhibited GSK3β relocalization in CA-LRP6 signalosomes (in 

86% ± 7% of transfected HeLa cells, n = 300). 

(C) HRS MO blocks the induction of TCF reporter expression (brackets) by β-Catenin mRNA 

(four injections of 80 pg) in Xenopus animal cap explants, and this was partially rescued by 
human HRS mRNA. 

(D–F’) Endogenous phospho-β-Catenin colocalizes with CA-LRP6-GFP signalosomes in HeLa 

cells (85% ± 3% of transfected cells, n = 56). 

(G–I’) Overexpression of a stabilized mutant of β-Catenin-GFP caused its accumulation both in 

the nucleus and in cytoplasmic particles that sequester GSK3-RFP from the cytoplasm (75% ± 

11%, n = 60). 



   

123 
 

Figure 3-4 (cont.) 

 (J–L) Wild-type β-Catenin-GFP becomes localized inside giant endosomes induced by Rab5-

QL-DsRed. Seventy-nine percent ± 10% of giant MVBs contained β-Catenin-GFP, n = 80. 

(M–O) Axis induction by β-Catenin mRNA (80 pg) in Xenopus was blocked by coinjection of 

HRS-MO and partially rescued by 10 pg human HRS mRNA. 

(P–R) Vps4-EQ, but not Vps4-WT, mRNA inhibited secondary axis formation by β-

Catenin mRNA. 

(S–X) Nuclear function of β-Catenin in Xenopus embryos. Wild-type, but not β-Catenin 

depleted embryos, contains neural tissue marked by Sox2 (n = 44 and n = 25). Microinjection 

of DN-GSK3 mRNA (150 pg, four times at four-cell) dorsalized in a β-Catenin dependent 

manner (n = 38 and n = 28). DN-Tcf3 mRNA (200 pg, four times) blocked dorsalization by DN-

GSK3 (n = 36), whereas the fusion construct β-Catenin-DN-xTcf3 (30 pg) rescued the 

ventralizing effects of β-Catenin MO (n = 26). Arrowheads indicate position of the blastopore. 

(Y–Aa) Epistatic experiment showing that β-Catenin-DN-xTcf3 fusion protein does not require 

MVB formation to induce secondary axes in Xenopus embryos. 

(Ba–Da) Epistatic experiment showing that the downstream target of Wnt signaling Siamois is 

not affected by MVB inhibition. 

Data are represented as mean ± SEM. 

Sequestration of GSK3 Regulates Protein Half-Life 

Phosphorylation of β-Catenin or Smad1 by GSK3 causes recognition by E3 

polyubiquitin ligases and protein degradation (Logan and Nusse, 2004; Fuentealba et al., 2007). 

To investigate whether GSK3 sequestration causes the stabilization of other proteins in addition 

to β-Catenin and Smad1, we first designed computer algorithms to identify potential phosphate-

primed GSK3 sites in the human proteome (Figure 3-5A) and whether they were evolutionary 

conserved. A large number of proteins (20% of the proteome) were found to contain three or 

more consecutive potential GSK3 sites (Table 3-S1 and Table 3-S3), significantly more than 

expected from random distribution (Table 3-S1). These included many novel putative GSK3 

targets with known regulatory functions (Table 3-S2). 
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To determine whether Wnt/GSK3 signaling regulates overall protein stability, we carried 

out radioactive pulse-chase experiments with 35S methionine in untransfected 293T cells. 

Cultured cells were radioactively labeled for 30 min, washed, and then treated with Wnt3a or 

control conditioned medium containing a 4-fold excess of unlabeled methionine. As shown 

in Figure 5B, the total half-life of labeled cellular proteins increased from 9.3 to 11.8 hr in Wnt3a 

medium. Electrophoresis and autoradiography after 6 hr of cold chase showed that a wide range 

of proteins were stabilized by Wnt treatment (Figure 3-5C, lanes 1 and 2), even when protein 

synthesis was inhibited with cycloheximide (Figure 3-5C, lanes 3 and 4; Figure 3-S6A). Thus, 

the effect of Wnt on radioactive protein stability is direct and not due to the expression of genes 

activated after Wnt is added. 

Wnt-stabilized proteins were detected mostly in the 35–150 kDa range (Figures 3-5D and 

3-5F). The stabilization of radioactive proteins by Wnt was eliminated by depletion of β-

Catenin with siRNA (Figures 3-5D–H). This requirement for β-Catenin in protein stabilization 

is explained by our finding that β-Catenin is essential for the sequestration of GSK3 (Figure 3-

4). Axin is required for LRP6 signalosome formation and signaling (Bilic et al., 2007) and also 

for overall protein stabilization by Wnt (Figure 3-S6F). 

Protein stabilization by Wnt3a mimicked the effects of GSK3 inhibition. In 293T cells, 

depletion of GSK3α had little effect on protein stability, but depletion of GSK3β, or GSK3α 

and β, stabilized the same range of proteins as Wnt3a treatment (Figure 3-5I, lanes 1–5). A 

chemical inhibitor of GSK3, BIO, caused a similar stabilization, whereas the proteasome 

inhibitor MG132 generated a different profile in which proteins below the 35 kDa range were 
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also strongly stabilized (Figures 3-5I–M). Thus, although Wnt signaling stabilized many 

proteins, these represented only a subset of the total proteome. 

These results suggest that Wnt signaling and GSK3 activity are regulators of the half-life 

of many cellular proteins. Some of the novel putative GSK3 targets listed in Table 3-S2, HDAC4 

and JunB, were tested and found to be stabilized by Wnt treatment (Figures 3-S6B–E). In 

addition the half-life of Smad4 was also regulated by Wnt, resulting in increased TGFβ 

signaling (H. Demagny and E.M.D.R., unpublished data). Testing all possible Wnt/GSK3 targets 

would be a daunting task, so we took a different approach, generating an artificial protein that 

serves as a biosensor of Wnt/GSK3activity. 
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Figure 3-5. Wnt Prolongs the Half-Lives of Cellular Proteins via GSK3 Inhibition 
(A) Twenty percent of human proteins contain three or more putative GSK3 sites primed by 
various kinases. 
(B) Radioactive pulse-chase experiment showing that the half-life of total proteins was increased 
by Wnt3a treatment of 293T cells. 
(C) Wnt3a treatment stabilized many proteins after 6 hr of chase in autoradiographs, even after 
inhibiting protein synthesis with cycloheximide (see Figure S6A); Coomassie brilliant blue 
(CBB) staining provides equal loading control. 

(D–H) β-Catenin was required for protein stabilization by Wnt3a. Densitometric tracings show 

that proteins stabilized by Wnt are within the 35–150 kDa range (note m.w. standards). 

(I–M) Depletion of GSK3α/β or their chemical inhibition by BIO resulted in protein 

stabilization similar to Wnt3a, whereas proteasomal inhibition by MG132 stabilized a wider 
range of proteins than Wnt3a or GSK3 inhibition.  
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A Reporter Protein for GSK3 Activity 

What would be the effect of adding GSK3 sites to a protein that lacked them? An 

artificial GFP construct was generated in which three GSK3 sites primed by a canonical MAPK 

phosphorylation site (PXSP) were added to its carboxy-terminus via a row of alanines (Figure 3-

6A). A Flag-tag and a PPAY site for the binding of E3 polyubiquitin ligases of the HECT family 

(mimicking Smad1; Fuentealba et al. 2007) were also added. The HECT E3 ligase site helped 

but was not essential (Figure 3-S7B); even in its absence, the biosensor protein could be 

destabilized by another E3 ligase, βTrcp (Figure 3-S7C). 

Cells were transfected with GFP-GSK3-MAPK construct, split into two cultures, and 

treated with control or Wnt3a conditioned medium for 6 hr. The GFP-GSK3-MAPK reporter 

protein was stabilized by Wnt3a treatment (Figure 3-6C, compare lanes 2 and 3,Figures 3-6E and 

3-6F). Remarkably, the degree of stabilization of this biosensor protein was comparable to that of 

endogenous β-Catenin, whereas α-tubulin remained unchanged (Figure 3-6C). The 

stabilization caused by Wnt could be mimicked by cotransfection of DN-GSK3 (Figure 3-6C, 

lane 4) or by treatment with the GSK3 inhibitor BIO (data not shown). To demonstrate that 

stabilization by Wnt indeed occurred at a posttranslational level, we mutated the GSK3 sites into 

alanines, generating GFP-GSK3mut-MAPK (Figure 3-6B). This GSK3 phosphorylation-resistant 

protein became stabilized and was no longer affected by Wnt3a treatment (Figures 3-6D, 3-6G, 

and 3-6H). Thus, the presence of GSK3 phosphorylation sites is sufficient to destabilize GFP. 

The type of priming kinase was not critical because constructs primed by CK1 were similarly 

stabilized by Wnt (Figure 3-S7E). 
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These studies with a GFP reporter protein indicate that multiple consecutive GSK3 

phosphorylation sites make a protein less stable, presumably by favoring recognition by E3 

polyubiquitin ligases of the βTrcp or HECT types (Logan and Nusse, 2004; Fuentealba et al., 

2007). The results indicate that Wnt signaling is able to deplete GSK3 from the cytosol to levels 

low enough to stabilize a biosensor of cellular GSK3 activity. Because the proteome contains a 

multitude of GSK3 phosphorylation targets, we expect that canonical Wnt signaling will have 

many previously unsuspected metabolic effects. 

Figure 3-6. A Wnt-Regulated Reporter Protein Generated by Introducing Multiple GSK3 
Phosphorylation Sites 
(A and B) Sequences of the GFP-GSK3-MAPK biosensor construct and its GSK3 
phosphorylation-resistant mutant. This protein is predicted to be primed by MAPK/Erk and 
further phosphorylated by GSK3. 

(C) Western blot showing stabilization of GFP-GSK3-MAPK and endogenous β-Catenin by 

Wnt3a treatment (6 hr) or DN-GSK3 transfection in transfected 3T3 cells. α-Tubulin served as 

loading control. 
(D) When GSK3 sites were mutated, GFP was stabilized and did not respond to Wnt. 

(E–H) GFP fluorescence in 3T3 cells transfected with GFP reporter proteins. Note that 

fluorescence was increased by Wnt3a treatment or mutation of GSK3 sites. 



   

129 
 

DISCUSSION 

We investigated the cellular mechanism by which Wnt signaling causes GSK3 inhibition. 

The results support a new model for canonical Wnt signal transduction, in which the GSK3 

enzyme becomes sequestered inside multivesicular endosomes triggered by activation of the 

Frizzled and LRP6 receptors, decreasing GSK3 levels in the cytosol (Figure 3-7). The key 

insight that led to the GSK3 sequestration hypothesis was the realization that during the normal 

endocytosis process, early endosomes containing activated receptors are packaged within 

multivesicular endosomes (McKanna et al., 1979; Katzmann et al., 2002; Gruenberg and 

Stenmark, 2004). GSK3 is recruited to the cytoplasmic side of Wnt receptor complexes and 

phosphorylates LRP6 and other substrates such as Dvl, APC, Axin, and β-Catenin (MacDonald 

et al. 2009;Table 3-S2), to which it normally binds. The key to transcriptional activation by Wnt 

signaling is the nuclear accumulation of β-Catenin. Although β-Catenin protein initially 

translocates into MVBs together with GSK3, once cytosolic levels of GSK3 are sufficiently 

depleted, newly translated β-Catenin is not phosphorylated and becomes stabilized, 

accumulating in the nucleus. Many cellular proteins contain putative GSK3 phosphorylation sites 

(Table 3-S3) and are also candidates for stabilization by canonical Wnt signaling. 

GSK3 Is Relocalized into MVBs upon Wnt Signaling 

The results strongly support the GSK3 sequestration hypothesis, providing a solution to 

the long-standing question of how GSK3 activity is inhibited by Wnt. In co-culture experiments, 

GSK3 accumulated in endosomes containing endocytosed xWnt8-Venus and was depleted from 

the cytosol. Protease protection studies showed that Wnt3a treatment causes the relocalization of 

GSK3 inside membrane-bounded organelles. These corresponded to MVBs in 
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cryoimmunoelectron microscopy. Remarkably, Wnt pathway activation by overexpression of 

CA-LRP6, Dvl, or of Dvl DIX > Ctail construct (Tamai et al., 2004; Capelluto et al., 

2002; Metcalfe et al., 2010) relocalized GSK3 into acidic endosomes, decreasing levels of this 

enzyme in cytosol (Figure 3-1 and Figure 3-S2). We also observed reductions in cytosolic GSK3 

by addition of Wnt3a protein acting on its endogenous receptors (Figures 3-1A–C, 3-1S–

U, Figures 3-2A–D, Figures 3-3B and 3-3C, Figure 3-5, and Figure 3-6; Figures 3-S1A–C). 

Finally, two components of the molecular ESCRT machinery required for the formation of 

MVBs, HRS and Vps4, were shown to be essential for canonical Wnt signaling in TCF 

transcriptional reporter and Xenopus embryo essays. In epistatic experiments, ESCRT activity 

was not required for axis induction by Siamois, a transcriptional target downstream of Wnt 

signaling. 

How does this GSK3 sequestration model fit in with the present state of knowledge 

concerning Wnt signaling? Receptor internalization is required for Wnt to signal (Blitzer and 

Nusse, 2006; Yamamoto et al., 2006). The proportion of Frizzled receptor destined for 

degradation versus recycling back to the membrane is regulated by a 

ubiquitinylation/deubiquitinylation cycle (Mukai et al., 2010), a process that was not investigated 

here. Bilic et al. (2007) found that aggregates containing Dvl, phosphorylated LRP6, Axin, and 

GSK3 are induced by Wnt treatment. Designated as LRP6-signalosomes, these aggregates are 

very prominent in cells in which the Wnt pathway is activated by CA-LRP6, Dvl, or DIX-Ctail 

overexpression (Bilic et al., 2007; Metcalfe et al., 2010). LRP6-signalosomes were proposed to 

provide a platform for Wnt signaling on the cytosolic side of early endosomes. The requirement 

for HRS and Vps4 reported here demonstrates that Wnt signaling requires the formation of 

multivesicular endosomes (Katzmann et al., 2002; Gruenberg and Stenmark, 2004). There is no 
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contradiction between the LRP6-signalosome model and our results. Sequestration of GSK3 in 

MVBs is not alone responsible for Wnt signaling. In the early steps of the process, formation of a 

vesicular platform facing the cytosol recruits the various components to the plasma membrane 

and early endosomes. In the presence of DN-Dynamin, GSK3-RFP strongly accumulates in the 

plasma membrane when Wnt signaling is activated (Figure 3-S1F), although Wnt signaling does 

not take place (Blitzer and Nusse, 2006). Wnt signaling requires the completion of the next step 

in the endocytic process. Once the neck of the intralumenal vesicles of MVBs is closed, GSK3 

will be prevented from equilibrating with the cytosol, explaining why Wnt signaling requires a 

functional ESCRT machinery. 

There is a discrepancy between the requirement of HRS in Wnt signaling described here 

and studies with HRS mutants in Drosophila. Seto and Bellen (2006) reported enhanced 

expression of Wg target genes in HRS clones (proposed to be due to decreased lysosomal 

degradation of Wg), although other authors reported no differences (compared to wild-type 

tissue) in similar clones (Rives et al., 2006). Perhaps in Drosophila some degree of MVB 

formation is still achieved in the absence of HRS through redundancy in the ESCRT machinery. 

In the studies presented here, we obtained significant inhibition of canonical Wnt signaling with 

HRS siRNA, HRS MO, and Vps4-EQ, both in cultured cells and in vivo in Xenopus. 

Our observations help understand the paradoxical positive and negative effects of GSK3 

in early Wnt signaling (Zeng et al., 2008). GSK3 phosphorylation of LRP6 initiates Wnt 

signaling (MacDonald et al., 2009; Niehrs and Shen, 2010), yet genetic and pharmacological 

studies show that GSK3 inhibition is sufficient to trigger the canonical Wnt signal (Logan and 

Nusse, 2004). The sequestration hypothesis helps resolve these apparently contradictory 
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functions, for LRP6 phosphorylation by GSK3 not only initiates signaling but also causes the 

sequestration of GSK3 from the cytosol. 

The key to canonical Wnt signaling is GSK3 inhibition, which results in β-Catenin 

stabilization (Kimelman and Xu, 2006; Wu and Pan, 2010). Several studies have shown that 

phosphorylated LRP6 intracellular domain can inhibit GSK3 activity (Mi et al., 2006; Cselenyi 

et al., 2008; Piao et al., 2008; Wu et al., 2009), although with low affinity (Ki in the 10−5 M 

range). However, GSK3 inhibition has been difficult to demonstrate biochemically. One 

exception was a study using hypotonic cell lysis, which reported a transient 40% decrease in 

GSK3 activity that peaked 10 min after Wnt addition (Ding et al., 2000). This early inhibition is 

likely explained via direct binding of GSK3 to phospho-LRP6. However, this decrease in GSK3 

activity disappeared after 1 hr (Ding et al., 2000), whereas stabilized β-Catenin protein 

continues to accumulate for at least 6 hr after Wnt treatment (Blitzer and Nusse, 2006). We now 

found that Wnt3a treatment reduced cytosolic GSK3 activity levels by 66% after 4 hr of Wnt3a 

addition in cells permeabilized with Digitonin (Figure 3-2A). 

Wnt signaling requires the sustained inhibition of GSK3, which is achieved by 

sequestration inside MVBs. The initial recruitment of the destruction complex (Zeng et al., 2008) 

would ensure that the GSK3 responsible for β-Catenin degradation is depleted first (explaining 

in part the insulation from other signaling pathways), followed by other cytosolic GSK3 

molecules that bind to additional phosphorylated docking sites provided by GSK3 

phosphorylation sites in LRP6, Axin, β-Catenin, Dvl, and APC (Jope and Johnson, 2004; Table 

3-S2). Thus, although GSK3 is in stoichiometric excess to Axin, there are many additional 

potential GSK3 binding sites present in the Wnt receptor-signaling complex (Figure 3-7). 
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Catalytically inactive DN-GSK3β is not concentrated in MVBs (compare Figures 3-S1G and 3-

S1M), suggesting that GSK3 accumulates in MVBs because it binds to its own substrates. 

Conversely, a GSK3 form that does not bind Axin but is catalytically active can accumulate in 

LRP6 signalosomes (Figures 3-S1J–S1L), demonstrating that GSK3 molecules not directly 

associated with the Axin destruction complex can still be sequestered by Wnt signaling. By 

binding to its own substrates, GSK3 can be depleted from cytosol even when Axin levels are 

stoichiometrically lower. 

Did precedents for a role for the MVB pathway in Wnt signaling exist in the literature? 

Early on, van den Heuvel et al. (1989) reported that endocytosed Wg accumulates in the MVB 

matrix in cells responding to the Wg signal in Drosophila blastoderm. Acidification by 

vacuolar/H+-ATPase is required for canonical Wnt signaling (Cruciat et al., 2010). Dvl 

overexpression triggers a canonical Wnt signal, and it was reported that this activity correlated 

with its colocalization with phospholipids in vesicular membranes via its DIX domain (Capelluto 

et al., 2002). Recently, a fusion protein between the Dvl DIX domain and the Ctail of LRP6 was 

found to be a very potent activator of Wnt signaling (Metcalfe et al., 2010). Dvl and DIX > Ctail 

form signalosomes that were initially interpreted as cytoplasmic protein aggregates. However, as 

shown in Figure S2, the Dvl and DIX > Ctail particles colocalized with FYVE-GFP (a PI3P 

marker) and also with the acidic dye LysoTracker. These endosomal vesicles depleted GSK3 

from the cytoplasm. Their effect was specific because point mutations in the DIX domain 

(Metcalfe et al., 2010) prevented colocalization with LysoTracker and GSK3. Moreover, 

inhibiting MVB formation prevented induction of a TCF-Luciferase reporter by the Dvl 

DIX/LRP6 fusion protein (Figure 3-S2Ba). In conclusion, previous observations were consistent 
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with a role for membrane vesicles in Wnt signaling, but their identity as MVBs that sequester 

GSK3 was not recognized. 

Wnt Is a Regulator of Protein Catabolism 

An unexpected finding was that Wnt prolongs the overall rate of cellular protein 

degradation (Figure 3-5). The addition of three consecutive GSK3 sites was sufficient to convert 

GFP into a Wnt-responsive protein (Figure 3-6). Thus, cytosolic levels of GSK3 are sufficiently 

depleted by Wnt treatment to stabilize other proteins in addition to β-Catenin. Thus, GSK3 

emerges as a protein kinase with a central role in regulating protein catabolism. 

Bioinformatic analyses showed that about 20% of the human proteome contains three or 

more possible primed GSK3 sites, suggesting that many putative Wnt-regulated proteins exist. 

The principal transcriptional output of Wnt signaling is the interaction between TCF/LEF and β

-Catenin (Clevers, 2006). However, many additional transcription factors interact with β-

Catenin (reviewed by MacDonald et al., 2009; see their Table 3-S1). It is intriguing that some of 

the proteins potentially stabilized by Wnt in our list (Table 3-S2) also interact with β-Catenin 

(e.g., FoxO, HIF1α, Mitf, RAR). Therefore, Wnt signaling may have unforeseen regulatory 

complexities. Although Wnt signaling can crosstalk with other signal transduction pathways in 

which GSK3 phosphorylations are involved, such as the BMP/Smad1 pathway (Fuentealba et al., 

2007), insulation between pathways is also necessary. The degree of insulation will depend on 

the relative affinities of the various substrates and their resistance to decreases in levels of free 

GSK3. In addition crosstalk versus insulation will depend on the type (and activity level) of 

priming kinase used by the various signaling pathways. The effect of Wnt on overall protein  
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Figure 3-7. Model of Canonical Wnt Signaling through the Sequestration of GSK3 inside 
Multivesicular Endosomes 

Binding of GSK3 (in red) to the Wnt receptor complex (including phospho-LRP6, phospho-β-

Catenin, and other GSK3 substrates such as Dvl, Axin, and APC) sequesters GSK3 inside small 

intralumenal MVB vesicles, causing its cytosolic substrates such as β-Catenin (in blue) and 

many other proteins to become stabilized (see text). The initial GSK3 molecules are recruited to 
the receptor complex bound to Axin, ensuring that the GSK3 fraction bound to the destruction 
complex is depleted first.  
Diagram modified from Zeng et al. (2008). 
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half-life had an absolute requirement for β-Catenin (Figure 3-5I). This is likely explained by the 

finding that β-Catenin is required, and its overexpression sufficient, for GSK3 sequestration in 

MVBs (Figure 3-4). 

Our findings indicate that canonical Wnt provides a signal instructing cells to slow down 

degradation of many proteins. The recent discovery that LRP6 is phosphorylated at G2/M phase 

independently of Wnt (Davidson et al., 2009) suggests that the half-life of a multitude of GSK3 

target proteins could be under cell cycle control. The list of putative GSK3/Wnt targets identified 

by our proteomic analyses suggests that Wnt/GSK3 signaling may have wide metabolic effects. 

In addition it provides a rich resource for discovering possible novel nodes of signaling pathway 

integration (Table 3-S3). 

A Positive Role for Endocytosis in Signal Transduction 

Targeting of membrane receptors to MVBs and lysosomes negatively regulates signaling 

by many growth factor receptors (McKanna et al., 1979; Katzmann et al., 2002). A possible 

positive role for multivesicular endosomes in the release of Notch intracellular domain to the 

nucleus has been reported (Coumailleau et al., 2009). In the case of canonical Wnt, the positive 

role of endosomal trafficking is of a different nature because it is the sequestration of GSK3 in 

MVBs that generates the signal (Figure 3-7). This raises the question of whether other plasma 

membrane receptors might use multivesicular endosomes to sequester proteins bound to their 

cytoplasmic tails. In this view, specific intracellular proteins could be targeted to MVBs in a 

growth factor-dependent manner. All eukaryotic cells contain an elaborate ESCRT machinery 

that generates multivesicular endosomes. Further studies on how the cell biology of endocytic 
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trafficking intersects with signaling by Wnt and other growth factors may have implications for 

understanding human disease, including cancer. 
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SUPPLEMENTAL FIGURES 
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Figure 3-S1. Wnt8-Venus or CA-LRP6 Sequester GSK3 in Dynamin-Dependent 
Signalosomes; GSK3 Mutated in Its Axin-Binding Site Can Accumulate in MVBs, but 
Catalytically Inactive DN-GSK3 Does not, Related to Figure 1 
(A) Control 3T3 cells (minus Wnt) stained with an anti-GSK3β antibody. 
(B) Coculture with 293T secreting Wnt8-Venus caused the relocalization of endogenous GSK3
β in 3T3 cells that endocytosed Wnt. Arrows indicate Wnt8-Venus endosomes that sequestered 
endogenous GSK3β. Cytosolic levels of GSK3β were decreased with respect to control 3T3 
cells minus Wnt, but the depletion was less compelling than that observed with GSK3-RFP 
in Figures 1A–1F. 
(C) A 293T cell strongly secreting Wnt8-Venus surrounded by 3T3 cells endocytosing the 
protein (arrows). Note that Wnt-Venus and GSK3β overlap in endosomes. 
(D–F) The GSK3 relocalization caused by CA-LRP6 is Dynamin-dependent. The homogenous 
cytoplasmic localization of GSK3-RFP became vesicular and concentrated close to the nucleus 
upon CA-LRP6 transfection. When cotransfected with DN-Dynamin, GSK3-RFP translocated to 
the membrane instead, and could not be further internalized into intracellular LRP6 signalosomes 
(arrows). 
(G–I) Wild-type GSK3-RFP colocalized with CA-LRP6-GFP signalosomes in 3T3 cells. 
(J–L) GSK3-RFP mutated so that its Axin-binding site was inactivated, GSK3-F291L (Ferkey 
and Kimelman, 2002), was still sequestered from the cytoplasm by CA-LRP6-signalosomes 
(arrows). Colocalization was reduced in comparison to wild-type GSK3-RFP. This result 
indicates that binding of GSK3 to Axin is not essential for its localization within Wnt signaling 
endosomes. 
(M–O) Catalytically inactive DN-GSK3-RFP does not associate with CA-LRP6-GFP. This 
suggests that only active GSK3 molecules associate with CA-LRP6-induced MVBs via binding 
to its own substrates. To ensure a proper phosphorylation of CA-LRP6 by endogenous GSK3 
and its subsequent internalization, DN-GSK3-RFP was transfected in relatively low 
concentrations in this experiment. 
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Figure 3-S2. Overexpressed Dishevelled or Dvl DIX>Ctail-GFP Colocalized with GSK3 in 
Acidic Endosomal Vesicles in HeLa Cells, Related to Figure 1 
Panels A to O, on the left side, show analyses of Dvl-RFP in cultured cells, Panels P to Ba, on 
the right side, show experiments with the Dvl DIX>Ctail reagent of Marianne Bienz. 

(A–C) Dvl-RFP puncta colocalize with FYVE-GFP, a reagent that specifically recognizes PI3P, 

a key component of endosomes (Gillooly et al., 2000). This is important because Dvl was 

previously thought to form cytoplasmic “protein aggregates” rather than being located in 

endosomes. 

(D–F) Dvl-RFP particles concentrate LysoTracker dye and therefore correspond to acidic 

endosomes such as MVBs or lysosomes. 

(G–I) Dvl-RFP colocalizes with Axin, an essential component of LRP6-signalosomes. 

(J–L) Dvl-RFP (red) caused GSK3-GFP (green) to translocate into vesicle-like particles. These 

results show that Dvl overexpression is sufficient to partially sequester GSK3-RFP in acidic 
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signalosomes. 

(M–O) In the absence of transfected Dvl, GSK3 was distributed uniformly throughout the 

cytosol in these two HeLa cells lacking Dvl-RFP. Note that the cytosolic levels of GSK3-RFP 
were higher than in Dvl overexpressing cells. 

(P–U) Dvl DIX>Ctail-GFP signalosomes, but not the control inactive point mutation M2>Ctail-

GFP (Metcalfe et al., 2010), colocalized with LysoTracker dye. This demonstrates that Dvl 
DIX>Ctail signalosomes are acidic organelles, rather than protein aggregates. 

(V–Aa) Dvl DIX>Ctail-GFP signalosomes, but not the inactive M2>Ctail-GFP control, 

colocalize with GSK3-RFP. Note that the cytosolic levels of GSK3-RFP are significantly 
reduced when DIX>Ctail sequesters GSK3 (compare panels W and Z). 
(Ba) Canonical Wnt signaling by the Dvl DIX>Ctail fusion protein is inhibited by HRS siRNA 
or by expression of dominant-negative Vps4-EQ (brackets). The M2>Ctail point mutation which 
does not localize to acidic vesicles did not induce a Wnt signal. Human 293T cells were 
transfected with TCF-Luciferase and SV40 promoter-Renilla, and activity levels measured 12 hr 
later. This experiment shows that signaling by the DIX>Ctail construct requires components of 
the ESCRT-0 and ESCRT-III machinery. 
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Figure 3-S3. GSK3-GFP Is Partially Stabilized when Multivesicular Endosome Function Is 

Inhibited; β-Catenin Depletion Was Effective and Caused a Modest Increase in 

Endogenous GSK3 Levels, Related to Figure 3 
(A) In this experiment we asked whether the ESCRT multivesicular endosome machinery is 
required for the degradation of GSK3. The results presented here suggest that GSK3 is degraded, 
but only in part, through the endosomal pathway. 293T cells were transfected with GSK3-GFP 

construct and with Vps4-WT or Vps4-EQ construct. Cells were treated the next day with 20 μ

g/ml of Cycloheximide, protein extracts harvested at different time points, and analyzed by 
western blot. Levels of GSK3-GFP were normalized using anti-total-Erk antibody as loading 
control. Vps4 is an essential component of the ESCRT-III machinery. The graph shows 
increased stabilization of GSK3-GFP when Vps4-EQ, a dominant-negative form of the protein, 
is cotransfected. This indicates that GSK3 is degraded in part through the lysosomal pathway. 
However, total endogenous GSK3 levels do not change much during Wnt3a signaling 
(Figure 3B; Blitzer and Nusse, 2006). The intensity of the Wnt signal may depend on the period 
of time that GSK3 remains sequestered in MVBs. 
(B) Treatment with Chloroquine, a lysosomal inhibitor, stabilizes GSK3 during Wnt signaling. 

Levels of endogenous GSK3β did not significantly change when 293T cells were treated with 
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Chloroquine or Wnt3a conditioned medium (lanes 2 or 3, respectively), but increased when 

simultaneously treated with Wnt3a and Chloroquine (compare lanes 1 and 4). Note that β-

Catenin levels also slightly increase with Chloroquine treatment. This result indicates that GSK3 
is degraded in part in the lysosomal compartment, particularly during Wnt signaling. 

(C) β-Catenin is efficiently depleted by siRNA. We noticed that GSK3β was stabilized by 

about 40% (by densitometry of western blots) after 2 days of β-Catenin depletion. β-Catenin is 

required for the formation of Wnt MVBs. T-Erk antibody was used as loading control. 

(D–F) Overexpression of wild-type β-Catenin-GFP induces cytoplasmic vesicle-like structures 

that concentrate LysoTracker (72% ± 9% colocalization of LysoTracker and β-Catenin-GFP in 

transfected cells, n = 75).  
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Figure 3-S4. HRS Is Required for the Relocalization of GSK3-RFP into Particles Induced 
by CA-LRP6, and HRS and Vps4 Are Required for Secondary Axis Induction by CA-

LRP6 or β-Catenin mRNA in Xenopus, Related to Figure 3 

(A–C)Xenopus embryos animal explants (at stage 9) previously injected with GSK3-RFP mRNA 

in one cell show a homogenous localization of GSK3 (in red) in the injected progeny. 

(D–F) When coinjected with CA-LRP6 mRNA, GSK3-RFP relocalizes into small puncta 

(arrows). 
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(G–I) Coinjection of HRS MO with GSK3-RFP and CA-LRP6 mRNAs abolishes the 

relocalization of GSK3 induced by CA-LRP6. Note that there are no signs of cell death or 
changes in the number of mitotic figures when HRS MO is injected. 

(J–M) Embryos coinjected with nuclear LacZ mRNA (100 pg) and HRS MO, Vps4 EQ mRNA 

or Vps4 WT mRNA. The embryos show clear nuclear staining of the lacZ, indicating that the 
injected cells are dividing and healthy at this stage of development (neurula stage 15). 
(N) Coinjection of HRS MO blocked the formation of secondary axes induced by a single ventral 

injection of CA-LRP6 mRNA (quantification of embryos shown in Figures 3G–3I). 

(O) Coinjection of CA-LRP6 and Vps4-WT mRNAs showed no difference in the frequency of 
secondary axes induced by CA-LRP6 mRNA alone. In contrast, coinjection of CA-LRP6 mRNA 
and Vps4-EQ mRNA, a dominant-negative form of this ESCRT-III complex protein, inhibited 
the formation of complete secondary axes; only partial induced secondary axes remained 

(quantification for Figures 3R–3T). 

(P) Coinjection of HRS MO blocked the formation of secondary axes induced by β-Catenin 

mRNA. Importantly, axis formation was partially rescued by coinjection of mRNA coding for 
human HRS (hHRS), illustrating that the HRS MO designed for this study is specific 

(quantification for Figures 4M–4O). 

(Q) Coinjection of β-Catenin and Vps4-EQ mRNAs, but not Vps4-WT mRNA, inhibited 

formation of complete secondary axes, with only partial secondary axes remaining 

(quantification for Figures 4P–4R). 
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CHAPTER 4 

 

Exploration of Proteins Stabilized during Wnt Signaling by Mass-spectrometry Analysis 
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ABSTRACT 

To identify proteins that are stabilized during Wnt signaling, we applied the technique of 

stable isotope labeled amino acids in cell culture in conjunction with tandem mass spectrometry 

(SILAC-MS/MS). This work is preliminary, for only results from one data set were analyzed 

here.  The MS/MS analysis identified 1656 proteins.  General distribution of the abundance 

ratios (light labeled/untreated proteins:heavy labeled/Wnt treated proteins) revealed that the 

distribution was biased towards proteins that were less abundant during Wnt signaling.  This 

result was contrary to our expectation for an increase in total proteins.  We were expecting an 

enrichment for proteins containing three or more GSK3 sites but this did not occur.  However, 

the total number of proteins identified in the two samples containing three or more GSK3 sites 

(~42%) was significantly higher than what had been predicted in the in silico data (~20%) of 

Taelman et al, (2010).  Although it was evident that the levels of proteins changed during Wnt 

signaling, these changes were small in magnitude and their biological relevance will have to be 

established through additional experimentation. The 130 most abundant proteins during Wnt 

signaling were analyzed for functional similarity using gene ontology tools and revealed three 

clusters of functional groups: mRNA processing, ribosomal proteins, and small GTP-binding 

proteins.  It is important to note that SILAC-MS/MS experiments require multiple biological 

replicates for strong conclusions to be drawn. This chapter is included to illustrate the type of 

methodology that could be applied upon acquisition and validation of additional data in the 

future. 
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INTRODUCTION 

Activation of Wnt signaling causes a stabilization of the transcriptional co-activator -

Catenin, which is required for signal transduction and activation of Wnt target genes (Peifer et al, 

1994a; Van Leeuwen et al, 1994; Heasman et al, 1994).  In the absence of a Wnt ligand, -

Catenin is phosphorylated by GSK3 and subsequently degraded by the proteasome (Peifer et al, 

1994b; He et al, 1995; Aberle, 1997).  Stabilization of -Catenin occurs when GSK3 

phosphorylation is inhibited.  As discussed in Chapter 3, GSK3 activity is inhibited during Wnt 

signaling by sequestration of GSK3 inside multivesicular bodies (MVBs) which prevents 

phosphorylation of cytoplasmic -Catenin (Taelman et al, 2010).  While -Catenin stabilization 

during Wnt signaling has been the main focus of canonical Wnt action, several studies have 

shown that Wnt signaling results in the stabilization of a number of other proteins (Yook et al, 

2005; Fuentealba et al, 2007; Kim et al, 2009; Taelman et al, 2010). 

GSK3 is known to regulate many proteins involved in numerous signaling pathways and 

processes (Doble and Woodgett, 2003), including epithelial-mesenchymal transition (EMT).  

EMT is a process that changes a polarized epithelial cell into a mesenchymal cell with increased 

migration capabilities (Kalluri and Weinberg, 2009). This transition is initiated by the zinc finger 

transcription factor, Snail, which represses transcription of E-cadherin and triggers a number of 

downstream events leading to EMT (Cano et al, 2000).  Although crosstalk at the transcriptional 

level between EMT and Wnt signaling had been well established (Nelson and Nusse, 2004), 

Yook et al. found that Wnt signaling directly regulates the stability of Snail through inhibition of 

GSK3 (Yook et al, 2005).  This was the first study to demonstrate a Wnt signaling-dependent 

post-translational regulation of stability for a protein other than -Catenin.  Investigation of the 
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crosstalk between the Wnt and BMP signaling pathway, also demonstrated that activated Smad1, 

a transcription factor acting downstream of BMP signaling, was also stabilized through a Wnt-

induced GSK3 inhibition (Wnt/GSK3) and resulted in a prolonged BMP signal (Fuentealba et al, 

2007).  These studies suggest that Wnt/GSK3 activity could be a point of crosstalk between 

diverse signaling pathways and could control a wide range of cellular functions. 

To test this hypothesis Kim et al. (2009) designed an in vitro screen to identify proteins 

regulated by GSK3/Wnt.  Using cytoplasmic extracts from Xenopus egg, which recapitulate 

GSK3-Axin protein degradation mechanisms (Salic et al, 2000), they identified 42 proteins that 

are regulated by GSK3 phosphorylation.  Twelve of these proteins were predicted to be degraded 

specifically by association with the -Catenin destruction complex.  A broad range of cellular 

proteins, including transcription factors, cytoskeleton proteins, metabolic enzymes, RNA 

associated proteins, and signaling molecules (Kim et al, 2009) were identified.  To validate these 

results and expand the list of potential GSK/Wnt stabilized proteins, the same group performed 

an in silico screen that identified all human proteins containing the -Trcp/GSK3 motif 

(DSGxxS/TxxxS/T) that is present in -Catenin and Snail.  This screen identified 38 proteins 

that are potentially regulated by -Trcp and GSK3 in a similar manner to -Catenin, representing 

a wide range of capabilities and cellular processes (Xu et al, 2009).  These results support the 

hypothesis that Wnt-induced inhibition of  GSK3 could stabilize many proteins and signaling 

pathways within the cell. 

Most recently, the stability of TAZ, a Hippo pathway transcriptional co-activator, has 

also been linked to -Catenin levels (Azzolin et al, 2012).  Levels of TAZ directly correlate with 

the presence of phosphorylated -Catenin in the destruction complex. GSK3 phosphorylation of 
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-Catenin is required for TAZ degradation and it is the degradation of -Catenin induced by 

GSK3 phosphorylation that facilitates the ubiquitination of TAZ by -Trcp, leading to its 

degradation (Azzolin et al, 2012).  During Wnt signaling, -Catenin is no longer phosphorylated 

and both -Catenin and TAZ become stabilized.  Similar to -Catenin, stabilized TAZ can 

translocate to the nucleus where it activates genes involved in tissue growth and size (Pan, 2010). 

The reports described above all support the findings described in Chapter 3 of this thesis; 

Wnt signaling regulates the stability of many cytoplasmic proteins through sequestration of 

GSK3 into MVBs (Taelman et al, 2010).  We observed that the half-life of total cellular proteins 

in 293T cells were increased by 2.5 hours during Wnt treatment (Figure 3-5B), indicating that 

many proteins are stabilized during Wnt signaling.  In silico analysis predicted that 20% of the 

human proteome contains multiple putative GSK3 phosphorylation sites.  This prompted us to 

test the hypothesis that Wnt signaling stabilizes many cytoplasmic proteins, and to investigate 

the identity of these proteins. We used tandem mass spectrometry (MS/MS) in combination with 

stable isotope labeling by amino acids in cell culture (SILAC), which allows for the 

simultaneous identification of proteins and quantification of relative protein levels between two 

samples, in this case cells with or without Wnt treatment. 

SILAC is performed by culturing one set of cells in medium containing the amino acids 

arginine and lysine labeled with heavy isotopes of carbon and nitrogen (13C6 and 15N4) and one 

set of cells in medium containing the same amino acids with light isotopes (12C6 and 14N6). 

Prolonged culture in these conditions results in the complete substitution of light labeled amino 

acids by heavy arginine and lysine in all cellular proteins. As a result of this cellular labeling, 

proteins with the same amino acid sequence in the two different samples display a differential 



   

156 
 

mass/charge (m/z) ratio.  Equal amount of light and heavy proteins are mixed together prior to 

mass spectrometry analysis in order to establish the ratios of light:heavy peptides.  The 

difference in light or heavy amino acid mass/charge ratios can be detected by mass spectrometry 

and used to identify the relative abundance of proteins between the differentially labeled samples 

(Ong, 2012). 

To identify differentially labeled proteins we used multidimensional protein identification 

technology (MudPIT), in which purified proteins from whole cell lysates are digested by Lys-C 

and trypsin proteases, loaded onto a triphasic microcapillary column containing a strong cation 

exchange (SCX) resin, bound to reverse-phase resin and further fragmented by collision induced 

dissociation (CID). The ‘multi-dimensional’ nature of the protein fragmentation and separation 

results in MS/MS spectra that can theoretically identify most or all proteins within a complex 

mixture (Washburn, 2001).  Used in combination with SILAC, MudPIT not only allows for the 

identification of cellular proteins, but also quantifies the relative abundance of cellular proteins 

between the differentially labeled samples. 

The identity of each peptide was determined using the ProLuCID software which 

compares the m/z of fragment ions generated by MS/MS of each peptide of interest with 

theoretical MS/MS spectra derived from a database of all peptides in the human proteome.  This 

produces a list of proteins identified from the original samples (Xu et al, 2006). Quantification of 

differential protein abundances between samples is then performed using CENSUS software 

(Park and Yates, 2010). 

This chapter describes the analysis of a single data set from a SILAC-MS/MS experiment 

designed to identify proteins that are stabilized during Wnt signaling.  The MS/MS analysis 
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identified 1656 total proteins.  For this data set, the light labeled cells were untreated control and 

the heavy labeled cells were Wnt treated.  The distribution of the abundance ratios 

(light/control:heavy/Wnt) was skewed toward proteins that were less abundant during Wnt 

signaling, suggesting that of the proteins identified, more proteins became less abundant during 

Wnt signaling.  No enrichment for proteins with three or more GSK3 sites was found within the 

proteins that were more abundant in the Wnt-treated sample.  However, the total number of 

proteins identified in the two samples containing three or more GSK3 sites (~42%) was 

significantly higher than predicted by in silico data published in Taelman et al (~20%) (2010). 

Importantly, -Catenin abundance was 40% higher in the Wnt treated (heavy sample) than in the 

control (light sample), indicating Wnt signaling was active when the assay was performed.  The 

30 most abundant proteins detected during Wnt signaling were investigated using gene ontology 

tools (Huang et al, 2009a and 2009b), which yielded no significantly enriched functional groups.  

The functional analysis was expanded to the 130 most abundant proteins during Wnt signaling, 

and three clusters of functional groups were identified as mRNA processing, ribosomal proteins, 

and small GTP-binding proteins.   

It is important to note that SILAC-MS/MS experiments require multiple biological 

replicates for strong conclusions to be drawn. Additionally, improvement of the sample 

preparations through fractionation of lysate prior to MS/MS analysis will be included in future 

experiments to improve the robustness of the analysis.  We also lack controls for systematic bias 

in the assay preparations and transcriptional regulation of proteins during Wnt signaling.  Future 

experiments will include non-treated heavy controls for systematic bias and cycloheximide will 

be used to eliminate any transcriptional regulation due to Wnt signal transduction.  Due to these 
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experimental shortfalls, we primarily present this analysis as a methodology that will be of use 

upon acquisition and validation of additional data. 

MATERIALS AND METHODS 

SILAC Medium Preparation 

‘Light’ SILAC medium was prepared by adding unlabeled lysine and arginine 

(Cambridge Isotope Lab Inc, Cat # ULM-8347 and ULM 8766) to DMEM minus L-Lysine and 

L-Arginine Media for SILAC (Fisher Scientific, Cat # 89985). Final concentrations of unlabeled 

lysine and arginine were 0.46mM and 0.47mM respectively. ‘Heavy’ SILAC medium was 

prepared by adding 13C6 L-Lysine-2HCl (Cambridge Isotope Lab Inc, Cat # CLM-2247-H) and 

13C6 15N4 L-Arginine-HCl (Cambridge Isotope Lab Inc , Cat # CLM-2265-H) to DMEM 

minus L-Lysine and L-Arginine Media for SILAC (Fisher Scientific, Cat # 89985) to a final 

concentration of 0.46mM and 0.47mM respectively. Media was supplemented with dialyzed FBS 

(Fisher Scientific, Cat # 89986) at a final concentration of 10%, and penicillin/streptomycin 

(Invitrogen, Cat # 15140122) at a final concentration of 1%. Medium was sterilized by filtration 

through a 0.22µm filter (VWR, Cat # 28199-585), and stored at 4°C protected from light. 

Cell Culture with SILAC medium and protein purification 

Healthy HEK293 cells were split into two 10 cm culture dishes containing either light or 

heavy SILAC media at a confluence of 1.5 × 105 cells per dish. Cells were passaged every 2 days 

to maintain an actively growing population of cells (50-90% confluency).  Cells were passaged 

10 times in their respective SILAC medium.  After the tenth passage, ~3x105 were lysed with 

300 l of 1x passive lysis buffer (Promega, Cat # E1941) and proteins were precipitated using 
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trichloroacetic acid (TCA) as described below.  Purified proteins were given to Ajay Vashisht 

from the Wohlschlegel lab to test for complete incorporation of the heavy amino acids.  Once 

stable isotope incorporation was verified, the remaining cells were expanded in the presence of 

their respective SILAC medium until the Wnt stabilization assay was performed. 

Wnt stabilization assay 

A final concentration of 80ng/ml of purified Wnt3a protein (PeproTech, NJ) was added to 

a 10 cm plate of cells grown in heavy SILAC medium (75% confluency) for 6 hrs.  Cells grown 

in light SILAC medium were left untreated under exact culture conditions as heavy sample.  

After treatment, cells were washed with 1x sterile Phosphate Buffered Saline (Fisher Scientific, 

Cat # BP3994) and lysed with 1x passive lysis buffer.  Protein concentrations in lysates from 

each condition were quantified using a Nanodrop 1000 (Thermo Scientific) and 50 g of each 

sample were mixed together to form a 50/50 mix of light:heavy proteins.  Proteins were purified 

by adding 100% TCA to the lysate mixture resulting in a final concentration of TCA of 20%. 

Lysates in 20% TCA were incubated on ice for 1 hour.  The mixture was centrifuged at 14,000g 

at 4°C for 25 minutes to pellet protein precipitate. Supernatant was removed, pellet was washed 

with 500  of ice cold 100% acetone, and centrifuged again at 14,000g at 4°C for 25 minutes.  

Supernatant was removed and pellet was air-dried.  Sample was stored at -20°C. 

Proteolytic Digest of Purified Proteins 

The methods described were adapted from Wohlschlegel, 2009. Pellet from protein 

precipitate was resuspended digestion buffer (8 M urea, 100 mM Tris-HCl, pH 8.5). he sample 

was then reduced by adding 0.75ul of 200 mM Tris(2-Carboxyethyl) phosphine hydrochloride 

(TCEP-HCl, 200mM dissolved in water) and incubated at 25 °C for 20 min and alkylated by the 
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addition of 1.1 ul of 500 mM iodoacetamide (500 mM stock solution dissolved in H2O and 

prepared immediately before use) followed by incubation in the dark for 20 min at 25 °C with 

agitation.  After incubation, endoprotease Lys-C (Princeton Separations, Adelphia, NJ) was 

added at an enzyme:substrate ratio of 1:100 by volume and incubated at 37 °C for 4 hours, 

followed by a reduction of the urea concentration by addition of 150 ul of 100 mM Tris-HCL 

(pH 8.5), 2 ul of 100 mM CaCl2. Sequencing grade endoprotease trypsin (0.5 ug/ul) (Promega, 

Madison, WI) was added at a 1:20 enzyme:substrate ratio by volume, and incubated at 37 °C 

overnight. Following digestion, 88% formic acid was added to a final concentration of ~5%.  

Samples were centrifuged for 2 min at 14,000g and supernatant was transferred to a new tube.  

The digested sample was stored at −20°C until it was analyzed. 

Identification of SILAC labeled proteins Using Mass Spectrometry 

The methods described were adapted from Wohlschlegel, 2009 and carried out by Ajay 

Vashisht.  A previously loaded column was installed into the nanoelectrospray stage of a 

Thermofisher Linear Ion Trap - Orbitrap hybrid mass spectrometer (LTQ-Orbitrap) equipped 

with a nano-ESI source (Thermofisher Scientific, Waltham, MA). The HPLC was controlled by 

the Xcalibur instrument control software which delivered a series of seven chromatographic 

gradients to the column. Flow rate, buffers and sequence is described in Wohlschlegel, 2009.  

Peptides were eluted from the microcapillary column and electrosprayed directly into the mass 

spectrometer by the application of a 2.5 kV spray voltage.  

Data-dependent acquisition of peptide tandem mass spectra was controlled by the 

Xcalibur data system as peptides entered the mass spectrometer. Spectra were collected by 

Xcalibur data system in the RAW binary file format. The program RawXtract was used to 
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convert the RAW files to ms2 files and ProLuCID was used to match the ms2 files to a database 

that contains all H. sapiens peptide sequences and their associated protein sequences. Peptide 

filtering was performed using DTASelect, which used a 5% false positive rate cutoff estimated 

by decoy database approach. Census protein quantification software was used to quantify and 

compare the SILAC treated samples and determine the abundance ratio for each protein 

(software from John Yates at The Scripps Research Institute, La Jolla, CA). (Park and Yates, 

2010). 

Statistical and Gene Ontology Analyses 

The distribution of protein abundance scores (light/control treated:heavy/Wnt treated) 

was plotted and tested for normality using the Shapiro-Wilk test (Figure 4-1A). A randomly 

generated normal distribution with mean and standard deviation values equivalent to those of the 

distribution of experimental data was plotted for illustration purposes (Figure 4-1A, dotted line). 

The distribution of protein abundance scores for GSK3 target and non-target proteins (Taelman 

et al, 2010) was plotted, and the Wilcoxon rank-sum test was used to determine statistical 

differences between the distributions of protein abundance scores among the two groups (Figure 

4-1B) 

The significance of enrichment of GSK3 target proteins found in the SILAC-MS/MS data 

set was tested based on the expected prevalence of GSK3 target proteins identified among a 

random sampling of the human proteome modeled on the binomial distribution. Specifically 

there were 690 successes (GSK3 target proteins identified) among 1656 trials (total proteins 

identified) or 0.41, with an expected probability of success of 0.19 (based on Taelman et al, 

2010). For illustration purposes, a random distribution of expected results based on the binomial 
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distribution as plotted (i.e.: the number of GSK3 target proteins expected to be found given 1650 

proteins randomly sampled from a proteome containing 19% GSK3-target proteins; Figure 4-2B, 

grey bars). 

The publicly available Database for Annotation, Visualization and Integrated Discovery 

(DAVID) Bioinformatics Resources 6.7 (National Institute of Allergy and Infectious Diseases 

NIAID, NIH; ) was used to cluster the 30 and 130 most abundant proteins into similar functional 

groups using the Gene Functional Classification Tool (Huang et al, 2009a; 2009b). 

 

Western blot 

Whole cell lysates were generated from HEK293T cells treated with or without Wnt3a 

conditioned medium for 4hrs.  Western blot analysis in Figure 4-4 was performed as previously 

described (Fuentealba et al,2007). Daughtlerless-GAL4 flies were crossed to WT (control) flies 

or UASP-Wg flies and 50 stage 17 embryos were collected, homogenized in lysis buffer (50 mM 

Tris, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100 pH 7.4, plus Roche protease inhibitor 

cocktail) for 2 minutes and spun at 14,000g for 10 min.  Supernatant was collected and examined 

by western blot. HEK293 cells or Drosophila lysates were run on a 4-12% SDS-PAGE gradient 

gel.  Blots were probed with anti-polyUb (1:1000 dilution 5% Milk and TBST) (Biomol 

#PW8805), which detects all forms of polyubiquitin, and anti--tubulin (1:1500 dilution in 5% 

milk and TBST) (Calbiochem #CP06) as a loading control. 
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RESULTS 

It is understood by the investigators that the data analyzed in this section are preliminary and 

cannot be published in their current form.  With only one biological replicate and no cell 

biological analysis to confirm findings, any inferences that can be made from this one data set 

will need to be verified before conclusions can be drawn.  Having made this disclosure, we 

present the analysis in this thesis as a framework for future experiments by analyzing a single 

data set to the best of our abilities and discuss the correlation between this single data set and our 

previous findings on protein stability during Wnt signaling (Taelman et al, 2010).  

Figure 4-1.  Proteins identified in MS/MS analysis are not normally distributed but are 
skewed toward proteins that become less stable during Wnt signaling. 
A) Distribution of protein abundance ratios for the 1656 proteins identified in this screen 
(green bars).  For illustration purposes, the dotted line represents a normal distribution of 
randomized ratios with the same mean and standard deviation as the experimental data.  Our 
data contains more proteins that are less abundant during Wnt signaling than proteins that are 
more abundant. 
B) Distribution of protein abundance ratios for proteins containing <3 GSK3 sites (white bars) 
or ≥3 GSK3 sites (green bars). Proteins containing ≥3 GSK3 sites were more abundant in the 
control treated samples than in the Wnt treated samples.  
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The MS/MS results identified 1929 different proteins from the mixed sample of light-

labeled untreated and heavy-labeled Wnt treated cells.  Two filters were applied to the list of 

proteins in an effort to eliminate false positives and improve the robustness of the results.  The 

first filter removed all proteins identified for which only a single peptide was found in the 

sample.  The second filter removed all proteins that had a standard deviation of light:heavy 

Figure 4-2.  The number of proteins with ≥3 GSK3 sites identified in the MS/MS 
analysis is significantly higher than was expected based on the bioinformatics analysis 
of the human proteome published in Taelman et al (2009).   
A) Pie chart showing the proportion of proteins with <3 GSK3 sites (dark green) or ≥3 
GSK3sites (light green). Based on data from Taelman et al., the proportion of proteins 
containing ≥3 GSK3sites is ~20%.  
B) Distribution of the predicted number of proteins found containing ≥3 GSK3 sites given 
1650 total proteins identified and a 19% chance of a given protein containing > 3 GSK3 
sites, based on Taelman et al (2009) and the binomial distribution (grey bars).  Red dashed 
line is the actual number of proteins found in MS/MS analysis.   
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peptide ratios greater than half the abundance ratio; for example, if the abundance ratio was 0.5 

and the standard deviation was 0.3, the protein was removed from the list.  The final list 

consisted of 1656 proteins whose relative abundance ratios (light:heavy) were used to plot a 

histogram and assess normal or non-normal distribution of proteins (Figure 4-1A).  The 

distribution of proteins was non-normal based on the Shapiro-Wilk test and the protein 

abundance distribution was skewed towards proteins that were less abundant during Wnt 

treatment (Figure 4-1A). If this data can be confirmed, this result suggests that more proteins are 

less abundant during Wnt signaling, contrary to our initial hypothesis. 

Furthermore, because our hypothesis stated that proteins regulated by GSK3 would 

become stabilized and thus more abundant upon Wnt treatment, we examined the distribution of 

protein abundance ratios from proteins that contain three or more GSK3 phosphorylation sites  

and compared it to the distribution of protein abundance ratios from those proteins with fewer 

Figure 4-3.  Proteins seem to become less abundant during Wnt signaling. 
A)  Pie graph representing the percentage of proteins that were more (dark blue), equal 
(blue), or less (light blue), abundant during Wnt signaling. 
B) Number of proteins either with or without ≥3 GSK3 sites corresponding to level of 
abundance.  The distribution of proteins with ≥3 GSK3 sites is proportional at all 
levels of abundance. 
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than 3 GSK3 sites.  We found there were small but significant differences between these two 

distributions (Wilcoxon rank-sum test p- value: 0. 016) and, once again, unexpectedly, proteins 

with 3 or more GSK3 sites were found to be less abundant during Wnt signaling (Figure 4-1B).  

If this were confirmed, this result would suggest that the total number of proteins with ≥3 GSK3 

sites became less abundant during Wnt signaling.  

The identity of proteins from the MS/MS data set that contained three or more GSK3 

sites were determined based on comparison to the protein list generated in Taelman et al (2010).  

Approximately 42% of the proteins identified in the MS analysis contained three or more 

putative GSK3 phosphorylation sites (Figure 4-2A).  We then asked if this percentage of proteins 

containing GSK3 sites identified in the MS data was within the range expected based on the in 

silico analysis published in Taelman et al (2010).  The analysis showed that the number of 

proteins containing ≥3 GSK3 sites in the MS/MS data set was significantly more than would be 

expected based on the previous in silico screen of total cellular proteins (Figure 4-2B).    

 Analysis of changes in protein abundance upon Wnt treatment indicates that this 

treatment changes the stability of many proteins, as demonstrated by the low percentage of 

proteins found at equal abundance between the Wnt treated and control treated samples (Figure 

4-3A).  Sixty-two percent of proteins identified were less abundant during Wnt treatment 

indicating proteins may becoming less stable upon Wnt signaling, or Wnt treatment has negative 

effects on translation, or the methods and procedures of preparing the samples contribute to a 

systematic bias toward the light labeled proteins.  Nonetheless, changes in protein abundance 

between the two samples are small in magnitude, as 49% of the proteins fall within one standard 

deviation and 91% fall with 2 standard deviations of the mean relative protein abundance value 
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Table 4-1.  Thirty most abundant proteins during Wnt Signaling identified in the 
MS/MS analysis. 

† Protein contains ≥3 GSK3 sites 
a Xu et al, 2009 
b Rho et al, 2012 
c Yang et al, 2010 

d Choi et al, 2011; Cadigan et al, 2008; Li et al, 2008 
e Huang et al, 2009 
f Quelo et al, 2004 
g Kodama et al,1999

LOCUS GENE NAME ‐DESCRIPTION AVG RATIO STDEV PEP # PEP READS
≥3 GSK3 

sites

O43598 RCL ‐Deoxyribonucleos ide  5'‐monophosphate  N‐glycos idase     0.34 0.01 2 3

Q9P2D0 IBTK ‐Inhibi tor of Bruton tyros ine  kinase       0.43 0 2 3 †

Q7L523 RRAGA ‐Ras ‐related GTP‐binding protein A  0.57 0.21 2 4

Q86TU7 SETD3 ‐SET domain‐conta ining protein 3  0.6 0.14 2 3 †

P35222 CTNNB1 ‐Catenin beta ‐1   0.61 0.05 5 8 † a

A6NDG6 PGP ‐Phosphoglycolate  phosphatase     0.66 0.33 2 4

O75340 PDCD6 ‐Programmed cel l  death protein 6     0.67 0.18 3 8 b

Q14789 GOLGB1 ‐Golgin subfami ly B member 1  0.7 0.13 2 4 †

P18754 RCC1 ‐Regulator of chromosome  condensation    0.71 0.11 2 2

Q9Y371 BIF1 ‐Endophi l in‐B1 SH3GLB1 0.74 0.35 2 2 c

Q01081 USAF1 ‐Spl icing factor U2AF 35 kDa  subunit     0.74 0.12 3 6

O00764 PDXK ‐Pyridoxal  kinase     0.74 0.06 3 5 †

Q15654 TRIP6 ‐Thyroid receptor‐interacting protein 6    0.74 0.01 2 3

Q13442 PDAP1 ‐28 kDa  heat‐ and acid‐s table  phosphoprotein    0.75 0.25 2 6

Q9HD42 CHMP1A ‐Charged multives icular body protein 1a   0.75 0.09 2 2

Q9BZK3 NACA‐ nascent polypeptide‐associated complex subunit alpha ‐l i ke  protein    0.76 0.37 2 24 a, f

Q15147 PCLB4 ‐1‐phosphatidyl inos i tol ‐4,5‐bisphosphate  phosphodies terase  beta ‐4    0.76 0.12 2 3

Q32P28 LEPRE1 ‐Prolyl  3‐hydroxylase  1  0.77 0.21 5 8

Q69YN2 CWF19L1 ‐CWF19‐l i ke  protein 1    0.77 0.03 2 3 †

Q8IWX8 CHERP ‐Calcium homeostas is  endoplasmic reticulum protein    0.78 0.24 2 3

P14923 JUP ‐Junction plakoglobin    0.78 0.23 3 6 † a, g

Q9BZK7 TBL1XR1 ‐F‐box‐l i ke/WD repeat‐conta ining protein     0.78 0.23 3 4 d

P82675 MRPS5 ‐28S ribosomal  protein S5, mitochondria l     0.78 0.18 2 3

Q6NVY1 HIBCH ‐3‐hydroxyisobutyryl ‐CoA hydrolase, mitochondria l     0.78 0.11 3 7

Q9Y4E8 USP15 ‐Ubiquitin carboxyl ‐terminal  hydrolase  15 0.78 0.08 2 4 † e

Q86V81 THOC4 ‐THO complex subunit 4    0.79 0.34 3 8

Q9H0R6 QRSL1 ‐Glutamyl ‐tRNA(Gln) amidotrans ferase  subunit A homolog     0.79 0.24 2 3 †

P37108 SRP14 ‐Signal  recognition particle  14 kDa  protein    0.79 0.13 2 14 †

Q9BU89 DOHH ‐Deoxyhypus ine  hydroxylase      0.79 0.1 2 2

Q9NQ48 LZTFL1 ‐Leucine  zipper transcription factor‐l i ke  protein 1    0.79 0.08 2 3

(Figure 4-1A).  Analysis of the 9% of proteins whose relative abundance ratios fall beyond 2 

standard deviations of the mean showed no significant differences in abundance levels between 

GSK3 site containing proteins and those without (Figure 4-3B). If confirmed, these results 

indicate only a small number of proteins are significantly more abundant during Wnt signaling 

and there seems to be no enrichment for proteins with three or more GSK3 sites within the 

proteins that are more abundant. 
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The most abundant proteins were arbitrarily defined as those with a protein abundance 

ratio of  <0.8, which defines proteins that are at least 20% more abundant following Wnt 

treatment than following control treatment.  Thirty proteins were found to have a ratio of less 

than 0.8.  Among those proteins, -Catenin had a 40% increase in abundance over the control 

treated sample (Table 4-1).  This detectable stabilization of -Catenin provides evidence that the 

Wnt signaling pathway was activated during the assay. Additionally, the 30 proteins were 

compared to proteins potentially stabilized upon Wnt signaling in screens performed by Xu et al 

(2009) and Kim et al (2009), described in the introduction (Table 4-1).  A literature search was 

also conducted to identify known associations between the 30 most abundant proteins identified 

in this data set and either GSK3-dependent phosphorylation or the Wnt signaling pathway; 

proteins identified previously in the literature are indicated as footnotes in Table 1-4.  7/30 

proteins were reported to be regulated by GSK3 or Wnt based on previous screens and reports 

and 10/30 proteins contain 3 or more GSK3 sites; indicated in the footnotes of Table 4-1.   

The function of these proteins was investigated by attempting to sort the proteins 

according to gene ontology (GO) terms.  The 30 proteins listed on Table 4-1 do not cluster 

together to form any significantly enriched GO terms, indicating they are functionally distinct 

from one another.  Due to the lack of clustering, the search was expanded to all proteins that had 

a protein abundance ratio smaller than two standard deviations from the mean (<0.88).  The list 

used in this extended GO analysis included a total of 130 proteins more abundant during Wnt 

signaling. 19 of these proteins clustered with high significance, 5 of which had more than 3 

GSK3 sites.  These proteins clustered in to three terms: mRNA  
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processing, ribosomal proteins, and small GTPase proteins (Table 4-2).  Small-GTPases are of 

interest because of the involvement of many of them in membrane trafficking.  Further and 

validation of the Wnt-stabilized proteins in cell biological assays could reveal novel interactions 

of Wnt signaling and individual proteins or cellular processes.  

  

Table 4-2. Functional Gene Ontology analysis for 130 most abundant 
proteins during Wnt signaling  

†Protein contains ≥3 GSK3 sites 

GO TERM GENE NAME E‐VALUE

mRNA processing 1.30E‐17

MAGOH†

SF3A3

THOC4 

SNRPB

CELF1†

LUC7L3†

SFRS6†

HNRNPC

MAGOHB†

U2AF1  

Ribosomal Protein 9.20E‐07

MRPS5   

RPS21 

MRPS25  

Small GTP binding proteins 9.50E‐11

RAB7A

RAB13

SAR1A

RAB11A

RAB10

SAR1B
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DISCUSSION 

As mentioned earlier, based on the lack of replications and biological assays, the results 

discussed in this chapter cannot, and will not, be published.  Therefore any findings presented 

here should be considered preliminary in nature.  As such, the discussion will highlight some key 

experiments that will be included in future investigations and then focus on the proteins that 

were found to be stabilized and the potential Wnt interactions these proteins may indicate.  

Overall, the data showed a decrease in protein abundance during Wnt signaling.  Inexplicably, 

there was a very significant enrichment for proteins that contain three or more GSK3 sites 

compared to what we would have expected from the in silico analysis from Taelman et al (2010); 

more investigation is needed to determine the validity and/or cause of this enrichment, as of now, 

we are unable to determine if this is biologically relevant or an artifact of the methods and 

procedures.  Moreover, while the levels of proteins appear to change during Wnt signaling, 

including those of -Catenin, the changes of most proteins were small in magnitude and more 

experimentation is needed to determine their biological relevance.  The 30 most abundant 

proteins are not functionally related, but do offer some interesting candidates for further insight 

into Wnt signaling and its effect on cellular processes.  From the 130 most abundant proteins 

identified, three functional groups were determined:  mRNA processing, ribosomal proteins, and 

small GTPase proteins.  These preliminary findings suggest Wnt may regulate protein translation 

as well as vesicle trafficking through Rab-GTPases.  Replication, and improved experimental 

design will help to determine the validity of the results presented and discussed in this chapter. 

While this data set does give us a preliminary, yet inconclusive understanding of total 

protein abundance during Wnt signaling, the experimental design did not specifically allow for 
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identification of proteins that were post-transcriptionally stabilized during Wnt signaling.  

Instead, these results include proteins that may also have been transcriptionally up or down 

regulated during Wnt signaling.  Therefore in future experiments it will be essential to include 

samples treated with Cycloheximide, an inhibitor of translation, to identify the post-translational 

changes in protein stability. 

In addition, systematic bias could account for the skew in abundance distribution.  The 

sample preparation requires completely equal amounts of both heavy and light proteins; any 

unequal loading of proteins during the precipitation assay could shift all of the ratios up or down.  

Future experiments will include a control that can determine these inconsistencies by running an 

experiment where both heavy and light cells are untreated.  The ratio for all identified proteins 

should be 1 in this data set.  Any divergent ratios will give us a better understanding of the 

systematic bias in the treated samples.  

Another experimental design concern that should be addressed in later experiments is that 

of the total amount of protein used for MS/MS analysis.  In these experiments, total cell lysate 

was collected and analyzed by the mass spectrometer.  The extremely high dynamic range of this 

crude cell lysate may have limited our ability to quantify many of the proteins that were highly 

stabilized due mainly to the large amount of other unregulated cellular proteins (suggestion and 

communication from Dr. Wohlschlegel).    Typically, mass spectrometry analysis is run on 

samples that have been fractionated or number of proteins reduced due to immunoprecipitations.  

For future studies, the crude whole cell lysate should be further fractionated before MS/MS 

analysis in order to improve the identification of proteins that are less concentrated in whole cell 

lysate. 



   

172 
 

As discussed in the introduction of this chapter, many proteins have been documented to 

be stabilized during Wnt signaling (Yook et al, 2005; Fuentealba et al, 2007; Kim et al, 2009; 

Taelman et al, 2010; Hink et al, 1994).  Another interesting, and unpublished, finding observed 

during this thesis is that, in addition to protein stabilization, we also see an accumulation of poly-

ubiquitinated proteins in both HEK293 cells and Drosophila embryos overexpressing Wg 

(Figure 4-4).  We have not yet been unable to elucidate the cellular mechanism for this increase 

in poly-ubiquitinated proteins.  As an alternative approach it would be interesting to investigate 

the proteins that are ubiquitinated during Wnt signaling by utilizing the SILAC system and 

immunoprecipitating the polyubiquitinated proteins in cells treated with or without Wnt.  This 

would identify a subset of proteins poly-ubiquitinated during Wnt signaling.  

Although the analysis of the MS/MS data is very preliminary and general conclusions 

cannot be drawn, the Wnt signal was indeed transduced based on the stabilization of -Catenin, 

Figure 4-4.  Levels of Polyubiquitinated protein increase during Wnt signaling.   

Western blot for poly-ubiquin (red) and -tubulin (green, as a loading control) in whole cell 
lysates from: 
(A) HEK293T cells treated with Wnt3a or control conditioned medium for 4 hours, and 
(B) Drosophila embryo lysate from Daughtlerless-GAL4 x WT flies or UASP-Wg flies.   
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which serves as our positive control (Hink et al, 1994).  Interestingly, our analysis also identified 

Junction Plakoglobin as a protein that was more abundant during Wnt signaling. Plakoglobin, a 

protein closely related to -Catenin, is a component of adherens junctions and desmosomes.  

Previous reports suggest plakoglobin is negatively regulated by Axin and GSK3 

phosphorylation, similar to -Catenin (Kodama et al, 1999), but it is not thought to be regulated 

or stabilized due to Wnt signal transduction.    Our results, however could potentially suggest 

that Wnt does stabilize plakoglobin, which may affect cell cycle, tumor progression or metastasis 

(Aktary and Pasdar, 2012). 

Another protein that was more abundant during Wnt signaling, transducing b-like protein 

1-related protein (TBLR1) is SUMOylated as a result to Wnt signal transduction.  Upon 

SUMOylation, TBLR1 is recruited, along with -Catenin, to activate transcription of Wnt target 

genes (Choi et al, 2011; Li et al, 2008).  It is unclear how Wnt signaling triggers the 

SUMOylation of TBLR1 and whether or not the known GSK3 phosphorylation of TBLR1 is 

important in its role in Wnt signaling (Perissi et al, 2008).  Further investigation into this protein 

could reveal novel mechanism of transcriptional regulation by Wnt signal transduction. 

To summarize, the preliminary results presented in this chapter show that, contrary to our 

hypothesis, general protein abundance was not increased during Wnt signaling and no significant 

enrichment for proteins with 3 or more GSK3 sites was found in the proteins that were more 

abundant during Wnt signaling.  However, fractionation of cell lysate preparation, addition of 

biological replicates, improvement of experimental procedures through use of cycloheximide, 

and controls for systematic bias are necessary before any conclusions or results can be drawn on 

the SILAC-MS/MS analyses of proteins that are stabilized during Wnt signaling.  This chapter 
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primarily serves to illustrate the type of methodology that could be applied upon acquisition and 

validation of additional data in the future.  
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ML-DmBG3-c2: a Drosophila cell line useful for Wg signaling studies 
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ABSTRACT 

Drosophila is a very powerful scientific model system used to study genetics; however, there are 

very few well-characterized Drosophila cell culture lines available for studying the 

evolutionarily conserved signaling pathways functioning in this organism. This chapter 

introduces the Drosophila central nervous system (CNS) derived cell line, ML-DmBG3-c2 

(BG3-c2), as applied to the study of Wingless signaling.  Using RNA expression data generated 

by the modENCODE project, we found that the BG3-c2 cell line constitutes a prime candidate 

for a cell culture based system for Wg signaling primarily due to its high expression level of Fz, 

the Wg receptor, which is absent in the commonly used Drosophila S2 cell line. Preliminary 

evidence demonstrates that the under-characterized BG3-c2 cell line is a stronger transducer of 

Wg signaling than the S2R+ cell line, the most commonly used cell line for Wg studies. In 

addition, BG3-c2 cells have large and readily identifiable endocytic compartments well suited 

for the study of intracellular Wg trafficking.  The results indicate that the BG3-c2 cell line offers 

a stronger response to Wg signaling compared to other Drosophila cell lines as well as better 

morphology to perform cell biological analyses.  Therefore, we hope to introduce the use of 

BG3-c2 for studying endogenous Wg signaling, in particular with respect to endocytic regulation 

of the pathway as well as for comparison of Wg signaling in various cell types.  

 

Peggy Vorwald was solely responsible for this work and involved in all aspects of this study. 
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INTRODUCTION 

In 1987 Roel Nusse demonstrated that the Wg gene, found in Drosophila melanogaster, 

was homologous to the Integration-1 (Int-1) gene found in mice (Rijsewijk et al, 1987).  The Int-

1 locus corresponds to the first identified integration site for oncogenic mouse mammary tumor 

virus (MMTV) (Nusse and Varmus, 1982). Subsequent studies made it apparent that many of the 

murine Int genes were not genetically related to one another other.   For example, Int-2 was 

identified as a member of the fibroblast growth factor (FGF) family, FGF3, and thus not 

genetically related to Int-1.  Therefore, classifying all MMTV integration sites as ‘Int’ became 

misleading.   In 1991, Nusse and colleagues replaced the Int-1 nomenclature and combined ‘Int-

1’ with ‘Wg’ to designate a new family of proteins, the Wnt gene family (Nusse et al, 1991).  

Since then, Drosophila has remained consistent in its contributions to many of the novel 

discoveries in the Wg/Wnt signaling field (Swarup and Verheyen, 2012).  Yet, despite many 

decades of investigations that showcase the experimental advantages of Drosophila as a genetic 

model system, studies of Drosophila Wg signaling in cell culture have remained limited to a 

handful of Drosophila cell lines (Echalier, 1997; Yanagawa et al, 1998).   

Although several Drosophila cell lines have been available for some time (Ui et al, 1987, 

Ui et al, 1994, Currie et al, 1988), their use has been very limited, with investigators 

concentrating mainly on Schneider 2 (S2) cells (Schneider, 1972).  Fortunately, through the 

combined effort of the Tadashi Miyake laboratory, Milner laboratory, and the Drosophila 

Genetics Resource Center (DGRC), many more cell lines have recently become available for 

distribution to researchers (Ui et al, 1987, Ui et al, 1994, Currie et al, 1988; Baum and Cherbas, 

2008).  Although most remain uncharacterized and underutilized, cell lines are being added to 
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the DGRC collections monthly (The DGRC Cell Line Catalog, 2013; Baum and Cherbas, 2008).  

To increase the utility of the DGRC cell line collection, the model organism ENCyclopedia Of 

DNA Elements (modENCODE) project (Celniker et al. 2009; The modENCODE Consortium; 

2010) collected and analyzed RNA expression profiles for 25 of the DGRC cell lines.   

The investigators for the modENCODE project selected 25 cell lines that best represented 

the diversity of the 100+ cells lines available for distribution by DGRC (Cherbas et al, 2011).  

The profiling of RNA expression was performed using whole genome tiling arrays, which 

utilized 25-mer oligonucleotides to identify individual transcript levels (Cherbas et al, 2011). 

This data is publically available on the DGRC website and allows for comparison of expression 

levels for individual genes among the 25 profiled cell lines (modENCODE Tiling Path 

Expression Search, 2011).  In this study, we used the modENCODE resource and identified 

BG3-c2 cells as a candidate cell line for investigations of Wg signal transduction in cell culture 

based on high levels of Fz expression.  

The majority of Wg cell culture experiments have been performed in four Drosophila cell 

lines: S2, Kc167, S2 Receptor plus (S2R+), and Clone.8 (Cl.8) (Echalier and Ohanessian 1969; 

Schneider 1972; Echalier, 1997; Yanagawa et al, 1998; Baum and Cherbas, 2008).  S2 cells and 

Kc167 cells, originally isolated from embryonic tissues, are the most commonly used Drosophila 

cell lines due to their high transfection efficiency and their amenability to stable transfection 

(Schneider, 1972; Kakpakov et al, 1969; Cherbas and Cherbas, 2007).  However, S2 cells lack 

the dfrizzled-1/2 (dfz1/2) receptors and therefore do not respond to Wg treatment (Bhanot et al, 

1996).  To circumvent this problem S2 cell lines were either transfected with dFz1/2, or S2 cells 

stably secreting Wg were co-cultured with Cl.8 imaginal disc cells which express Fz receptors 
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(Bhanot et al, 1996; Cumberledge and Krasnow, 1993).  However, the requirement for a 

specialized and labor-intensive growth medium account for the reluctance of the field to use Cl.8 

cells (Yanagawa et al, 1998).  In 1998, Yanagawa et al. identified the S2R+ cell line, a S2 cell 

line isolate that expressed dFz-2 (Yanagawa et al, 1998). The S2R+ cells responded to Wg 

signaling (Yanagawa et al, 1998) and have since become a valuable tool for studying Wg 

signaling in vitro.  This cell line finally gave the fly community the ability to study Wg signaling 

endogenously in cells that were easy to culture and maintain.   

Notwithstanding, the number of cell lines in use for Wg studies are still limited and there 

is growing evidence that the Drosophila cell lines are highly diverse in their signaling 

capabilities even among cultures derived from similar tissues or developmental stages (Cherbas 

et al, 2011).  As such, the response to Wg treatment in one cell type may not be representative of 

all cells and tissues in the organism.  Therefore, several cell lines from multiple cell types should 

be utilized to explore Wg signaling. Expanding the number of cell lines available for studies of 

Wg signaling will allow for a better understanding of differences in Wg signaling between cell 

lines derived from various developmental stages and Drosophila tissues.   In this study, we 

report that an under-characterized cell line, BG3-c2, has considerable advantages for in vitro 

studies of the Wg signaling pathway as it responds to exogenous Wg treatment by stabilizing -

Catenin.     

The ML-DmBG3 cell line was first isolated by the laboratory of Tadashi Miyake in 1994 

from the central nervous system of a third instar larva (Ui et al, 1994).   In addition to its 

selection as one of the 25 modENCODE cell lines, the ML-BG3 clonal isolate, BG3-c2, has been 

used  to study neuronal cell function (Park et al, 2011), chromatin structure (Riddle et al, 2012), 
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and to perform RNAi screens (Liu et al, 2009).  However, BG3-c2 cells have not yet been used 

to study Wg signaling.  We present here preliminary data supporting the hypothesis that BG3-c2 

cells will be a valuable tool to analyze Wg signal transduction.  The BG3-c2 cell line has all the 

advantageous characteristics of established Wg-responding Drosophila cell lines albeit with a 

higher Wg signaling response capacity and better morphology allowing for cell biological 

analyses, in particular with respect to endocytosis.  

 

EXPERIMENTAL PROCEDURES 

Cell Culture  

S2R+ cells were cultured in 25 cm2 culture flasks (Fisher Scientific, Cat #10-126-28) at 

25ºC in Schneider’s medium (Invitrogen, Cat #11720-034) supplemented with 10% Hyclone 

fetal calf serum (FCS) (Fisher Scientific, Cat # SH30071.03HI) and 1% Penicillin/streptomycin 

(Invitrogen, Cat # 15140122).   BG3-c2 cells were cultured in 25 cm2 culture flasks at 25ºC 

in Shields and Sang M3 Insect Medium (Sigma-Aldrich, Cat #S3652) supplemented with 1% 

Bactopeptone (Difco, Cat # 211677), 2.5% Yeast Extract (Sigma, Cat #Y-1000), 10% FCS, and 

10 g/ml human insulin (Sigma-Aldrich, Cat #i9278-5ML).    Cl.8 cells were cultured in 25 cm2 

cell culture flasks at 25ºC in Shields and Sang M3 Insect Medium supplemented with 2% FCS, 5 

μg/ml insulin, 2.5% fly extract.  All cell lines were maintained according to the protocols and 

practices of the DGRC (L. Cherbas, Protocol: Tissue culture Medium; DGRC, Indiana 

University, 2008).  Wg-conditioned and control medium were prepared as follows: media was 

added to newly plated S2 (for control conditioning) and S2-Tub-wg (Drosophila S2 Wingless-

expressing cells, for Wg conditioned medium production).  Culture media from these cell lines 
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was harvested after a 4 day incubation period,  centrifuged at 1500 rpm (Sorvall RT6000) for 10 

minutes to remove cellular debris, passed through a 0.2 m filter and stored at 4 ̊C.   

Luciferase Assay 

The Super 8x TopFlash-luciferase reporter (a generous gift from the R. Moon lab; 

Veeman et al, 2003) and Thymidine kinase (TK) promoter-driven Renilla (TK-Renilla) reporter 

were co-transfected into S2R+ and BG3-c2 cells using Effectene Transfection Reagent according 

to the manufacturer instructions (Qiagen, USA).   Following transfection, cells were incubated 

with control or Wg-conditioned medium for 6 hrs, washed, and lysed in passive lysis buffer 

(Promega, Cat #E1941).  Luciferase activities were measured using the Promega Dual Luciferase 

Renilla Reporter Assay kit (Progema, Cat #E1960) in a Promega Glomax plate luminometer.  

TK-Renilla expression served as an internal transfection control for luciferase levels in all 

experiments. Statistical significance (p-values) for differences of luciferase relative fluorescent 

units (RFU) between cell types were determined by the Wilcoxon-Mann-Whitney test with the 

kind help of Giancarlo Bonora (Kathrin Plath laboratory, UCLA). 

Western Blot and Coomassie Staining 

Armadillo (arm) protein was detected by western blot with mouse monoclonal anti-arm 

(DGRC, Cat #N2 7A1 armadillo) primary antibody diluted 1:100 in 5% milk solution (5% 

powdered milk, Tris-buffered saline- tween 20 (TBST) [50 mM Tris, 150 mM NaCl, 0.05% 

Tween 20]), incubated overnight at 4˚C then washed 3x with TBST at 25˚C for 1 hr.  Secondary 

antibodies coupled to Infra-Red Dyes (IRDye 680; LICOR) were used at a 1:8000 dilution in 5% 

milk solution incubated with blots for 1 hr at 25˚C and washed 3x with TBST for 15 min.  Arm 

protein signal was detected using a LI-COR Odyssey system.  Coomassie staining was also 
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performed on the SDS-PAGE gel, post transfer, in Coomassie solution (0.1% Coomassie R250, 

10% acetic acid, 40% methanol) for 1 hr, washed 3x with destain-I (7% acetic acid, 50% 

methanol) for 45 min at 25˚C, and incubated overnight in de-stain II (7% acetic acid, 5% 

methanol) at 25˚C.  Proteins stained with Coomassie were detected and analyzed using the LI-

COR Odyssey system. 

Immunofluorescent Stainings 

Cells for immunostaining were cultured in 4-well chambered glass-bottom slides (Fisher 

Scientific, Cat #12-565-7).  Culture medium was removed and cells were washed once with 1x 

phosphate buffered saline (PBS) (Fisher Scientific, Cat #BP3994) and fixed with 400 l of 4% 

paraformaldehyde (PFA) (EM sciences, Cat #15710) in PBS for 15 minutes without shaking.  

PFA was removed and cells washed twice with 500 l of PBS for 15 minutes each without 

shaking.  Cells were then permeabilized with 400 l of 0.2% Triton X-100 in PBS for 10 

minutes, and washed 3x with PBS for 15 min at 25˚C.  Cells were then blocked for 1 hr in 600 l 

of blocking solution (10% goat serum, 5% BSA in PBS).  Primary antibody was diluted in 

blocking solution and incubated with the cells at 4˚C overnight then washed 3x for 15 in PBS.  

The secondary antibody was diluted in blocking solution and incubated with the cells for 1 hr at 

25ºC then washed 3x for 15 minute in PBS.  Slides were mounted with Prolong Gold Antifade 

Reagent with DAPI (Life Technologies, USA).  Immunofluorescence imaging was performed 

photographed using an Apotome Zeiss Imager Z.1 microscope.  

Primary antibodies used were mouse anti-Wg (1:200 dilution, Developmental Studies 

Hybridoma Bank #4D4), rabbit anti-Rab5 (1:300, Abcam #ab31261), and rabbit anti-Rab7 

(1:3000, generous gift from Akira Nakamura), all of which readily detect endogenous 
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Drosophila proteins.  For Lamp1-GFP detection, cells were transfected with 0.3 g of pAC5.1-

lamp1-GFP construct (R. Vale lab, Addgene plasmid 16290) two days before fixation and 

staining as described above. Secondary antibodies used were Alexa-488 conjugated anti-rabbit, 

and Cy3 conjugated anti-mouse (1:1000, Jackson Labs).  

 Cell lengths were recorded using the ‘length’ measurement tool from the Axiovision 

Software (Zeiss, Germany).  The two furthest points of each cell was measured on DIC images 

obtained using a 63x/Oil objective and a Zeiss Imager Z.1 microscope with Apotome.  Statistical 

differences in length were determined by Bonferroni-Holm corrected Wilcoxon-Mann–Whitney 

test with the kind help of Giancarlo Bonora (Kathrin Plath laboratory, UCLA). 

dsRNA Procedure and Primers 

Design and treatment of BG3-c2 cells with dsRNA was carried out according to the protocol 

established by the laboratory of Jack Dixon (UC-San Diego) (Worby et al, 2001).     Table 5-1 

shows the primers and DNA template EST plasmids (purchased from DGRC) used for the 

generation of dsRNA against backbone of pAC5.1 vector (used as control), armadillo, and 

shibire.  5’ and 3’ oligos were designed in order to generate a PCR product of ~700 bp for each 

gene of interest.  All oligos contain a 5’ T7 RNA polymerase binding site (TTA ATA CGA CTC 

ACT ATA GGG AGA) required for the production of the dsRNA.  DNA templates were 

amplified using Expand High FidelityPLUS PCR system (Roche Diag/Boehringer Mannheim 

Corp, Cat # 03300242001).  The PCR product was run on a 1% agarose gel to validate the size of 

the PCR product for each reaction and the PCR product was quantified using a Nanodrop 1000 

(Thermo Scientific); a concentration of 125 ng/l or higher is required for an RNA synthesis 
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reaction.  dsRNA was synthesized using the Ambion MEGAscript T7 kit (Cat # 1334) and 

manufacturer’s protocol was modified as described in Worby et al (2001).   

After purification of RNA ( Worby et al, 2001) RNA was resuspended in 30 l of nuclease-free 

H2O, quantified using Nanodrop 1000 and diluted to 3 g/l in H2O.  Reaction tubes were then 

heated to 65°C for 30 minutes and placed in 65°C water bath on the benchtop and slowly cooled 

to 25°C to allow for annealing of the RNA. dsRNA was stored at -20°C. 

15 g of dsRNA, at a concentration of 3g/l, was added to newly plated S2R+ and BG3-c2 

cells at a concentration of 1x106 cells/well of a 6-well plate and incubated at 25°C for three days.  

On day 3 the cells were split into 2 wells of a 6-well dish and 1ml of medium was added to each 

well.  On day 4 the cells were transfected with superTopflash-luciferase reporter (STF) and TK-

Renilla plasmids according to Effectene protocol.  Cells were treated with control or conditioned 

medium for 6 hrs on day 6 and lysates were collected for luciferase and western blot analysis. 

 

 

  

Table 5-1. Oligos used to make dsRNA for knockdown experiments in BG3-c2 cells.  
Forward Reverse EST #/template

Control (pAC5.1 
vector backbone)

TTAATACGACTCACTATAGGGAGAGCAAACGCATAGACTGCACT TTAATACGACTCACTATAGGGAGAAGGAGTATCCACACAGCACA 
pAC5.1 vector 
(clonetech)

Arm TTAATACGACTCACTATAGGGAGACAACTGAGCCAGACACGCTC TTAATACGACTCACTATAGGGAGAGCTCTCCTGGTTACCATAGG
arm-ha (gift from E. 
Verheyen, Zeng et al, 
2008)

Shi TTAATACGACTCACTATAGGGAGATGCTCCAAATGATTCAGCAG TTAATACGACTCACTATAGGGAGACTCTCGGATGTCAGCACAAA LD21622



   

188 
 

RESULTS 

Identifying a novel cell line for Wg signaling assays 

Although S2R+ cells have been the standard for Wg signaling studies over the past 15 

years, their small size (~10 µm), spherical morphology, and small cytoplasmic to nuclear ratio 

does not allow for optimum observation of the subcellular localization of proteins within the 

cytoplasm (personal observations).  In hopes of improving the visibility of Wg signaling 

components and their localization within the cell, we sought to identify another Wg responsive 

cell line with a more elongated and flatter morphology through the use of the RNA expression 

profiles from the modENCODE project.  Since the expression of Fz receptors was required for 

Wg signaling (Bhanot et al, 1996), we looked for cell lines with high expression of dFz-1 and 

dFz-2 transcripts.  Among the 25 cell lines profiled by modENCODE, the BG3-c2 cell line had 

the highest levels of both dFz transcripts and was selected for further studies.  Table 5-2 shows a 

comparison of RNA expression levels of genes involved in Wg signaling for S2R+, Cl.8, Kc167, 

and S2 cell lines.  The mRNA results suggested the BG3-c2 cell line as a strong candidate for 

Wg studies.   

S2R+, Kc167 and S2 cells were derived from hemocytes (Cherbas et al, 2011), have a 

spherical morphology and low adherence capability.  The Cl.8 cell line was derived from the 

wing disc tissue and requires the addition of labor-intensive fly extract to culture conditions 

(Currie et al, 1988).  Since the morphology of hemocyte derived cell lines was not optimal we 

focused out attention on the BG3-c2 cell line of neural origin (Ui et al, 1994).  This different cell 

type may provide better morphology and/or signaling capabilities in comparison to hemocyte or 

imaginal disc cells (Table 5-2).   
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Although in BG3-c2 cells the expression level of the Wg co-receptor Arrow, the 

Drosophila homolog of LRP5/6, was lower compared to S2R+ and Kc167 cell lines, they were 

still higher than those of Cl.8 cells which are known to respond to Wg.    In addition, the 

transcript levels of disheveled (Dsh), were also high in BG3-c2 cells (Table 5-2).    Based on the 

expression levels of the Wg receptor Fz the BG3-C2 cell line was selected for further 

investigations as a model for Wg signaling studies.  

BG3-c2 cell morphology  

As mentioned above, because the spherical morphology of the S2R+ cells did not allow 

for optimum  visualization of intracellular Wg signaling components, we compared Wg 

immunostainings in BG3-c2, Cl.8 and S2R+ cells (Figure 5-1).  The BG3-2 cells presented a 

Table 5-2.  BG3-c2 cells have high levels of Drosophila Fz-1 and Fz-2 transcripts, 
suggesting high potential to transduce the Wg signal.   

 

 

 

 

 

 

 
The RNA expression data shown in this graph has been compiled from the DGRC website 
which hosts modENCODE RNA expression profile data for 25 Drosophila cell lines.  The 
numbers are based on an arbitrary scale assigned based on tiling array readings.  The colors 
represent differences in transcript expression levels; zero-low expression is shown in grey 
(range from 0-500) and moderate expression is shown in yellow (range from 501-2500).  
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Figure 5-1. BG3-c2 cells have elongated morphology and endocytose exogenous Wg 
protein efficiently. 
A, B,C) Wg immunofluorescent staining (red) in Cl.8, S2R+, and BG3-c2 cells, respectively, 
treated with Wg conditioned medium.  DIC overlay and nuclei are stained with DAPI (blue). 
D, E, F) Same image as A-C without DIC overlay.  Arrowheads indicate Wg endocytic 
vesicles. 
G) Boxplot showing distribution of cell lengths for each cell line. **p<0.01, ***p<0.0001  

more elongated cellular structure compared to the Cl.8 or S2R+ cells, which lead to  improved 

visualization of the cytoplasm (Figure 5-1A-C).  A comparison of cell shape variations between 

the cell lines was performed using the Apotome ‘length’ measuring software, as described in 

experimental procedures. The boxplot in Figure 5-1G represents the ditribution of the cell 

lengths for each of the cell lines examined.  Overall, BG3-c2 were significantly longer than Cl.8 

or S2R+ cells even though the cell length for BG3-c2 cells showed more variability than the 

other cell lines (Figure 5-1G).  Importantly, BG3-c2 cells treated with Wg conditioned medium 

formed Wg-containing endocytic vesicles similar to those seen in S2R+ cells (Figure 5-1E,F). 

Wg protein was detected in the cytoplasm of Cl.8 cells but, unlike the other two cell lines, did 

not form distinct punctae (Figure5-1D). Based on the improved cell morphology, these data 
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Figure 5-2. BG3-c2 cells transduce a Wg signal that is Armadillo dependent.  
A) Schematic representation of the SuperTopflash reporter used in the luciferase assays. The 
plasmid has 7 TCF binding sites and a minimal TK promoter that drives the expression of a 

firefly luciferase gene.  This plasmid becomes transcriptionally active upon -
Catenin/Armadillo stabilization (Veeman et al, 2003). 
B) Luciferase activity in cellular extracts of S2R+ and BG3-c2 cells transfected with STF-
luciferase reporter and treated with control (yellow bars) or Wg conditioned (green bars) 
medium for 6 hours. Data represents 4 individual experiments. 
C) Western blot showing armadillo protein levels in BG3-c2 lysates from cells treated with 
control or Arm dsRNA in the presence or absence of Wg protein.  Arm was stabilized in the 
presence of Wg (compare lanes 1and 2).  Stabilization was lost in the Arm dsRNA sample 
(lane 4).  Coomassie staining is used as loading control. 
D) Luciferase activity is abolished in BG3-c2 cells transfected with STF and treated with Arm 
dsRNA compared to control cells.  Graph shows luciferase activity (relative fluorescent units, 
RFU) in both dsRNA treatment conditions with or without Wg conditioned medium (yellow 
bars, green bars, respectively).  Data represents 5 individual experiments. *p<0.05 

suggested that BG3-c2 cells offer a better system to study trafficking of Wg signaling 

components.   

 Wg signal transduction in the BG3-c2 cell 

To determine whether BG3-c2 cells could transduce the Wg signal, the SuperTopflash 
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(STF) luciferase reporter construct was used to measure Wg signal activation upon exposure to 

Wg conditioned medium.  STF consists of seven TCF binding sites inserted into the clontech 

pTA-Luc vector upstream of the firefly luciferase gene.  Luciferase is transcribed upon 

transduction of the Wg signal (Veeman et al, 2003),  and provides a readout for the 

transcriptional activity of -Catenin/Armadillo (Figure 5-2A).  A TK-Renilla construct was co-

transfected together with STF to serve as a transfection control, as described in experimental 

procedures.   

To activate luciferase transcription, BG3-c2 cells were treated with medium harvested 

from Wg producing S2 cells (Wg-conditioned medium) or control S2 cells for 6 hours, lysed, 

and luciferase activity was measured using a Dual Luciferase reporter assay kit and luminometer.  

As shown in Figure 5-2B, BG3-c2 cells responded significantly (p<0.05) better to added Wg in 

comparison to S2R+ cells as indicated by activation of the TCF reporter.   

In addition to high levels of STF luciferase reporter activity, efficient Wg signaling was 

also confirmed by the stabilization of Armadillo (Arm/-Catenin) protein in this cell type.  

Figure 5-2C shows armadillo protein in cellular extracts treated with or without Wg-conditioned 

medium as analyzed by western blot.  Note that the Arm levels seen in control conditions (lane 

1) dramatically increased with the addition of Wg (lane 2). The stabilization of Arm indicated 

that the added Wg initiated a canonical Wg signal.  This signal could be inhibited by the 

knockdown of Arm with dsRNA (Figure 5-2C, lane 2and 3, 5-2D), using the technique which 

has been so fruitful in Drosophila S2 cells for high throughput screens (Flockhart et al, 2012).  

The results show that BG3-c2 cells are suitable for the analysis of canonical Wnt signaling and 

that knockdowns using the dsRNA technique are effective in these cells.   
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BG3-c2 for use in endocytosis studies 

Our laboratory has focused much of its research on understanding the integration between 

Wg/Wnt signaling and endocytosis (Taelman et al, 2010).  To further explore this interaction, we 

generated preliminary data that suggest BG3-c2 cells may be a useful system to study Wg 

signaling in the context of endocytosis.  We tested whether BG3-c2 cells required endocytosis to 

transduce the Wg signal, similarly to other systems previously studied (Blitzer and Nusse, 2006).  

Indeed when the dynamin homolog, Shibire (shi), a GTPase required for endocytosis, was 

knocked down in BG3-c2 cells using dsRNA, we observed a decrease in Wg response (Figure 5-

3A).  Please note that replication of this experiment, as well as further confirmation of the 

Figure 5-3. BG3-c2 cells require endocytosis to transduce the Wg signal. 
A) BG3-c2 cells treated with control or shi dsRNA.  Graph shows luciferase activity in both 
dsRNA treatment conditions with or without Wg conditioned medium (yellow bars, green 
bars, respectively).   
B) Luciferase activity of BG3-c2 cells treated with endocytosis inhibitors chlorpromazine 
(CPZ) or Filipin in the presence or absence of Wg conditioned medium (yellow bars, green 
bars, respectively).   
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specificity and efficiency of shi dsRNA and confirmation of knock-down either by western blot 

or q-PCR, is still required to validate this observed inhibition.   

 One unanswered question is whether Wg signaling is transduced through the Clathrin-

mediated endocytic pathway and inhibited by the caveolin-mediated endocytic pathway 

(Gagliardi et al, 2008; Yamamoto et al, 2006). To elucidate which endocytic pathway may be 

transducing the Wg signal, two chemical inhibitors of endocytosis, Chlorpromazine and Filipin, 

were used to block the Clathrin-mediated pathway or the Cholesterol-lipid raft mediated 

pathway, respectively.  It should be noted that Drosophila does not have a caveolin homolog 

and, therefore, endocytic regulation of the Wg signaling pathway may vary in comparison to 

mammalian cell lines (Fischer et al, 2006).  Our preliminary results indicated that blocking either 

pathway inhibited Wg signaling (Figure 5-3B).  Replication of this experiment as well as 

analysis of the specificity of these drugs is required to verify the significance of these results.  

Nevertheless, taken together, the results so far suggest that BG3-c2 cells require endocytosis to 

transduce the Wg signal.  

As shown in Figure 5-4, a useful characteristic of the BG3-c2 cell line is the large size of 

its endocytic vesicles.  This will help in visualizing the trafficking of Wg signaling components 

throughout the cytoplasm.  Immunofluorescent staining of BG3-c2 cells with early endosome 

marker Rab5, late endosome marker Rab7, or the lysosomal marker Lysosome-associated 

membrane protein-1 (Lamp-1-GFP) revealed prominent vesicles (Figure 5-4A-C), some of 

which were also labeled by exogenous Wg endocytosed from the conditioned medium (Figure 5-

4D-E, arrows) .  Further analysis in BG3-c2 cells may help elucidate how Wg components are 

trafficked during signaling.  
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DISCUSSION 

Years of research have provided many genetic tools for investigating the function and 

mechanism of Wg signaling in Drosophila melanogaster.  While these tools are very useful, 

continued development of new techniques and materials will ensure that the field continues to 

contribute as significantly as ever to the advancement of Wnt/Wg research.  The adaptation of 

the underutilized cell line BG3-c2 is one contribution that could help move forward the field of 

Wg signaling in the context of endocytic trafficking.   

Figure 5-4.  BG3-c2 cells have large, readily identifiable endocytic vesicles. 
A, B, C) Immunofluorescent labeling of the endocytic markers Rab5, Rab7, and transfected 
LAMP1-GFP (all stainings are shown in green) in BG3-c2 cells treated with Wg 
conditioned medium.  
D, E, F) Same as top row with the addition of Wg protein staining (red).  Arrows indicate 
Wg endosomes that overlap with the vesicle markers. 
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The BG3-c2 cell line was chosen based on the transcription data provided by the 

modENCODE project, specifically for the high mRNA expression levels of the dFz-1 and dFz-2 

receptors.  BG3-c2 cells also have large, readily identifiable endocytic compartments that could 

be very useful to study other signaling pathways in addition to Wg signaling.  The possible use 

of dsRNA knockdown and the availability of excellent endocytic antibody markers in 

Drosophila provides a good system in which to investigate general endocytic trafficking.  This 

field is growing and many questions remain open in understanding the relationship between Wg 

signaling and endocytosis.   

Taelman et al, 2010, showed that multivesicular body (MVB) formation was required for 

propagation of the Wnt signal both in mammalian cell culture and in the Xenopus model.  We 

suspect a similar Wg mechanism of action in Drosophila.  The commonly used S2R+ cells did 

not allow for informative immunofluorescent studies due to limitations in morphology unlike the 

BG3-c2 cell line. One hope would be to recapitulate the results from Taelman et al. in a 

Drosophila cell culture system.     Preliminary results shown in Figure 5-3 support the hypothesis 

that endocytosis is necessary for Wnt signaling.  Further investigations into the formation and 

requirement of MVBs will be needed to confirm the idea that the mechanism of action for 

Drosophila Wg signaling is similar to that of vertebrate Wnt signaling. 

One interesting question that remains to be answered concerns the route of entry for 

endocytosed Wg ligand-receptor complex in Drosophila.  As mentioned earlier, Drosophila has 

no caveolin homolog (Fischer et al, 2006), and therefore the mechanism for Clathrin-independent 

endocytosis remains unclear.  It is presumed that Clathrin-independent endocytosis occurs in 

Drosophila (Fischer et al, 2006) via lipid raft associated proteins, such as Flotillin 1 and 2 
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(Flo1/2) (Zhao et al, 2011).   A report by the group of Konrad Basler showed that Flotillin is 

involved in Wg secretion and can mediate long-range signaling of Wg in the wing disc 

(Katanaev et al, 2008).  At the same time, it is possible that Flotillins or other membrane-

associated proteins are responsible for the transduction of the Wg signaling through a Clathrin-

independent endocytic pathway.  The fact that chemical inhibition of either pathway, Clathrin-

dependent or Cholesterol-mediated, reduced Wg signaling (Figure 5-3B) supports this idea.  The 

use of BG3-c2 cells could help better understand which endocytic pathway is used in the context 

of Wg or other signaling pathways.   

Although further investigations are needed for validation, in this chapter we have shown 

that BG3-c2 cells have a different morphology than Cl.8 or S2R+ cells, allowing for more 

versatility in cell biological analyses.  This study also revealed that BG3-c2 cells have the 

capacity to transduce a Wg signal at higher levels than the commonly used cell line, S2R+.  

Furthermore, we have introduced the use of BG3-c2 for studying endogenous Wg signaling with 

respect to endocytic regulation of the pathway and preliminary results show BG3-c2 cells require 

endocytosis for transduction of the Wg signal.  In conclusion, BG3-c2 cells will contribute to the 

‘tool kit’ available for Wg studies in Drosophila cell culture.   
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CHAPTER 6 

 

Conclusion and Perspectives
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Thirty years of Wnt research has contributed an immense amount of knowledge and 

understanding to the fields of stem cell, developmental, and cancer biology (Varmus and Nusse, 

2012).  This pathway has been shown to be involved, or integrated with, almost every process 

that happens in the body.  From development in utero to production of skin cells, Wnt signaling 

is critical for maintaining a healthy, happy, and reproductive organism.    This thesis addressed 

some of the fundamental remaining questions about the role of Wnt in AP patterning of the 

Drosophila embryo and the role of endocytosis in Wnt signaling.  This final chapter will 

summarize the main points addressed in each chapter but also aims to provide theoretical insight 

on evolution of Wnt signaling and the largely unknown world of vesicle trafficking.   

 

I. WNT SIGNALING: ANCIENT PATHWAY MODERN DIVERSIFIER 

Chapter 2 investigated the temporal and spatial expression of Wg in the posterior of the 

developing Drosophila embryo.  We showed that the posterior band of Wg is still regulated and 

represents an ancestral requirement for Wg expression in the posterior of flies.  Though the flies 

may have lost the requirement for long-range AP establishment, the conservation of Wg 

signaling pathway components can be traced back to early metazoans.  In fact, the Wnt pathway 

components are thought to have arisen even before the establishment of the Dorsal-Ventral (DV) 

axis which is coordinated by BMPs and Chordin.  The evidence for this is seen in sponges and 

cnidarians which do not have a DV axis but do establish an AP axis and Wnt signaling 

capabilities (Holstein, 2012).  Evolutionary studies would suggest that Wnt signaling is at the 

heart of increasingly complex patterning observed throughout species over the course of 

evolutionary time.  A large part of this complexity arises from the coordinated efforts of Wnt and 
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Hox genes.  And while Hox genes have remained highly conserved over time, the variation in 

Wnt signaling components from phyla to phyla is quite profound.  In the concluding remarks of 

my thesis, I would like to take a moment to discuss how Wnt signaling is not only responsible 

for linking organisms through evolutionary time, but also how it contributes the uniqueness and 

individuality to each organism. 

Organism Diversification 

The diversification of Wnts over time can be correlated with the complexity of body plans.  The 

earliest and most primitive organisms, such as Porifera (sponges), had, at the most, three Wnt 

ligands (Holstein, 2012).  However, a trip up the evolutionary time lines shows duplication of 

genes and an increase in the number of Wnt ligands.  Cnidaria which are not considered bilateria, 

but rather belonging to the clade Radiata, have almost a complete repertoire of Wnt ligands 

including Wnt3.  Wnt3 seems to be important for a determination of a more complex body plan, 

because although it was present in cnidaria, it became lost in many protostomes such as insects.  

Deuterostomes, which includes the phylum choradata, maintain expression of almost all the Wnt 

genes, including Wnt3 and have very refined and complex body patterns (Holstein, 2012).  It is 

the expression of these Wnts in refined domains from the posterior to the anterior that give 

specificity to each region of an embryo.  An organism with fewer Wnt genes may have broader 

domains of expression and the determination of cell fates will be altered.  The combination of 

these Wnts contributes to the unique identity in morphologic shape and size of each organism. 

Summary of Wnt ligands in various organisms can be found in Table 6-1.    

It is not just the presence or absence of a Wnt ligand that is solely determinant for 

variation in body plan; if Wnt is present but has no signaling capability the gene is useless.  The 



   

204 
 

divergence of Wnt receptors and transcription factors also contributes to organismal individuality 

and diversification.  The receptor for most Wnts is the seven-transmembrane receptor Frizzled 

(Fzd).  Most mammals have 10 Fzd receptors while insects have 4 and nematodes have 3 (Nusse, 

2013) (Table 6-1).  In addition to the Fzd receptors, most Wnt ligands need a co-receptor to 

signal.  The combination of the Wnt ligand, Fzd and co-receptor will determine if the signal is 

directed toward the canonical Wnt/-Catenin pathway or one of the many non-canonical 

pathways that regulate other aspects of cell growth and specification.  The co-receptor for the 

canonical Wnt signaling is LRP5/6 in humans.  Both of these receptors are thought to have 

redundant function, however there are some differences in phenotypes with knocking out one 

versus the other (Patel and Karsenty, 2002).  This suggests that these receptors may play variable 

roles in body patterning and an organism that does not have two receptors would not have the 

variation in receptors to modulate body plan to the same extent.  Though not the focus of this 

thesis, other co-receptors, such as Ror2, Ryk, and the heparan sulfate proteoglycan (HSPG) 

glypicans  interact with Wnt and Fzds to activate non-canonical pathways (Ohkawara et al., 

2003; Hikasa et al., 2002; Kim et al., 2008).  The variation in these pathways undoubtedly 

contributes to unique identities and variation between organisms.   
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Table 6-1. Diversity of Wnts and Wnt signaling proteins in divergent phyla of the animal 
kingdom. 
Wnt signaling is the common thread among all animals in determining the primary body axis.  
Despite this common and vital role in maintaining congruity in axial formation, this same 
signaling pathway is responsible for contributing to the unique identity of each animal on the 
planet.  This table shows some of the divergence in Wnt ligand and other Wnt signaling 
components that provide the diversification between so many organisms. 
All the data was compiled using the charts and tables available on the Wnt Homepage 
(Wnt.stanford.edu) with the exception of the following: 
a. Ryan et al, 2003.    
b. Adamska et al, 2010. 
c. Adell et al, 2007.  
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The intricacies of Wnt signaling do not stop with the activation of the Wnt signal.  The 

ability to inhibit the Wnt signal also plays a critical role in body patterning.  The main inhibitor 

of Wnt signaling in mammals is the secreted protein dickkopf (DKK).  There are four Dkk 

proteins in the mammalian genome (Nusse, 2013).  Drosophila does not have any DKK genes 

(Table 6-1).  Instead, Drosophila has its own set of Wg inhibitors, such as the intracellular 

molecule Naked cuticle (Rousset et al, 2001).  The divergence of the inhibitors also contributes 

to new levels of Wnt/Wg regulation that will ultimately change the signaling patterns in 

divergent species.  

Chapter 2 describes in detail the conservation of Wnt throughout the animal kingdom and 

adds evidence to the hypothesis that ALL animals require Wnt for determination of the AP axis.  

These concluding marks are not meant to usurp that idea, more over they are meant to stimulate 

discussion addressing the paradigm that the genes that originally determined the initial plan of all 

animals is the same pathway that contributes to the individuality of each animal on the planet.  

 

II. ENDOCYTOSIS AND REGULATION OF SIGNAL TRANSDUCTION 

In Chapter 3 we showed that sequestration of GSK3 into MVBs is a necessary to inhibit 

phosphorylation and degradation of -Catenin.  While the requirement of endocytosis for Wnt 

signaling was established, the sequestration of GSK3 into MVBs reveals a new level of Wnt 

regulation by the endocytic pathway.  We have begun to understand that how Wnt components 

are trafficked through the cell have an effect on signal transduction.  Chapter 1 introduced 

endocytosis and discussed the details of the various endocytic pathways.  Here we will briefly 

recap these pathways and expand on the idea of endocytic regulation of cellular signaling.   
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Current System, Future Components 

There are at least seven different modes of entry for proteins into the cell, and once in the 

cell the vesicles in which they entered have their own identity (Mayor and Pagano, 2007) (Figure 

6-1A).  As current models stand, these unique vesicles are then fused together to begin following 

their destiny from early endosomes to MVBs to late endosome and eventually to the lysosome.  

While the markers of early, MVB, and late endosomes are clearly defined, there are many more 

proteins that can recognize vesicles based on the route of entry and the cargo they carry.  It is 

possible that our current model of endocytosis to MVBs to lysocomes is not as general as it 

appears, but is rather a precisely tailored system that provides individual outcomes for almost 

every protein or signal that is endocytosed.   

Research into intracellular trafficking of signaling pathways has revealed several 

instances where pathway-specific proteins are needed for vesicle trafficking and propagation of 

the signal.  Investigations into the TGF-superfamily of signaling receptors and activators 

(Smads) have clearly shown requirements for pathway-specific endosomal proteins.  In the case 

of TGF- and activin signaling, the signaling molecules Smad2 and Smad3 are needed for 

activation of the signal.  It was found that for TGF- activation of Smad2 and Smad3, the protein 

Smad anchor for receptor activation (SARA), was required (Tsukazaki et al, 1998; Panopoulou 

et al, 2002).  Several years later, it was shown that another set of Smad protein, Smad1, Smad5 

and Smad8, involved in BMP signal activation, required a different protein for activation, 

Endofin (Shi et al, 2007).  Both SARA and Endofin are lipid binding proteins located in the early 

endosomal compartments.  Their specific requirement for signal activation shows that there are 

specified proteins linked with the endocytic pathway that help to regulate cellular signals.   
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Chapter 5 presents a new cell line, BG3-c2, which has large endocytic vesicle and better 

morphology to study Wg signaling.  This cell line could help to better understand the complex 

endocytic regulation of Wg signaling which in turn will give us a new insight to how endocytosis 

and vesicle trafficking regulate many signaling pathways. 

Extracellular trafficking links to intracellular trafficking 

Based on its amino acid sequence, Wnt proteins were originally thought to be water 

soluble and able to diffuse freely through the extracellular matrix (ECM) to form a gradient.   

They were later found to have post-translational modifications that render Wnt proteins 

insoluble.  If Wnt can no longer freely diffuse through the ECM, how are they activating Wnt 

signals in cells far from the Wnt producing cells?  Port and Basler reviewed this topic recently in 

light of many new discoveries made about the secretion and spreading of Wnt ligand (Port and 

Basler, 2010), describing 6 different ways Wnts have been shown to be packaged and transported 

through the ECM.   These modes of Wnt diffusion are summarized in Figure 6-1B.   

The evidence is growing for each of these models of Wnt spreading with no single model 

as the answer.  More than likely, all of these are responsible for establishment of Wnt gradients 

and spreading of Wnt ligands.  In fact, it is very likely that the mode is determined by tissue type 

and which cells are producing and packaging the Wnts.  It could also be assumed that the type of 

transport could dictate the type of endocytosis used by the Wnt receiving cell.  Wnts being 

packaged into micelles could interact with receptors differently than those who are secreted with 

a chaperone protein.  These interactions could be initial variations in how the Wnt signal is 

transduced in each cell type.  The Wnt signaling pathway does not have to be, and is more than 

likely not to be, as linear as our models suggest.  Future investigations into the nuances of how 
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extracellular Wnts interact with receptors in combination with which endocytic pathways the 

receptor are internalized into could be one more level of regulation cells have for the various 

functions of the Wnt pathway (Figure 6-1C). 
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Figure 6-1.  The vast unknown of Wnt signaling and endocytic trafficking. 
(A) There are 7 known endocytic routes, one clathrin mediated and 6 clathrin independent (CI).  
Less is known about the CI pathways in comparison to Clathrin.  1) Clathrin mediated 
endocytosis, 2) Caveolin associated endocytosis, 3) CI-dynamin dependent endocytosis, 4/5) CI-
dynamin independent endocytosis that form either vesicles or tubular structures, 6) 
macropinocytosis, and 7) phagocytosis.   
(B) Due to the lipidation and glycosylation post-translational modifications on Wnt proteins, 
Wnt is not soluble and cannot freely diffuse.  Several methods for Wnt diffusion have been 
described. 1)Wnt is bound to lipoprotein particles 2)Wnt is packaged with a lipid vesicle and 
exocytosed from the cell, 3) the hydrophobic regions of Wnt interact and form a micelle of Wnt 
proteins, 4) extracellular proteins, such as swim, bind to membrane associated Wnt and free it for 
diffusion, 5) cytonemes from Wnt responding cells reach over to Wnt producing cells and 
interact with the Wnt proteins on the surface of the producing cell, 6) cell to cell transfer with the 
help of heparin sulfate proteoglycans.   
(C) This panel is a theoretical model of how the various modes of  Wnt diffusion are first 
entering into the cell and then secondly, being transported through the cell.  The endocytic path 
that is chosen for entry, may determine the trafficking and signaling that occurs during Wnt 
signaling.  

 

Protein Stability During Wnt Signaling 

In addition to the sequestration of GSK3, Chapter 3 also revealed that Wnt prolongs the 

overall rate of cellular protein degradation (Figure 3-5) leading to the stabilization of many 

proteins in addition to -Catenin.  Thus, GSK3 emerges as a protein kinase with a central role in 

regulating protein catabolism during Wnt signaling.  In silico analyses in Chapter 3 showed that 

about 20% of the human proteome contains three or more possible primed GSK3 sites, 

suggesting that many putative Wnt-regulated proteins exist.  Chapter 4 explored this possibility 

by using SILAC and tandem mass spectrometry to identify the proteins stabilized during Wnt 

signaling.  While no conclusive evidence could be drawn from the preliminary findings, we have 

established a framework for investigating the identity of these proteins with future research.  

Identifying the proteins stabilized by Wnt signaling the just the beginning of understanding the 
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larger and more diverse roles Wnt has on the cellular environment.  Canonical Wnt signaling will 

no longer just be thought of as an activator of -Catenin but also as a regulator of protein 

catabolism.   

 

III. CONCLUSION 

How are all organisms connected throughout evolutionary time? How does an embryo 

develop? Where do diseases come from?  Decades of Wnt research has allowed us to better 

understand some of the most basic biological questions.   

The work presented in this thesis contributed to the field of developmental biology and 

Wnt/Wg signaling by 1) highlighting the posterior expression of Wg in Drosophila embryo 

development and its potential for refinement of the A-P axis, 2) revealing the mechanism for 

GSK3 inhibition through sequestration into MVBs which leads to stabilization of many proteins 

which effect many cellular processes, and 3) identifying a novel cell line with great potential for 

investigating the role of endocytosis and Wnt signaling.  While these studies offer some 

contribution, continued research into the  of the role of Wnt in embryo development and 

mechanism of signal transduction will help to improve the treatments for birth defects and many 

types of cancer.  
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