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Abstract 

The Wingless (Wg)/Wnt signal transduction pathway directs a variety of cell fate 

decisions in developing animal embryos.  Despite the identification of many Wg pathway 

components to date, it is still not clear how these proteins work together to generate 

cellular identities.  We have carried out a series of genetic screens in Drosophila to 

identify new components involved in Wg signaling.  Two mutant lines that modify wg-

mediated epidermal patterning carry mutations in the RacGap50C gene.  These 

mutations on their own cause cuticle pattern disruptions that include replacement of 

ventral denticles with naked cuticle, which indicate that the Wg pathway is ectopically 

activated in mutant embryos.  In addition, RacGap50C mutations also interact 

genetically with naked cuticle and Axin, known negative regulators of the Wg pathway.  

These phenotypes suggest that the RacGap50C gene product participates in the 

negative regulation of Wg pathway activity.   

In addition to the role of RacGap50C in regulating Wg signaling, RacGap50C, 

with the kinesin like protein Pavarotti (Pav), is essential for cytokinesis in dividing cells.  

Surprisingly, Pav, like RacGap50C is able to repress Wnt stimulated reporter gene 

activity in mammalian tissue culture.  Expression of RacGap50C or Pav does not alter 

the levels of endogenous BetaCatenin, nor does it prevent BetaCatenin from entering 

the nucleus and binding the transcription factor TCF.  However, reporter gene activity is 

significantly diminished in cells expressing RacGap50C or Pav, indicating an inability of 

this nuclear BetaCatenin to activate transcription.  RacGap50C and Pav are also found 

in the nucleus of interphase cells and this subcellular localization may be relevant to 
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their role in regulation of the Wnt pathway.  Although RacGap50C and Pav colocalize, 

our data indicate distinct roles for these two proteins in Wnt signaling, as they show 

different genetic interactions with nkd in Drosophila embryos and with TCF in 

mammalian cells.   

In addition, I have identified regions of the RacGap50C proteins that are 

dispensable for Wnt signaling repression.  Pav-binding region, and the cysteine rich 

region of RacGap50C are not required for the activity of RacGap50C in Drosophila 

embryos, nor is GAP activity.  Conversely, the middle region of the RacGap50C, which 

contains a nuclear localization signal, and the RacGap domain, which contains regions 

required for cofactor binding, are required for RacGap50C regulation of Wnt signaling.  

In summary, these results indicate a unique role for RacGap50C and Pav in regulating 

Wnt signaling at the level of BetaCatenin target gene activation.  
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1. Wnt Signaling 
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The Wnt signaling pathway plays a pivotal role in many developmental 

processes.  Wnts are secreted glycoproteins that promote cell fate decisions in many 

different tissues, both in vertebrates and invertebrates (reviewed in LOGAN and NUSSE 

2004).  While Wnt signaling pathways play important roles throughout development, 

inappropriate Wnt signaling has been implicated in the formation of various cancers 

(GILES et al. 2003; POLAKIS 2000; POLAKIS 2007).  For example, mutations in the 

Adenomatous polyposis coli (APC) gene, a regulator of Wnt signaling, are found in 80% 

of colorectal cancers (MIYOSHI et al. 1992; POWELL et al. 1992), while BetaCatenin 

mutations are common in certain ovarian cancers (reviewed in BELL 2005).  In 

mammals, there are 19 known wnt genes and each gene is involved in patterning and 

cell fate decisions of different tissues.  Loss of function mutations in the mouse have 

revealed that Wnt3A is involved in axial patterning in somites, Wnt7A is involved in 

dorsoventral and anterioposterior patterning in the limb bud, Wnts4 and 11are involved 

in kidney morphogenesis, and Wnt2 in mammary development.  In Xenopus, injection of 

Wnt causes body axis duplication and in chick embryos, Wnts are involved in limb 

development (reviewed in DIERICK and BEJSOVEC 1999).  In Drosophila, the main Wnt 

involved in development is wingless (wg). Wg signaling determines cell fate in the gut, 

the central nervous system, muscle, heart, as well as the adult structures formed from 

the histoblasts and imaginal discs (reviewed in BEJSOVEC 2006).  

Wg signaling also patterns the epidermis.  This is a useful model because it is an 

easily accessible tissue which is highly sensitive to changes in signaling activity, and 

many of the key components of Wnt signaling were first uncovered using this system 

(reviewed in BEJSOVEC 2006).  During embryonic development, the segmented ventral 
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epidermal cells secrete a characteristic pattern of denticles and naked cuticle.  The 

denticles are secreted in six characteristic rows, each with a distinct morphology, 

separated by naked cuticle (LOHS-SCHARDIN et al. 1979; WIESCHAUS and NÜSSLEIN-

VOLHARD 1986).  Wg is required to specify both the distinct denticle morphologies as 

well as the naked cuticle cell fate within each embryonic segment (BEJSOVEC and 

WIESCHAUS 1993; NOORDERMEER et al. 1992).  Loss of Wg signaling produces a lawn of 

denticles, while over stimulation of the Wg pathway causes all epidermal cells to adopt 

the naked cuticle cell fate (HAYS et al. 1997; NOORDERMEER et al. 1992).  Wg is 

expressed in a stripe one cell wide in each embryonic segment, located in the middle of 

the cells that will produce naked cuticle.  Wg is secreted from these cells and forms a 

gradient surrounding the Wg secreting cells, which corresponds to a gradient of 

response to pathway activation (Figure 1.1) (reviewed in DIERICK and BEJSOVEC 1999).   
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Figure 1.1: Consequences of the Wg signaling pathway 

Wg is secreted from a one-cell stripe, at the posterior of each abdominal segment, and 
spreads over many cell diameters.  The cellular response to Wg signaling involves down 
regulating Axin protein levels (pink), and up regulating Arm protein levels (green).  This 
forms a gradient of Wg pathway activation in the cells surrounding the Wg expressing 
cells (JONES and BEJSOVEC 2003). 
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The Wnt pathway is highly conserved among all phyla in the animal kingdom.  

Sponges contain several Wnts as well as Fzs and Dsh (NICHOLS et al. 2006).  Two 

Cnidarians show interesting patterns of Wnt expression during development (HOBMAYER 

et al. 2000; KUSSEROW et al. 2005), and Hydra contain genes for most Wnt pathway 

components (HOBMAYER et al. 2000).  Wnt signaling also occurs in planarians (MARSAL 

et al. 2003) and Dictyostelium (reviewed in WEEKS 2000), however no evidence for a 

Wnt has been found in plants or yeasts.  Although most wnt genes have orthologs 

throughout the animal kingdom, it is primarily through studies in mammalian and model 

systems that form the basis for our current knowledge of pathway regulation.  

Activation of the Wg/Wnt pathway hinges on regulating protein levels and spatial 

localization of Armadillo (Arm), the fly homolog of BetaCatenin.  In a non-responding 

cell, Arm/BetaCatenin is present at adherens junctions and at low levels throughout the 

cytoplasm.  At the adherens junctions, Arm/BetaCatenin binds to the cytoplasmic 

domain of cadherins and links cadherins to the actin cytoskeleton through α catenin 

(GUMBINER 2000).  Cytoplasmic Arm/BetaCatenin is controlled by the destruction 

complex, which includes Axin, APC, and Zeste-white 3 (ZW3), the fly homolog of 

Glycogen synthase kinase 3β (GSK3β).  Axin and APC form a core complex that allows 

the efficient phosphorylation of Arm/BetaCatenin by Casein Kinase 1α (CK1α) and 

GSK3β (IKEDA et al. 1998; LIU et al. 2002).  CK1α phosphorylates BetaCatenin on serine 

45, which is a priming phosphorylation, required for GSK3β phosphorylation of 

BetaCatenin on three conserved residues, serine 33, serine37, and threonine 41 

(KIKUCHI 1999; LIU et al. 2002).  The phosphorylation of BetaCatenin on these residues 

allows for the binding by BetaTrCP, a member of the ubiquitin ligase complex (LATRES et 

al. 1999; LIU et al. 1999).  Ubiquitination of BetaCatenin targets the protein for 
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destruction by the proteasome (reviewed in BEJSOVEC 2000; reviewed in JONES and 

BEJSOVEC 2003).  

When Wg is present, it binds to its receptor, Dfz2 and the Frizzled coreceptor, 

Arrow (LRP5/6 in vertebrates) (BEJSOVEC 2000).  The mechanism by which Dfz2 

transduces the signal is not well understood.  In Drosophila, endocytosis is not required 

for the activation of the BetaCatenin pathway (BEJSOVEC and WIESCHAUS 1995).  The 

clustering of Arrow/LRP56 and Dfz2 activates Disheveled (Dsh/Dvl). In response to Wg 

signaling, Dsh is recruited to the plasma membrane and the activation of Dsh coincides 

with the inactivation of the destruction complex.  Dsh is a cytoplasmic protein that is 

genetically upstream of GSK3β and BetaCatenin (KLINGENSMITH et al. 1994; 

NOORDERMEER et al. 1994), however the mechanism of Dsh activation remains unclear. 

One model involves the finding that Dvl can bind to Frat (HINO et al. 2003; KISHIDA et al. 

2001; LI et al. 1999).  Frat is able to bind to and inhibit GSK3β, and the Dvl-bound Frat 

may prevent GSK3β from phosphorylating BetaCatenin or enable the removal of GSK3β 

from the destruction complex (LI et al. 1999).  However, there is no known Frat homolog 

in the fly, indicating that this is unlikely to be the primary mechanism of regulation.  Axin, 

a known member of the destruction complex, is also able to interact with Arrow/LRP6 

and Dsh/Dvl (MAO et al. 2001; TOLWINSKI et al. 2003).  Dsh is required for recruiting Axin 

to the plasma membrane, where Axin can interact with Arrow/LRP6 and/or the Dsh-Fz 

complex (CLIFFE et al. 2003; CLIFFE et al. 2004; TAMAI et al. 2000).  Recruitment of Axin 

to the membrane also recruits GSK3β, and GSK3β can then activate LRP6 through 

phosphorylation (DAVIDSON et al. 2005; ZENG et al. 2008; ZENG et al. 2005).  These data 

have led to a model for activation where Fz recruits Dsh, which brings Axin and GSK3β 

to the membrane (ZENG et al. 2008).  Interaction between Axin and LRP6 creates a 
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positive feedback loop, where binding between Axin, GSK3β and LRP6 allows for the 

phosphorylation of LRP6, a phosphorylation event which in turn enhances the binding to 

Axin (TAMAI et al. 2004; ZENG et al. 2005).  This is consistent with the finding that the 

initial binding between Fz and Arrow initiates the signal, while the multimerization of 

Arrow amplifies the signal (BAIG-LEWIS et al. 2007).  In addition, Axin is present in the 

cell in lower amounts than other members of the destruction complex, and may be 

limiting (CONG and VARMUS 2004; TOLWINSKI and WIESCHAUS 2004), thus recruitment of 

Axin to the plasma membrane titrates the protein away from the destruction complex, 

rendering the complex ineffective (CLIFFE et al. 2004; TAMAI et al. 2004) (Figure 1.2).  

The inactivation of the destruction complex allows elevation of Arm/BetaCatenin 

levels in the cytoplasm, which leads to nuclear accumulation (COX et al. 1999b; MILLER 

and MCCLAY 1997).  Once in the nucleus, Arm/BetaCatenin forms complexes with the T-

cell specific transcription factor/lymphoid enhancer factor-1 (TCF/LEF-1) family of 

transcription factors and activates gene transcription (VAN DE WETERING et al. 1997). The 

regulation of BetaCatenin’s nuclear entry is not well understood.  BetaCatenin has no 

recognizable nuclear localization signal (NLS) and although nuclear localization is 

stimulated by overexpression of TCF, (BEHRENS et al. 1996; HUBER et al. 1996; 

MOLENAAR et al. 1996), TCF is not required for BetaCatenin nuclear import (ORSULIC 

and PEIFER 1996; PRIEVE and WATERMAN 1999).  BetaCatenin nuclear import can occur 

in the absence of transport factors such as importins (FAGOTTO et al. 1998).  

BetaCatenin can also exit the nucleus, and nuclear export can occur in the absence of 

the CRM1 export pathway (WIECHENS and FAGOTTO 2001).  The regulation of 

BetaCatenin’s nuclear entry and exit has been a subject of much study, as BetaCatenin 

distribution varies depending on organism or cell type examined (PEIFER and 
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WIESCHAUS 1993; SCHNEIDER et al. 1996; SCHOHL and FAGOTTO 2002), and is frequently 

altered in cancerous cells (POLAKIS 2007).  The transcriptional coactivator Legless 

(Lgs)/B-cell lymphoma 9 (BCL-9) has been shown to mediate the nuclear import of 

BetaCatenin (TOWNSLEY et al. 2004) and C terminal binding protein (CtBP), a 

transcriptional co-repressor, can sequester excess BetaCatenin in the nucleus (HAMADA 

and BIENZ 2004).  APC and Axin enrich BetaCatenin in the cytoplasm (BARTH et al. 

1997; TOLWINSKI and WIESCHAUS 2001) and APC can promote the nuclear export of 

BetaCatenin (BIENZ 2002).  However, other studies suggest that APC and Axin more 

likely control cytoplasmic levels of BetaCatenin through retention, rather than shuttling 

(KRIEGHOFF et al. 2006; SEO and JHO 2007) and that Wnt signaling does not affect the 

rate of BetaCatenin shuttling (KRIEGHOFF et al. 2006).  Lgs/BCL9 also appears to control 

BetaCatenin enrichment in the nucleus through retention rather than active shuttling 

(KRIEGHOFF et al. 2006).  These observations raise interesting questions as to how 

localization of BetaCatenin within the cell may play a role in signal modulation as well as 

in regulation of cross talk between Wnt signaling and cell adhesion or proliferation.    

BetaCatenin is also regulated through phosphorylation and conformational 

change.  In addition to the phosphorylation events which target the protein for 

degradation, BetaCatenin is phosphorylated on tyrosine 142, which increases its 

interaction with the co-activator BCL9 and weakens the interaction with αcatenin 

(BREMBECK et al. 2004).  BetaCatenin can also adopt a conformation which preferentially 

binds to the transcriptional co-activator TCF (GOTTARDI and GUMBINER 2004).  In cells 

responding to a Wnt signal, BetaCatenin is found in a folded conformation that masks 

the C-terminus and prevents binding with αcatenin such that BetaCatenin preferentially 

binds to TCF.   
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TCF binds to a consensus DNA sequence, but requires an additional co-

activator, such as BetaCatenin, to regulate transcription (CAVALLO et al. 1998).  Many 

other co-activators for the TCF-BetaCatenin complex have been identified, including 

Lgs/BCL9, Pygopus (Pygo) (KRAMPS et al. 2002; PARKER et al. 2002), and Cyclic AMP 

response element binding protein (CBP).  Pygo is a transcriptional co-activator required 

for the activation of target genes by BetaCatenin (KRAMPS et al. 2002; THOMPSON 2004), 

and Lgs is an adaptor protein that binds to BetaCatenin and Pygo (KRAMPS et al. 2002).  

TCF, BetaCatenin, Lgs and Pygo act together in a linear fashion as a chain of adaptors 

culminating in the recruitment of Pygo to the promoter of the target gene (STADELI and 

BASLER 2005).  CBP is a histone acetylase (HECHT et al. 2000; TAKEMARU and MOON 

2000), which may bind to the BetaCatenin-TCF complex and, in combination with Brg-1, 

induce chromatin remodeling that favors gene transcription (BARKER et al. 2001).  In the 

absence of a Wnt signal, TCF acts as a repressor of Wnt target genes, in combination 

with the co-repressor Groucho (BRANNON et al. 1997; CAVALLO et al. 1998).  TCF is 

regulated through phosphorylation by Nemo/NLK, a mitogen-activated protein kinase 

related kinase, (ISHITANI et al. 1999), and this phosphorylation diminishes the DNA 

binding affinity of the protein (ISHITANI et al. 2003).  In the vertebrate system, another 

regulatory protein, ICAT, is able to bind BetaCatenin and block BetaCatenin binding to 

TCF (TAGO et al. 2000); this promotes the dissociation of the BetaCatenin/TCF/CBP 

complex (DANIELS and WEIS 2002; GRAHAM et al. 2002).  Studies using chromatin 

immunoprecipitation indicate that while TCF/LEF-1 factors bind to the DNA 

constitutively, the co-activators and co-repressors alternate on and off during active 

transcription (SIERRA et al. 2006), creating a dynamic and complex system of 

transcriptional regulation (Figure 1.2, 1.3).   
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Figure 1.2: Simplified schematic of Wg signaling 
In a resting cell, Arm is sequestered in the cytoplasm by the destruction complex, 
APC, Axin and ZW3.  When Wg is present and the pathway is activated, Arm can 
build up in the cytoplasm and translocate into the nucleus (JONES and BEJSOVEC 
2003). 
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Figure 1.3: Detailed schematic of Wnt signaling 
Schematic diagram of Wnt signaling, including many of the known regulatory 

components.  (Nusse 2007, http://www.stanford.edu/~rnusse/wntwindow.html) 
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Depending on the tissue and the time of development, different downstream 

genes are activated in response to the Wnt signal.  For example, in the mouse hair 

follicle, Wnt signaling induces the expression of keratin (DASGUPTA and FUCHS 1999) 

and movo1 (LI et al. 2002), while it induces the expression of neurogenin in the brain 

(HIRABAYASHI et al. 2004) and FGF4 in the developing tooth bud (KRATOCHWIL et al. 

2002).  The vast array of transcriptional responses to Wnt signaling is evidenced by the 

variety of phenotypes that are observed due to the loss of a single Wnt in mice. 

Phenotypes range from embryonic lethality to loss of tissues or growth abnormalities 

(reviewed in LOGAN and NUSSE 2004).  Although many target genes induced by Wnt 

signaling are cell-type specific, some are common to a variety of cells.  Typically, these 

are proteins that are involved in regulating pathway activity such as Wg (YU et al. 1998), 

dFz2 (CADIGAN et al. 1998), Nemo (ZENG and VERHEYEN 2004), and the negative 

regulator Naked cuticle (nkd).  Nkd is an EF-hand protein that inhibits Wnt signaling in 

Drosophila and vertebrates (ROUSSET et al. 2002; WHARTON et al. 2001; ZENG et al. 

2000).  Nkd can bind to Dsh and was thought to regulate signaling through this 

interaction (ROUSSET et al. 2002).  However, this interaction is not required, and instead 

a nuclear localization of Nkd seems to be essential for regulation of Wg signaling 

(WALDROP et al. 2006).  

Some components of the canonical Wg pathway are shared with other pathways 

in developing flies and vertebrates.  Fz and Dsh are required in the planar cell polarity 

pathway, which is important for positioning hairs in the wing and bristles on the thorax, 

as well as for chirality in the developing eye (reviewed in ADLER 2002; reviewed in 

ADLER and LEE 2001; STRUTT 2003).  The activation of the planar cell polarity pathway 
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causes asymmetric accumulation of tissue polarity proteins at the edges of each cell 

(reviewed in ADLER 2002; reviewed in ADLER and LEE 2001; STRUTT 2003).  Tissue 

polarity in vertebrates controls the cellular movements of convergent extension, and 

many of the proteins known to be involved in Drosophila planar cell polarity also have a 

role during vertebrate gastrulation (HEISENBERG et al. 2000; WALLINGFORD et al. 2001).  

In vertebrates, it has been shown that a Wnt is involved in this process, based on the 

finding that Wnt11/Silberblick is required in Zebrafish for cells to undergo convergent 

extension (HEISENBERG et al. 2000).  In Drosophila, Activated Fz and Dsh localize to the 

distal edge of developing wing cells, where actin and microtubules accumulate and hairs 

initiate (GUBB and GARCIA-BELLIDO 1982; VINSON and ADLER 1987; ZHENG et al. 1995).  

The noncanonical planar cell polarity pathway involves protein kinase C activation and 

calcium signaling, and it does not signal through Arm (SHELDAHL et al. 1999; SLUSARSKI 

et al. 1997).  Planar cell polarity establishment is also required for the proper formation 

of denticles in the Drosophila embryonic epidermis, although a direct role for Wg has not 

been established (PRICE et al. 2006).  Indeed, in Drosophila, no Wnt has been 

demonstrated to interact with the planar cell polarity pathway.   

The canonical Wnt pathway components APC, Arm, and ZW3/GSK3β also play a 

minor role in cytokinesis.  Drosophila APC2 localization parallels that of actin and during 

mitosis, APC accumulates in the pseudocleavage furrow (MCCARTNEY et al. 2001).  zw3 

and arm mutants also show defects in cellularization and these gene products may act 

together to regulate tethering the nucleus to the membrane, a process which involves 

association with microtubules (MCCARTNEY et al. 2001). In vertebrates, APC has a 

microtubule nucleating activity and also promotes cell migration by stabilizing the ends of 

growing microtubules (reviewed in MCCARTNEY and PEIFER 2000).  Truncated APC 
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alleles, commonly found in cancers, show dominant negative effects on the nuclear 

tethering ability of the molecule (MCCARTNEY et al. 2006).  GSK3β is also involved in 

regulating microtubule stability, in part by modulating the activity of APC, during 

Xenopus astrocyte migration (HARWOOD and BRAGA 2003).  

The Wg pathway in Drosophila has been intensely studied.  Many new 

interactors in the pathway have been identified, and we now know more about the 

specific roles for and interactions among many of the pathway components.  However, 

there is still much that is not yet understood.  For example, the exact molecular 

mechanism underlying Dsh activation of signaling remains unclear, as well as the 

specific role of Nkd in downstream pathway activation.  Furthermore, the mechanism by 

which the destruction complex is rendered inactive is not well understood, nor is 

regulation of the cellular distribution of BetaCatenin.  

In the Bejsovec lab, we have sought to identify additional components of the Wg 

pathway in order to more fully understand the complex regulation of pathway activity.  

This study describes a novel regulatory protein, RacGap50C, and its possible roles in 

regulating the Wg pathway.  RacGap50C is a protein known to be required for the 

formation of the contractile ring in cytokinesis (SOMERS and SAINT 2003), yet we find that 

it also plays an important role as a negative regulator of Wg pathway activity.   
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2. RacGap50C Negatively Regulates Wingless 
Pathway Activity During Drosophila Embryonic 

Development 
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2.1 Introduction 

The Wnt signaling pathway plays a critical role in many developmental 

processes.  Of the 19 mouse Wnt genes, ten have been characterized mutationally and 

each directs patterning and cell fate decisions in a different tissue, such as brain, 

somites, kidneys and limbs (reviewed in WODARZ and NUSSE 1998 and the Nusse 

laboratory Wnt Homepage: http://www.stanford.edu/~rnusse/wntwindow.html).  In 

Drosophila, a single Wnt molecule, encoded by the wg gene, alone directs a similar 

range of cell fate and patterning decisions, specifying cell fate in the central nervous 

system, larval muscle, Malpighian tubules, and appendages (DIERICK and BEJSOVEC 

1999).  Although other Wnt genes are present in the fly genome, they do not appear to 

have major roles in development (reviewed in Logan and Nusse 2004). 

Wg signaling is most easily assayed in the embryonic epidermis.  Epidermal cells 

are exquisitely sensitive to Wg signaling levels, making this tissue a useful model for 

identifying the molecules involved in the pathway and for examining how they work 

together to generate pattern.  Ventral epidermal cells secrete a segmentally repeating 

pattern of small hooks, called denticles, separated by expanses of naked cuticle (LOHS-

SCHARDIN et al. 1979; WIESCHAUS and NÜSSLEIN-VOLHARD 1986).  These belts of 

denticles provide traction for the crawling larva after it hatches from the egg.  In 

abdominal segments two through seven, each belt contains 6 rows of denticles.  Each 

row of denticles shows a characteristic morphology that requires input from Wg signaling 

in the epidermal cells prior to stage 10, or approximately 6 hours after egg-laying 

(BEJSOVEC and MARTINEZ ARIAS 1991; MOLINE et al. 1999).  Wg signaling at later stages 

specifies the expanses of naked cuticle that separate the denticle belts (BEJSOVEC and 
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MARTINEZ ARIAS 1991).  Loss of function wg mutations alter the cuticle pattern 

profoundly: mutant embryos secrete no naked cuticle and instead produce a continuous 

lawn of denticles, all with a similar morphology (BEJSOVEC and WIESCHAUS 1993; 

NÜSSLEIN-VOLHARD et al. 1984).  Conversely, ectopic overexpression of wg redirects all 

of the epidermal cells into the naked cuticle cell fate, resulting in a uniform expanse of 

smooth cuticle (NOORDERMEER et al. 1992). 

Wg protein specifies cell fates by activating an intracellular signaling cascade, 

the components of which are highly conserved among animal species (reviewed in 

CADIGAN and NUSSE 1997; DIERICK and BEJSOVEC 1999; WODARZ and NUSSE 1998).  

The activity of the pathway hinges on regulation of Arm, the fly homolog of BetaCatenin.  

In the absence of Wg signal, Arm is present at adherens junctions, but is kept at low 

levels in the cytoplasm.  This down-regulation is accomplished by a set of proteins 

collectively known as the destruction complex, which includes Axin, APC, and the kinase 

Zw3.  The complex phosphorylates Arm, targeting it for destruction by the proteasome 

(JONES and BEJSOVEC 2003; PEIFER and POLAKIS 2000).  When Wg binds to its receptor 

Dfz2 and co-receptor Arrow, clustering of these cell surface molecules somehow 

activates Dsh and leads to the degradation of Axin (TOLWINSKI et al. 2003).    

Degradation of Axin and disruption of the destruction complex allows Arm to accumulate 

in the cytoplasm and in the nucleus.  In the nucleus, Arm binds to the DNA binding 

protein TCF/pangolin and activates downstream gene transcription (BRUNNER et al. 

1999; VAN DE WETERING et al. 1997).  Depending on the tissue and the time of 

development, different downstream genes are activated.   

The Wg pathway components characterized to date were identified primarily 

through their mutant phenotypes in Drosophila.  Loss of a pathway activator mimics the 
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phenotype of wg null mutants, resulting in embryos that secrete a uniform lawn of 

denticles.  Loss of a negative regulatory component mimics the effect of ectopic wg 

overexpression, producing a uniform naked cuticle phenotype.  Despite the many 

components implicated in pathway modulation, their interactions and precise 

mechanisms of action are still somewhat mysterious.  For example, it is not clear how 

Dsh, the most upstream cytosolic component in the Wg pathway, interacts with the 

receptor complex to mediate inactivation of the destruction complex.  Our laboratory has 

sought to fill the gaps by isolating mutations that modify Wg pathway activity.  Here we 

describe loss of function mutations in one such component, encoded by the RacGap50C 

locus, which were isolated through their suppression of a hypomorphic wg mutant allele.  
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2.2 Experimental procedures 

2.2.1 Drosophila stocks and culture conditions 

All deficiencies and P element insertions were obtained from the Bloomington 

Stock Center. P[UAS-DRacGAP+] and P[UAS-DRacGAPDEIE], a dominant negative form 

of RacGap50C with GAP domain amino acids 405-407 deleted, were kindly provided by 

S. Campuzano  (SOTILLOS and CAMPUZANO 2000).  The P[UAS-nkd] transgenes (ZENG 

et al. 2000) were a gift from  K. Wharton and M. Scott.  P[UAS-Rac1.V12] and P[UAS-

Rac1.N17], the constitutively-active and dominant-negative forms of Rac1 respectively 

(Luo et al., 1994), and P[UAS-AxinGFP]  (CLIFFE et al. 2003) were obtained from the 

Bloomington Stock Center.  Ubiquitous embryonic expression of UAS transgenes was 

achieved with either the E22C-Gal4  or the arm-Gal4 driver lines.  Both were tested in 

each assay and produced similar results unless otherwise noted.  More restricted 

embryonic expression was achieved using the prd-Gal4 and wg-Gal4 driver lines.  All 

driver lines are available from the Bloomington Stock Center.   

The nkd allele used in this study is nkd7E89, a strong hypomorph (JÜRGENS et al. 

1984; ZENG et al. 2000). The AR2 and DH15 mutations were induced on a wgIL114 

chromosome, as described below, and were subsequently recombined away from wg for 

further analysis.  The mutant chromosomes were extensively recombined with wild-type 

(Oregon-R) to remove unrelated lethal mutations, and were rebalanced over a CyO 

chromosome carrying Kruppel-Gal4 UAS-GFP inserts (obtained from the Bloomington 

Stock Center) to allow identification of homozygous mutant embryos by their failure to 

fluoresce. 

Fly stocks were reared on cornmeal-agar-molasses at 25˚C unless otherwise 
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noted.  For analysis of embryonic stages, eggs were collected on apple juice-agar plates 

and aged to the correct developmental stage.  To examine embryonic cuticles, eggs 

were allowed to develop fully (24 hours at 25˚C), dechorionated in bleach, and 

transferred to a drop of Hoyer's medium, mixed 1:1 with lactic acid (WIESCHAUS and 

NÜSSLEIN-VOLHARD 1986), on a microscope slide.  Mechanical devitellinization was 

performed by exerting gentle pressure on the coverslip to burst the vitelline membrane.  

Cuticle preparations were baked at 65˚C overnight before viewing on a Zeiss Axioplan 

microscope with phase optics. 

2.2.2 Isolation and characterization of mutant alleles 

The AR2 and DH15 mutant lines were isolated independently in a genetic screen 

for modifiers of the wg mutant phenotype.  The temperature-sensitive wg allele, wgIL114, 

used in this screen is also known as wgts or wgl-12.  Male wgIL114 /CyO flies were fed 

overnight on ethyl methane sulfonate (EMS) at a concentration of 25 mM in 1% sucrose.  

They were allowed to recover and then were mated with virgin Dominant temperature 

sensitive (DTS)/CyO females (NÜSSLEIN-VOLHARD et al. 1984).  At 29˚C, only flies 

bearing the mutagenized wgIL114  chromosome over CyO survive, and these were mated 

singly with DTS/CyO flies and raised at 29˚C to establish isogenic lines.  1768 lines were 

established, and their F3 progeny were examined for alteration of the wgIL114 cuticle 

pattern at 25˚C. 

The AR2 and DH15 mutations were tested for complementation because they 

yielded similar modifications of the wgIL114 pattern.  They failed to complement each 

other in this modification, and when recombined away from the linked wgIL114 mutation 

their homozygous recessive embryonic lethal phenotypes also failed to complement.  
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The mutations were mapped using meiotic recombination against a second chromosome 

marked with the adult visible mutations black, purple, cinnabar, curved, plexus, and 

speck.  The mutations mapped between cinnabar and curved, at roughly 70 m.u., and 

deficiencies in this region were tested for their failure to complement.  Both alleles failed 

to complement Df(2R)CX1 which removes cytological positions 49C1-4;50C23-D2, and 

complement Df(2R)vgB, which removes 49D3-4;49F15-50A3.  We mapped AR2 and 

DH15 more precisely using site-specific P element mediated recombination in males 

(CHEN et al. 1998).  The P elements used for mapping the two alleles include:  

P[lacW]drkk02401, P[PZ]drk10626, P[EP]EP2007, P[PZ]fas05488, P[lacW]v(2)k16105k16105, 

P[EP]EP2423, P[lacW]shotk03010, P[lacW]AGO1k08121, P[lacW]AGO1k00208, 

P[PZ]AGO1k04845, and P[lacW]Cp1k15606.   

The mutations mapped between P[EP]EP2423 and  P[lacW]shotk03010 narrowing  

down the interval to 13 annotated open reading frames, 6 of which were predicted to 

encode "housekeeping" enzymes.  The complete sequences of all exons from the 7 

other candidate genes in the AR2 and DH15 mutant lines were compared to their 

consensus sequence to locate the EMS-induced mutations.  PCR primers were 

designed using MacVector Software and tested using Amplify (W.R. Engels).   PCR was 

performed with both homozygous and heterozygous genomic DNA.  The products were 

purified using the QIAquick PCR Purification Kit (Qiagen) and sequenced using ABI 

PRISM Dye Terminator Cycle Sequencing Ready Reaction Kit with Amplitaq  DNA 

Polymerase, according to manufacturer's protocols.  Both alleles were found to encode 

nonsense mutations in the RacGAP50C gene, CG13345.  The PCR primers used to 

identify the single nucleotide changes in the RacGAP50C gene include:  5’-

CGAGTGAAAACCGATTCGTAG-3’, 5’-AGGTGTGGTTCCTCATCAG-3’, 
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5’GGTAAATGCTATGGCACCTC-3’, and 5’-CGTCAAATGCTTTCCAACAAGG-3’.    

2.2.3 Antibody staining and in situ hybridization 

RNA in situ hybridization combined with NBT/BCIP staining was performed with 

antisense digoxigenin-labeled probes following standard protocols (ASHBURNER 1989; 

TAUTZ and PFEIFLE 1989). Antibody staining was as described in Dierick and Bejsovec 

(1998).  Anti-Wg antibody was used at 1:1000 and anti-Arm was used at 1:50 (both from 

the Developmental Studies Hybridoma Bank).  Anti-Coracle antibody (kindly provided by 

R. Fehon) was used at 1:10,000.  DAPI stain was used at 1:20,000.  Cy3 and Cy5 IgG 

secondary antibodies (Jackson ImmunoResearch) were used to detect fluorescence 

staining.  Embryos were mounted in Aquapolymount (Polysciences) and viewed with a 

Zeiss 410 confocal microscope. 

2.2.4 Hatching efficiencies and pattern analysis 

Fly crosses were performed at 25˚C, and eggs were collected in two- to four-hour time 

windows.  Eggs were arrayed on apple juice agar plates and counted before being 

allowed to age for 24 hours at 25˚C.  Cuticle preparations of unhatched eggs, and in 

some cases hatched larvae, were mounted as described above.  The number of 

unfertilized eggs was subtracted from the total egg count, prior to calculating proportions 

for different phenotypic classes.  Denticle rows in abdominal segments 3, 4, 5, and 6 

were examined in at least 20 embryos for each genotype, concentrating on the middle 

one-third of the belt centered over the ventral midline. 
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2.2.5 Immunoblot analysis 

Five- to 7-hour old embryos were collected, dechorionated and examined for the 

presence or absence of GFP from the Kr-Gal4 UAS-GFP CyO balancer.  15 

Homozygous mutant embryos (identified by lack of fluorescence) as well as 15 wild-type 

siblings (identified by two-fold brightness of fluorescence) were collected and 

immunoblots were performed as described in  Chao et al. (2003).  Filters were stained 

with anti-Arm protein (Developmental Studies Hybridoma Bank) at 1:100 and anti-

Tubulin (Labvision) at 1:5000.  Cross-reacting proteins were detected and quantified 

using the Odyssey infrared imaging system and reagents (Li-Cor Technologies).  
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2.3 Results 

2.3.1 AR2 and DH15 modify wg phenotypes 

In a genetic screen to identify mutations that suppress or enhance the mutant 

phenotype of the wg temperature sensitive allele, wgIL114, we isolated two EMS-induced 

mutations that subtly modify the wgIL114 mutant cuticle pattern.  These modifier 

mutations, AR2 and DH15, fail to complement each other and thus identify a single 

complementation group, linked to wg on the second chromosome.  These two alleles 

produce identical phenotypes in our assays: all figures show results from the AR2 line, 

however, similar results were obtained using DH15.  Both mutant phenotypes show no 

increase in severity when placed in trans to a deficiency for the region, and so are likely 

to represent loss of function alleles. 

wgIL114 embryos at the restrictive temperature are much smaller than wild-type 

and secrete the "lawn of denticles" cuticle pattern typical of low pathway activity (Figure 

2.1A).  The modifier lines AR2 and DH15 were found to alter the wgIL114 phenotype in a 

similar way, increasing the spacing between denticles and the overall body size of the 

doubly mutant embryos (Figure 2.1B).  This phenotype indicates that the modifier 

mutations considerably reduce the severity of the wg loss of function phenotype, 

resulting in a larger, healthier embryo even though the cuticle pattern is only subtly 

altered.  Both AR2 and DH15 also modify other wg alleles, including wgCX4, an RNA null 

allele of wg (not shown).  The cuticle pattern defects of weak wg alleles are most 

dramatically suppressed by the AR2 and DH15 mutations.  The wgPE2 hypomorphic 

allele produces a protein with a lower affinity for the receptor complex (Bejsovec and 

Wieschaus, 1995; Moline et al., 2000).  wgPE2 homozygous mutants show segmental 
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denticle diversity, but little or no naked cuticle separating the belts (Figure 2.1C).  The 

wgPE2 AR2 doubly homozygous mutants show an increase in the amount of naked 

cuticle, indicating that some Wg signaling is restored (Figure 2.1D).   

In an otherwise wild-type background, the AR2 and DH15 mutations are 

recessive embryonic lethal, and homozygous embryos show an excess specification of 

naked cuticle at the expense of denticles.  Wild-type embryos (Figure 2.1E) secrete an 

average of 5.95 +0.15 (n=40) rows of denticles per ventral belt in abdominal segments 3, 

4, 5 and 6.   In contrast, AR2 mutant embryos (Figure 2.1F) secrete an average of only 

3.95 +0.64 (n=80) rows of denticles per belt.  The mutant denticles also differ 

morphologically from the wild-type.  Wild-type denticles show a wide range in size, with 

those in row 5 being largest (BEJSOVEC and WIESCHAUS 1993).  The AR2 and DH15 

mutant denticle belts contain fewer of these large denticles: most denticles observed are 

similar in size to the smaller denticles normally found in rows 1 through 4 of the wild-type 

belt pattern.  The slight suppression of wg mutant phenotypes and the ectopic 

specification of naked cuticle are consistent with an increase in Wg pathway activity, 

suggesting that the AR2 and DH15 mutations disrupt a negative regulator of the 

pathway. 
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Figure 2.1: Epidermal patterning is altered in AR2 and DH15 homozygous mutant 
embryos.   

Figure 2.1.  Epidermal patterning is altered in AR2 and DH15 homozygous 
mutant embryos.  (A) The wgIL114 allele at restrictive temperature produces the "lawn of 
denticles" phenotype characteristic of wg loss of function mutations.  (B) This severe 
patterning defect is altered in  wgIL114  AR2 double mutant embryos, which are larger 
than the wg single mutant embryos.  (C) The wgPE2 hypomorphic allele produces a 
weaker pattern defect, with normal segmental patterning of the denticle rows but loss of 
the intervening naked cuticle expanse.  (D) Some naked cuticle is restored in  wgPE2 AR2 
double mutant embryos, indicating that the weak Wg signaling promoted by wgPE2 
mutant protein is enhanced.  (E) Wild-type embryos secrete a stereotyped pattern of 6 
rows of denticles interspersed with naked cuticle in each abdominal segment.  
Abdominal segments 2, 3 and 4 are shown here.  (F) In each abdominal segment, some 
denticle rows are replaced by naked cuticle in embryos homozygous for the AR2 
mutation.  In this and all subsequent figures, anterior of the embryo is to the left.  Scale 
bar is 100 µm  
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2.3.2 AR2 and DH15 carry nonsense mutations disrupting the 
RacGap50C locus 

 

The AR2 and DH15 mutations were mapped on the second chromosome, using 

standard meiotic recombination and deficiency analysis.  Male site-specific 

recombination further refined the interval to cytological region 50C06-09.  Seven 

candidate genes within this interval were sequenced and lesions in only the RacGap50C 

locus were detected for both the AR2 and DH15 lines.  RacGap50C encodes one of two 

RacGaps annotated in the Drosophila genome (ADAMS et al. 2000 and Flybase: 

http://flybase.bio.indiana.edu/).  While the genome contains 21 predicted Rho family 

GTPase activating proteins (BERNARDS 2003), only RacGap50C and RacGap84C are 

strongly conserved with the human RacGap1.  The predicted RacGap50C polypeptide 

contains a Protein kinase C (PKC) conserved region, which is predicted to bind 

diacylglycerol, as well as a RhoGap motif, the 140 amino acid GTPase-activating 

domain that stimulates the Rho-like GTPases, Rac, Rho or Cdc42 (Figure 2.2A).  AR2 

carries a point mutation in the RacGap50C coding region that changes amino acid 470, 

a tryptophan, to a premature stop.  This is predicted to truncate the protein within the 

RhoGap domain.  DH15 encodes a mutation at amino acid 195, changing an arginine to 

a stop and truncating the protein prior to both the PKC domain and the RhoGap domain.  

RacGap50C has been implicated in modulating EGF pathway activity in the 

developing wing (SOTILLOS and CAMPUZANO 2000) and has also been demonstrated to 

play a critical role in cytokinesis (SOMERS and SAINT 2003).  Sotillos and Campuzano 

constructed a dominant negative form of RacGap50C, which abolishes the GAP activity 

while retaining the ability to bind Rac.  When expressed in the wing, this construct 

caused a range of defects including increased width and fusion of veins, enlarged cells 
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and an increased number of sensory organs, as well as an expansion of the EGF activity 

marker, diphosphoERK, in the presumptive veins (SOTILLOS and CAMPUZANO 2000).  

These wing phenotypes were enhanced by coexpression of Rac1, leading these authors 

to conclude that Rac1 is a target of RacGap50C activity in the wing.  In contrast, Rac1 

was shown to be irrelevant for the cytokinesis role of RacGap50C, where  RacGap50C 

forms part of a complex that links the microtubule and actin cytoskeletons (SOMERS and 

SAINT 2003).  This linkage is essential for positioning the contractile ring of dividing cells; 

disruption of RacGap50C by RNA interference results in accumulation of multinucleate 

cells (SOMERS and SAINT 2003).  The other Drosophila RacGap, RacGap84C, encodes a 

protein 47% similar to RacGap50C.  No point mutations in RacGap84C have been 

identified, but deficiencies in the area are known to cause defects in spermatid and 

retinal differentiation (BERGERET et al. 2001), thus both RacGaps are likely to be 

functional.   

Since mutations in RacGap50C were detected in both of our mutant lines, it 

seemed likely that RacGap50C was the gene responsible for the cuticle phenotypes 

observed.  We find that RacGap50C mRNA transcripts appear to be maternally 

contributed to the egg, because early stage embryos show strong staining in RNA in situ 

hybridization experiments (Figure 2.2B).  Low uniform levels of transcript are detected 

throughout embryogenesis (Figure 2.2C), showing that it is zygotically expressed during 

the stages when Wg signaling determines epidermal pattern.  We do not detect any 

segmental modulation of RacGap50C expression.  To verify that the RacGap50C 

mutations account for the AR2 and DH15 mutant phenotypes, we expressed a wild-type 

RacGap50C transgene (SOTILLOS and CAMPUZANO 2000) in mutant embryos and looked 

for rescue of the mutant phenotype.  Driving ubiquitous expression of the UAS-
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RacGap50C transgene during embryogenesis partially rescues the embryonic lethality 

and completely rescues the pattern defect of AR2 homozygous mutant embryos (Figure 

2.3A, B).  Whereas 25% of the progeny from AR2 heterozygous parents normally fail to 

hatch (n=593), fewer than 10% fail to hatch (n=796) when UAS-RacGap50C is uniformly 

expressed in the embryos.   However, the homozygous mutants die during larval stages, 

probably because the E22C-Gal4 driver is only expressed embryonically.  Denticle belts 

of rescued homozygous mutants contain an average of 5.23 +0.60 (n=64) rows of 

denticles per belt, compared to 3.95 +0.64 (n=80) in unrescued mutant embryos.  These 

results confirm that the cuticle pattern defect observed in our mutant lines is due to loss 

of RacGap50C function. 
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Figure 2.2: RacGap50C is mutated in AR2 and DH15 

(A) Structure of RacGap50C predicted protein, with position of premature 
termination codons noted and positions of the PKC and GTPase-activating domain 
homologies highlighted.  Overall the predicted RacGap50C protein is 32% identical to 
the human RacGap1, and in the GAP region, the identity is 51% (using Clustal 
Alignment).  In the Drosophila genome, RacGap50C is  most closely related to 
RacGap84C (24% identical, 56% in the GAP region) but shares homology in the GAP 
region with other members of the Rho family GTPase-activating proteins.  (B) 
RacGap50C mRNA appears to be loaded into the egg maternally since early-stage wild-
type embryos, such as the stage 4 embryo shown here, stain heavily in RNA in situ 
hybridizations.  (C) Stage 10 embryo shows the uniform low level of RacGap50C mRNA 
detected at later stages of wild-type embryonic development.  Scale bar is 100 µm. 
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2.3.3 RacGap50C does not appear to interact with Rac in epidermal 
patterning 

 

RacGaps are thought to down-regulate activity of Rac by stimulating the intrinsic 

GTP hydrolysis function of the protein, and thereby converting it from the active  GTP-

bound form to the inactive GDP-bound form (reviewed in HALL 1998).  Both the 

vertebrate and invertebrate Rac GTPases are associated with signaling cascades that 

promote cytoskeletal rearrangements, often during morphogenic processes.  For 

example, the Drosophila Racs are involved in dorsal closure movements of the embryo, 

as well as in axon growth and guidance in the developing nervous system (HAKEDA-

SUZUKI et al. 2002; NG et al. 2002).   

To determine whether the effects of RacGap50C in the embryonic epidermis are 

mediated through a Rho family member, we tested whether the GTPase activating 

domain of RacGap50C was required for rescue of the epidermal patterning defect in 

mutant embryos.  The dominant-negative RacGap50CDEIE construct deletes three 

conserved amino acids in the GAP domain, producing a protein that still binds Rac but 

cannot stimulate GTP hydrolysis (SOTILLOS and CAMPUZANO 2000).  As mentioned 

above, Sotillos and Campuzano observed profound effects of this UAS-RacGap50CDEIE 

construct when it is expressed in the wing imaginal disc.  In contrast, we find that when 

we express UAS-RacGap50CDEIE ubiquitously in a RacGap50C mutant embryo, it is able 

to rescue the cuticle pattern phenotype (Figure 2.3C).  The rescued homozygous mutant 

embryos have 4.81 +0.60 denticle rows per belt (n=160).  This rescue is not as complete 

as that observed for the wild-type RacGap50C construct (5.23 +0.60 rows of denticles 

per belt), and does not include any rescue of the embryonic lethality as was observed for 

the wild-type construct.  However, the cuticle phenotype is significantly different from the 
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unrescued RacGap50C mutant (p=.001).  Overexpressing the UAS-RacGap50CDEIE 

transgene in a wild-type embryo does not produce any detectable patterning defect nor 

does it appear to affect larval viability (data not shown).  This suggests that RacGap50C 

has a novel function in epidermal patterning that does not involve interaction with a 

GTPase. 

To further confirm that the GTPase-activating function of RacGap50C is 

dispensable for epidermal patterning, we tested the effects of Rac activity in patterning.  

Since GTPase activation would be expected to turn Rac off, a constitutively-active Rac 

would be expected to produce phenotypes similar to loss of RacGap50C in processes 

where its GAP activity is relevant.  We therefore tested whether the patterning defects of 

our RacGap50C mutants could be mimicked by expression of the constitutively-activated 

Rac1 transgene, UAS-RacV12 (LUO et al. 1994). We used several different embryonic 

Gal4 drivers to express the UAS-RacV12 transgene, but most caused the embryos to die 

prior to secretion of the cuticle, making it impossible to score cuticle pattern alterations.  

Expressing RacV12 in the spatially restricted wg domain in each segment, using the wg-

Gal4 driver, does not block cuticle secretion but these embryos produce a cuticle pattern 

very different from the RacGap50C loss of function phenotype (Figure 2.3D).  Rather 

than the expected hyperactivation, the resulting cuticles show defects more consistent 

with a reduction in Wg signaling, even though Wg protein levels are unaffected (not 

shown).  Furthermore, overexpression of a dominant-negative form of Rac1, UAS-RacN17 

(LUO et al. 1994), with most embryonic drivers tested does not produce any disruption of 

ventral epidermal patterning, although dorsal closure is clearly disrupted as previously 

reported (Figure 2.3E).  We conclude that RacGap50C does not act through Rac in 

promoting its effects on embryonic pattern formation.
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Figure 2.3:  The AR2 and DH15 mutant phenotype is rescued by 

RacGap50C expression and is not mimicked by Rac1 manipulation. 
The AR2 homozygous mutant cuticle pattern defect (A) is substantially rescued 

by uniformly expressing a UAS-RacGap50C transgene with E22C-Gal4 (B).  (C) Rescue 
is also observed with the UAS-RacGap50CDEIE transgene, which carries a small deletion 
within the GAP domain (Sotillos and Campuzano 2000), suggesting that the GTPase-
activating function is not required for epidermal patterning. (D) Using wg-Gal4 to drive 
expression of the constitutively-activated Rac1 transgene, UAS-RacV12, does not mimic 
the RacGap50C phenotype.  Instead it causes excess specification of denticles (arrows), 
suggesting a loss rather than a gain of Wg pathway activity.  (E) Using the arm-Gal4 
driver to uniformly overexpress the dominant-negative Rac1 transgene, UAS-RacN17, 
does not affect ventral patterning, but causes a dorsal hole phenotype (arrow) as 
expected from previous studies (Luo et al. 1994). 
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2.3.4 RacGap50C interacts with negative regulators of the Wg 
pathway 

 

The increased specification of naked cuticle in RacGap50C mutant embryos is 

similar to what is observed in mutants disrupting known negative pathway regulators.  

Most of these negative regulator mutations have a strong maternal effect, and the 

excess naked cuticle phenotype is observed only when maternal contribution is reduced 

(HAMADA et al. 1999; MCCARTNEY et al. 1999; SIEGFRIED et al. 1992).  The exception is 

nkd, which produces a zygotic loss of function phenotype (JÜRGENS et al. 1984) as do 

the RacGap50C mutations.  nkd encodes a protein that interacts with the Wg pathway at 

the level of Dsh, to which it binds through the Dsh basic-PDZ region (ROUSSET et al. 

2001; ZENG et al. 2000).  nkd mutant embryos show an excess of naked cuticle at the 

expense of denticle belts, and this phenotype is enhanced by RacGap50C mutations.  

There is some variability in the nkd mutant phenotype, but on average nkd mutants 

produce 1.5 abdominal denticle belts (Figure 2.4A; Table 2.1), as opposed to the 8 

abdominal belts seen in wild-type.  The denticles formed in the few nkd mutant belts are 

normally patterned, with typical denticle morphologies (BEJSOVEC and WIESCHAUS 

1993).  In contrast, the average phenotype of RacGap50C; nkd doubly homozygous 

mutants is uniform naked cuticle, showing no denticle belts at all (Figure 2.4B; Table 

2.1).   

The nkd mutant phenotype is sensitive to wg gene dosage: heterozygosity for a 

wg null allele partially suppresses the ectopic naked cuticle specification of nkd 

homozygotes (BEJSOVEC and WIESCHAUS 1993).  RacGap50C mutations remove the 

ability of lowered wg dose to suppress the nkd mutant phenotype.  Embryos 
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homozygous for nkd and heterozygous for wgCX4 typically show a range of between 4.5 

and 7.5 abdominal denticle belts (Figure 2.4C; Table 2.1), as opposed to the 1.5 belt 

average for nkd single mutants.  This rescue is reversed when the  AR2 or DH15 

mutation is placed in the background.  Embryos homozygous for both RacGap50C and 

nkd, and heterozygous for wgCX4, secrete uniform naked cuticle with no denticle belts 

(Figure 2.4D; Table 2.1).  Thus RacGap50C activity is required for the wg dose 

sensitivity of nkd.   

Since RacGap50C mutations are enhancers of the nkd loss of function 

phenotype, we wondered how they would behave in nkd gain of function experiments.  

Ubiquitous overexpression of nkd in a wild-type embryo produces no cuticle pattern 

defect unless the gene dosage of wg is reduced (ZENG et al. 2000). In wgCX4 

heterozygous embryos, overexpressing nkd produces fusions between denticle belts 

due to loss of the intervening naked cuticle (Figure 2.4E).  Thus, when Wg levels are 

limiting, ectopic Nkd activity can antagonize the pathway.  We find that reducing the 

dose of RacGap50C reverses this effect.  Embryos heterozygous for wgCX4 and 

RacGap50C show a wild-type cuticle pattern when nkd is overexpressed (Figure 2.4F).   

This series of experiments demonstrates that RacGap50C has a synergistic interaction 

with Nkd, a negative regulator of the Wg pathway, suggesting that RacGap50C also is 

required for negative pathway regulation.   

We find similar interactions with Axin, another negative regulator of the Wg 

pathway.  Overexpression of a GFP-tagged Axin transgene causes cuticle pattern 

defects consistent with severely compromised Wg signal transduction.  The embryos 

show a "lawn of denticles" pattern similar to wg loss of function mutants (Figure 2.4G).  

However, when Axin is overexpressed in RacGap50C mutant embryos the resulting 
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phenotype is not as severe.  Some aspects of the segmental pattern are rescued, with 

more naked cuticle separating the denticle belts (Figure 2.4H).  Thus loss of 

RacGap50C gene activity can partially suppress Axin overexpression phenotypes, 

suggesting that the RacGap50C mutations disrupt a pathway component that is either a 

limiting cofactor for Axin, or that acts downstream of Axin in the Wg signaling pathway. 
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Figure 2.4: RacGap50C mutations interact genetically with known negative 
regulators of Wg pathway activity. 

(A) Embryos homozygous for a strong nkd allele,  nkd7E89, show excessive 
specification of naked cuticle, but typically retain between one and two denticle belts 
(see data in Table 1).  (B) This phenotype is enhanced in the AR2;nkd doubly 
homozygous embryonic cuticle .  (C) The homozygous nkd7E89 mutant phenotype is 
partially suppressed by reducing wg dose in the wgCX4/+;nkd/nkd mutant embryo.  (D) 
This wg gene dose effect is lost in the absence of RacGap50C gene product.  wgCX4 

AR2/+ AR2;nkd/nkd  mutant embryos consistently show the enhanced, uniform naked 
cuticle phenotype.  (E) Overexpression of naked, by driving the UAS-nkd transgene with 
E22C-Gal4, causes pattern disruptions in wgCX4/+ embryos.  (F) This antagonism of Wg 
pathway activity is blocked in RacGap50C heterozygous embryos.  (G) Overexpressing 
a GFP-tagged UAS-Axin with E22C-Gal4 produces severe cuticle pattern defects even 
in the presence of wild-type levels of Wg signaling.  (H) The severity of this Axin-
overexpression pattern defect is slightly suppressed in RacGap50C homozygous mutant 
embryos. 
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Table 2.1: Genetic interactions between AR2 and naked  

 

Only nkd homozygous mutant embryos are categorized here; these represented 
approximately 25% of the total fertilized eggs laid in each cross.  Expected percentages 
for crosses 2 and 4 are based on our hypothesis that AR2 homozygosity enhances the 
severity of the nkd mutant phenotype.  Expected percentages for cross 3 are based on 
previous observations that wg heterozygosity suppresses the nkd mutant phenotype 
(BEJSOVEC and WIESCHAUS 1993).  Note that variability in the nkd single mutant 
phenotype (cross 1) accounts for the divergence between observed and expected 
frequencies in crosses 2 and 3; when this is taken into consideration, the observed and 
expected numbers are not significantly different.  This does not appear to be true for 
cross 4, suggesting that reduced wg gene dose slightly diminishes the ability of 
RacGap50C mutations to enhance the nkd mutant phenotype.   

 

 

 

0 Belts 0.5-4 belts 4.5-7.5 belts

Cross

No. of 

nkd 

mutants observed

% 

observed

% 

expected observed

% 

observed

% 

expected observed

% 

observed

% 

expected

nkd/+ X nkd/+ 124 8 6 0 113 91 100 3 2 0

AR2/+; nkd/+ 

X               

AR2/+; nkd/+

265 86 32 25 175 66 75 4 2 0

wg/+; nkd/+ X 

nkd/+
118 8 7 0 53 45 50 57 48 50

wg AR2/++; 

nkd/+ X  

AR2/+; nkd/+

302 64 21 25 170 56 50 67 22 50
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2.3.5 RacGap50C mutations affect Arm accumulation 

To determine where in the Wg pathway RacGap50C acts, we analyzed 

molecular markers of Wg signaling.   The wg gene is expressed in a one-cell wide stripe 

in each segment of the developing embryo.  wg itself is a target gene activated by Wg 

signaling: disruption of various pathway components can alter either wg gene expression 

or Wg protein secretion and distribution.  However, we find that Wg protein distribution is 

indistinguishable from wild type in the RacGap50C mutant embryos (Figure 2.5 A, B), 

indicating that the mutations disrupt neither expression nor protein accumulation.  We 

also examined expression of engrailed, another target gene for Wg activity (DINARDO et 

al. 1988; MARTINEZ ARIAS et al. 1988) and find no significant change in its pattern or level 

compared with wild-type (data not shown). 

In contrast, the levels of Arm protein accumulation are significantly altered in 

RacGap50C mutants compared with wild type.  arm mRNA is expressed at uniform 

levels throughout the epidermis (RIGGLEMAN 1989), but Arm protein accumulates in a 

striped pattern in wild-type embryos, reflecting the segmental stripes of high Wg 

signaling activity (PEIFER et al. 1994; RIGGLEMAN et al. 1990).  In RacGap50C mutant 

embryos, Arm accumulation appears to be elevated compared to wild-type (Figure 2.5 

C, D).  This increase in Arm protein is confirmed by western blot analysis.  The 

RacGap50C mutant chromosomes were balanced over a CyO chromosome bearing a 

Kruppel-driven GFP transgene insert.  This allows identification and selection of 

homozygous mutant embryos by their failure to fluoresce.  At stage 10, homozygous 

mutant embryos consistently show between 20 and 25% higher steady state levels of 

Arm protein compared to their fluorescing wild-type siblings (Figure 2.5E).  Although 

these increases are not as extreme as those observed for maternal and zygotic loss of 
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zw3, the principal agent of Arm destruction (PEIFER et al. 1994), they represent the most 

dramatic zygotic phenotype documented to date.  Unlike the zw3 effects, which produce 

preferential accumulation of the hypophosphorylated form of Arm, represented by the 

lower band of the doublet (PEIFER et al. 1994), the effects of RacGap50C appear to 

stabilize both isoforms 
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Figure 2.5: RacGap50C mutant embryos have normal Wg levels, but show 
elevated Arm protein accumulation. 

(A) Anti-Wg antibody staining in wild-type stage 10 embryos shows segmental 
stripes, with a slightly punctate appearance due to secretion and endocytosis of the 
protein.  (B) Anti-Wg antibody staining in RacGap50C homozygous embryos is 
indistinguishable from wild-type.  (C) Anti-Arm antibody staining in wild-type stage 10 
embryos shows broad stripes of higher accumulation, reflecting the domain of cells 
responding to Wg signal in each segment.   (D) The segmental striping of Arm is still 
observed in RacGap50C homozygous mutant embryos, but accumulation of Arm 
appears to be higher throughout the epidermis.  All embryos shown are siblings from the 
AR2/Kr-Gal4 UAS-GFP CyO stock; both antibody reactions were double-labellings with 
the GFP antibody to distinguish homozygous mutants from their CyO-bearing 
heterozygous or homozygous wild-type siblings.  Embryo pairs (A,B) and (C,D) are from 
the same slide preparations and confocal images were captured under identical 
conditions.  (E) Immunoblotting lysates of hand-selected embryos confirms the 
impression that Arm levels are higher in the homozygous mutants.  Comparison of Arm 
levels normalized to the tubulin loading control indicates that Arm levels are 25% higher 
in the AR2 mutant homozygotes than in their wild type, CyO-bearing siblings. 
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2.3.6 The RacGap50C cell cycle defects are unrelated to epidermal 
patterning defects 

 

Previously, the Saint lab has shown by RNA interference that RacGap50C is 

required for cytokinesis in cell culture and in imaginal disc tissue (SOMERS and SAINT 

2003).  This requirement for RacGap50C in cell division explains why we have been 

unable to obtain detectable clones of RacGap50C mutant tissue, despite many attempts 

at germ-line and somatic mosaic experiments (data not shown).  This has prevented us 

from assessing the mutant effects of reducing maternal contribution for the RacGap50C 

gene product.  The abundant RacGap50C mRNA detected in early stage embryos 

(Figure 2.2B) suggests that there is substantial maternal product contributed to the egg.  

This maternal product most likely accounts for the relatively normal cell proliferation we 

observe in the RacGap50C mutant embryos through most of development.  Work on our 

mutant lines in the Saint laboratory indicates that cell division defects can be detected in 

late stage embryos, with binucleate cells accumulating in the epidermis during stage 11 

(M. Zavortink and R. Saint, personal communication).  

The epidermal patterning defects we observe are not, however, a secondary 

consequence of late defects in cytokinesis.  First, we observe changes in Armadillo 

stabilization beginning at stage 9, whereas the cell division defects observed by the 

Saint laboratory do not become apparent until stage 11.  Second, we have discovered 

an experimental condition that rescues the epidermal patterning defects of RacGap50C 

homozygotes without rescuing the cytokinesis defects.  Antagonizing Wg pathway 

activity by ectopically overexpressing nkd significantly reverses the cuticle pattern 

defects of RacGap50C mutant embryos (Figure 2.6A, B), although it does not alter their 
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embryonic lethality.  RacGap50C homozygous embryos that overexpress nkd produce 

5.25 +0.47 rows (n=80) of denticles per belt, compared with the 3.95 +0.64 (n=80) rows 

observed in the RacGap50C mutant embryos alone.  Thus ectopic Nkd activity can 

partially compensate for loss of RacGap50C activity in Wg-mediated patterning events, 

and allows RacGap50C embryos to secrete a pattern more similar to the wild-type state 

(Figure 2.6C).  However, we observe large, binucleate cells accumulating in nkd-

overexpressing RacGap50C embryos at the same frequency as they do in the 

RacGap50C homozygotes alone (Figure 2.6D, E), even though epidermal patterning 

defects are substantially rescued in the nkd-overexpressing embryos.  Wild-type 

embryos at the same stage do not accumulate binucleate cells and show a higher cell 

density in the epidermal epithelium than do the RacGap50C mutant embryos (Figure 

2.6F).  Thus the role of RacGap50C in Wg pathway modulation is separable from its role 

in forming the contractile ring during cytokinesis.  

 

 

 



 

44 

 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6: Naked overexpression rescues the RacGap50C cuticle pattern defect 
without affecting the cytokinesis defect. 

(A) AR2 mutants show the characteristic loss of denticles, particularly in the more 
anterior rows of the denticle belt.  (B) Ectopic expression of nkd, by driving the UAS-nkd 
transgene ubiquitously with E22C-Gal4, significantly rescues the cuticle pattern defect, 
to a pattern much more closely resembling wild-type (C) in appearance.  (D) The AR2 
homozygous mutant embryos accumulate large, binucleate cells (arrows) during stage 
11, visualized here with DAPI staining in blue to show nuclei and anti-Coracle (Fehon et 
al., 1994) staining in red to outline cell membranes.  During stage 11, the segmental 
furrows begin to form; one is seen here and in panels E and F as a vertical cleft in the 
field of epidermal cells.  (E) The accumulation of binucleate cells is unaffected in AR2 
mutant homozygotes that are overexpressing nkd.  Thus the RacGap50C cytokinesis 
defects are unrelated to the epidermal patterning defects, which are rescued by this 
treatment (B).  (F) The epidermal cell density is higher in stage 11 embryos that have  
wild-type cytokinesis.  No binucleate cells are apparent in the wild-type, CyO-bearing 
siblings nor in Oregon R embryos of the same stage, pictured here. 
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2.4 Discussion 

Involvement of a Rac GTPase-activating protein homolog in Wg signaling is 

unexpected and unprecedented, and may reveal a novel function that does not involve a 

Rho family GTPase.  We find that RacGap50C interacts genetically with nkd, and 

appears to act at the same level or downstream of Axin in the control of Arm 

stabilization.  Our data indicate that RacGap50C probably does not act through Rac1 to 

negatively regulate Wg activity,  nor are other GTPases likely to be involved in this 

aspect of epidermal patterning since the cuticle defects of mutant embryos can be 

rescued by a form of RacGap50C that lacks catalytic residues in the GTPase-activating 

domain.  Moreover, previous work shows that other Rho family members are unlikely to 

be involved in Wg-mediated patterning.  Overexpressing either constitutively-active or 

dominant-negative Rho, Rac, or cdc42 transgenes disrupts dorsal closure but does not 

appear to affect ventral patterning (HARDEN et al. 1999; LUO et al. 1994).  Loss of 

maternal Rho activity has been found to alter embryonic segmental pattern, but this is 

due to an early effect on establishing segmentation gene expression patterns (MAGIE et 

al. 1999).  Ras activation through the EGF signaling cascade has been found to affect 

epidermal patterning, but in a way that counteracts Wg signaling (O'KEEFE et al. 1997; 

SZUTS et al. 1997).  Thus a GTPase-activating protein would be expected to positively 

influence Wg-mediated patterning if it acted through Ras, rather than the negative 

influence we observe for RacGap50C.   

For these reasons, we believe that the role of RacGap50C in Wg signaling may 

instead parallel its role in cytokinesis, where it seems to function primarily as an adaptor 

molecule.  RacGap50C was identified by the Saint laboratory through a yeast two-hybrid 
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screen for molecules that interact with pebble, a RhoGEF that is essential for cytokinesis 

(SOMERS and SAINT 2003).  Subsequently, they showed that RacGap50C protein also 

binds to Pavarotti (Pav), a kinesin-like molecule, thus forming a bridge between the 

microtubule and actin cytoskeletons.  This adaptor function appears critical for the 

proper positioning of the acto-myosin contractile ring at the end of mitosis (SOMERS and 

SAINT 2003). 

One could imagine that a structural role for RacGap50C in linking the microtubule 

and actin cytoskeletons might be relevant to its regulation of Wg pathway activity.  Apc2, 

a scaffolding molecule that is an essential component of the destruction complex, is 

known to interact with both microtubules and the cortical actin cytoskeleton (MCCARTNEY 

et al. 1999; MCCARTNEY et al. 2001).  Mutations that disrupt the cortical localization of 

Apc2 compromise function of the destruction complex (MCCARTNEY et al. 1999 and A.B., 

unpublished), suggesting that subcellular localization of the complex may be critical.  

Furthermore, recent work from the Bienz and Wieschaus laboratories demonstrates that 

Axin, another scaffolding component in the complex, changes its subcellular localization 

in response to Wg signaling (CLIFFE et al. 2003) and is consequently degraded 

(TOLWINSKI et al. 2003).  Thus the positioning of the destruction complex and/or some of 

its subunits may play a critical role in regulating its Arm degrading activity.  RacGap50C 

may be involved directly in linking the destruction complex to the cell cortex to promote 

its proper activity, or may restrict movement of Axin to the cortex for its Wg-mediated 

destruction.  In either case, loss of RacGap50C gene function would disrupt the normal 

degradation of Arm and thereby cause ectopic Wg pathway activity.   

Another possible explanation for RacGap50C's effects on Wg pathway activity 

would not require direct interaction with any pathway component.  Rather, some 
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coordination between the microtubule and actin cytoskeletons may be generally required 

for many different cellular processes.  The loss of this adaptor molecule would "loosen" 

the connection between these two filamentous networks and compromise many cellular 

events indirectly.  It may be that cytokinesis and Wg signal transduction are particularly 

sensitive to such perturbations, or simply produce the earliest or most easily detected 

phenotypes in response to them.  A general requirement for microtubule and actin 

network coordination in destruction complex function could be of great importance in 

understanding oncogenic Wnt pathway activity.  
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3. RacGap50C and Pavarotti Regulate Wnt Signaling 
Through Preventing Transcriptional Activation by 

BetaCatenin 
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3.1 Introduction 

Our finding that RacGap50C negatively regulates the Wnt pathway is surprising 

because RacGap50C is essential for cytokinesis.  RNAi of RacGap50C or the human 

homolog, MgcRacGap, which share 34% identity, leads to binucleated and 

multinucleated cells in all cultured cells tested (MINOSHIMA et al. 2003; MISHIMA et al. 

2002; SOMERS and SAINT 2003) and loss of function mutations in Drosophila embryos 

lead to binucleate cells as well (JONES and BEJSOVEC 2005; ZAVORTINK et al. 2005).  

RacGap50C/MgcRacGap bind to the kinesin like protein Pav/ Mitotic kinesin like protein 

1 (MKLP-1) to form an evolutionarily conserved complex, centralspindlin, which bundles 

microtubules (MISHIMA et al. 2002), and localizes to the central spindle (HIROSE et al. 

2001; SOMERS and SAINT 2003).  Centralspindlin is required for the recruitment and 

proper localization of various proteins necessary for the formation and stability of the 

contractile ring, including RhoA, AuroraB, Anillin and myosin (ZAVORTINK et al. 2005; 

ZHAO and FANG 2005).   

This complex has also been shown to play a role in neuroblast proliferation and 

axon guidance (GOLDSTEIN et al. 2005).  RNAi of RacGap50C or Pav in Drosophila 

mushroom body neurons leads to axon overextension and defects in axon trajectory. 

The investigators found their phenotypes corresponded to a phenotype seen in a 

previous genetic screen, which examined EMS-induced mutations for phenotypes in the 

dorsal sensory neuron dendrites and which uncovered the gene tumbleweed (tum) (GAO 

et al. 1999).  tum mutant embryos show axonal outgrowth and misrouting defects (GAO 

et al. 1999).  Further molecular analysis revealed that tum is indeed RacGap50C 

(GOLDSTEIN et al. 2005).  According to conventions of fly genetics, RacGap50C is now 
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officially named tum because of the earlier work’s precedence.  However, I will continue 

to refer to the gene as RacGap50C to be consistent with the mammalian nomenclature.   

Thus, RacGap50C is involved in at least three distinct cellular processes: 

cytokinesis, neural development and Wnt signaling.  One way RacGap50C could be 

differentiating its roles in these diverse developmental processes is through binding to 

different partners.  For example, RacGap50C may mediate Wnt signaling by specifically 

interacting with known components of the Wnt pathway, such as Nkd, Axin, or Dsh, or it 

may act through novel cellular components that influence Wnt pathway activity.  The 

connection between RacGap50C and Pav and the actin and microtubule cytoskeleton 

suggest that they may influence overall cellular architecture.  Alternatively, they could 

affect protein movement, through motors or nuclear import proteins. Therefore, I 

conducted a yeast two hybrid assay to identify binding partners for RacGap50C, using 

RacGap50C as bait to screen an embryonic library.  This screen recovered a large 

collection of gene products that have the potential to bind to RacGap50C and which may 

be relevant to any one of its roles in Wnt signaling, cytokinesis, or neural development.  

To discern which of these proteins was most likely to be involved in RacGap50C’s Wnt 

role, we conducted a second screen, testing candidate genes for their ability to regulate 

Wnt signaling in mammalian cells, using the TOPflash assay system. 

The TOPflash assay system utilizes a luciferase reporter gene, fused 

downstream of TCF optimal (TOP) binding sequences, making the luciferase responsive 

to Wnt stimulation.  The level of Wnt activation in human embryonic kidney (HEK) cells is 

then precisely measured by a luminometer.  By using the yeast two hybrid assay, 

followed by TOPflash analysis, we were able to screen through many putative interacting 

genes to find those that show evidence of Wnt regulation. 
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3.2 Experimental procedures 

3.2.1 Yeast two hybrid library 

The library used for the yeast two hybrid screen was kindly provided by Robin 

Wharton (Department of Molecular Genetics and Microbiology, Duke University).  The 

library was made from cDNA created using mRNA 0-4 hour Drosophila embryos.  The 

cDNA constructs were randomly inserted into the pGAD10 vector (Clontech) using 

EcoR1 sites.  The library was amplified before use in the screen.  0.15 micrograms of 

DNA was transformed into 20 µls of Electromax DH5alpha-E cells (Invitrogen) through 

electroporation.  One ml of SOC (Invitrogen) was added to transformed cells, and cells 

were incubated at 37 for one hour.  Then, transformed cells were diluted 1:10, using 9ml 

of LB.  100 µl of cells were plated on 60 150mm plates, with a concentration of 

approximately 100,000 CFU per plate.  The colonies on each plate were scraped into a 

falcon tube, using 8 ml of LB for each plate. DNA was purified using a Qiagen Maxi kit.  

The final concentration of the library DNA was 4 µg/ml.  

3.2.2 Yeast two hybrid constructs 

RacGap50C was inserted into the pGBT9 (Clontech) vector, as well as the 

pGAD424 (Clontech) vector for testing using the yeast two hybrid assay system.  The 

pGBT9 vector contains the Gal4 DNA binding domain, and pGAD424 contains the Gal4 

activation domain.  RacGap50C was PCR amplified out of the Bluescript vector using 

the primers 5’-GCTACCGAGACAAGAATTCATGGCGCTCTCCGCATTGGCGTCCTTC-

3’ and 5’-GGAAAGTCGGATCCTTTCTTGTGCGCTGATGCCGGCGG-3’.  The forward 

primer introduced an EcoR1 site adjacent to the ATG, and the reverse primer introduced 
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a BamH1 site in place of the STOP codon to allow for the construction of the 

RacGap50C-Gal4 fusion protein.  The PCR product was gel purified using the Qiagen 

gel purification kit, and ligated into the EcoR1 and BamH1 restriction sites of the pGBT9 

or pGAD424 vector.   

3.2.3 Yeast two hybrid screen 

Library transformation into the PJ694A strain was done using standard protocols 

(Clontech).  600 µg of library DNA was transformed, and the transformation yeast were 

plated on 207 plates of minimal media, lacking tryptophan and leucine.  Colonies were 

replica plated onto plates lacking tryptophan leucine and histidine to select for 

interaction.  2220 Colonies were streaked to new plates for further testing, and then 

were replica plated onto plates lacking tryptophan, leucine and histidine, supplemented 

with 3-amino triazole (3AT) at a concentration of either 3mM or 5mM to select against 

spurious histidine activity.  Colonies were also tested for Beta-Galactosidase activity 

using standard protocols (Clontech).  On plates supplemented with 3mM 3AT, 1696 

colonies grew.  On plates supplemented with 5mM 3AT, only 533 colonies grew.  All 

colonies were also tested for Beta-Galactosidase activity, another indicator of 

interaction.  Only 344 colonies tested positive in both assays; they all were miniprepped 

and sequenced, and 100 sequences were obtained.  All yeast minipreps were also done 

using standard protocols (Clontech).  Interacting constructs were sequenced using 

pGAD10 primers: 5’-CATTGTCCTTCACTTTCACTAACAG-3’, and 5’-

GTGAACTTGCGGGGTTTTTCAGTATCTACGAT-3’. DNA isolated from the yeast 

colonies were then transformed into XL1Blue electrocompetent cells (SAMBROOK et al. 

1989) and prepped using Qiagen kits to isolate the single PGAD10 plasmid containing 
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the interacting gene.  These sequences were blasted against the Drosophila genome to 

determine their identity (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi).  Out of the 100 that 

were successfully sequenced, 30 unique interactors were found.  Of the thirty unique 

interactors, fifteen were chosen, based on their strength of interaction and their possible 

relevance to Wnt signaling.  DNA for each of these 15 constructs was transformed into 

yeast strain AH109 to verify interaction with RacGap50C.  The transformed cells were 

plated on minimal media, lacking tryptophan and leucine as well as plates lacking 

tryptophan, leucine, and histidine +3mM, 5mM or 7mM 3AT, and plates lacking 

tryptophan, leucine and adenine to verify interaction. 

 

3.2.4 TOPflash constructs 

All constructs created for use in the TOPflash assay system were cloned into the 

vector pcDNA3.1 (Invitrogen), which contains a CMV promoter and BGH polyadenylation 

sequence.  CG7824 and CG13366 were isolated from the pGAD10 vector using an 

EcoR1 digest, and ligated into EcoR1 sites in pcDNA 3.1.  CG31638 was PCR amplified 

from the cDNA clone LP11564 (BDGP) using primers: 5’-

GAAAGGACACCTGATCAATGTCGC-3’ and 5’-GTAACATGATCACTTTATTGGCA-3’ 

and ligated into the TOPO cloning vector (Invitrogen).  The TOPO:CG31638 construct 

was digested with Bcl1 and Bgl1, and ligated into the Bluescript vector that contained a 

Flag tag (gift from Fehon lab).  The construct was then digested with Not1 and EcoR1, 

and ligated into pcDNA 3.1 for use in the TOPflash assay.  Miranda cDNA clone 

LD02989 (BDGP) was digested with Not1 and Xho1, and ligated into pcDNA for use in 

the TOPflash assay. Anillin was PCR amplified from the cDNA clone LD23793 (BDGP) 
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using primers: 5’-GCAGCAACTAGTATGGACC-3’ and 5’-ACGGGGGTTTACTAGTATA-

3’ and ligated into the TOPO cloning vector (Invitrogen).  The TOPO:Anillin construct 

was digested with Spe1 and Xba1, and ligated into a Bluescript vector that contained a 

5’ Flag tag (gift from Fehon lab).  The construct was then digested with Not1 and HindIII, 

and ligated into pcDNA 3.1 for use in the TOPflash assay.   

There was no cDNA construct available for CG4557.  Therefore, CG4557 was 

PCR amplified from cDNA from 0-4 hour old Oregon R embryos.  RNA was purified 

using the RNAeasy kit and reverse transcribed into cDNA using random primers.  

CG4557 was PCR amplified from the cDNA using primers: 5’-

CCAAAACATCAGGGACTTG-3’ and 5’-TTTTGGGTGGATTGGGAC-3’.  This PCR 

product was cloned into the TOPO vector (Invitrogen) for further amplification.  CG4557 

was further cloned via digestion with EcoR1 and ligation into pcDNA3.1.  Pav was PCR 

amplified from cDNA clone RE22456 using primers: 5’-GCTTGATCAATGAAGGCAGTA-

3’ and 5’-TGCGCGTTGATCACTTTAT-3’, and cloned into the TOPO vector (Invitrogen).  

The TOPO:Pav construct was digested with Bcl1, and ligated into a Bluescript vector 

that contained a 5’ Flag tag (gift from Fehon lab).  The construct was then digested with 

Not1 and EcoRV, and ligated into pcDNA 3.1 for use in the TOPflash assay.   

Axin was PCR amplified from genomic DNA isolated from flies that containing the 

P(UAS-AxinGFP) transgene (CLIFFE et al. 2003).  The primers used for PCR 

amplification were pUASTF, pUASTR (gift from Eric Spana). The AxinGFP PCR product 

was cloned into pcDNA using a NOT1 site present in the product from the pUAST 

cloning.  The construct was then recloned into pcDNA using a Kpn1 site to remove the 

GFP tag.  pcDNA-RacGap50CΔEIE was created by deleting 9 bases from the full length 

pcDNA-RacGap50C construct.  Primers 5’-
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CCGGCACTGATTGTGCACTGCGTAAATGCCCGCGGCCTGACCGAGGTTGGCC-3’ 

and 5’-

GGCCAACCTCGGTCAGGCCGCGGGCATTTACGCAGTGCACAATCAGTGCCGG-3’ 

were used to PCR amplify pcDNA-RacGap50C, removing the nine bases responsible for 

the EIE amino acids.  pcDNA-Tcf4-myc, pcDNA-BetaCatenin-Myc, were a gift from 

P.Casey (Duke University Medical Center, Durham NC).  pcDNA-BetaCateninΔGSK-

GFP was a gift from Angela Barth and James Nelson (Stanford University Medical 

Center, Stanford, CA).  All pcDNA constructs were sequenced prior to use in the 

TOPflash assay. 

3.2.5 TOPflash assays 

HEK293T cells were used for all TOPflash assay experiments.  Cells were grown 

in DMEM media supplemented with 10% FBS.  Cells for transfection were grown in 24 

well plates, 0.5 ml of cells per well.  Cells were transfected at approximately 80% 

confluence.  Each transfection used 0.1 µg TOPflash reporter plasmid and 0.25 ng 

phRG-TK (Promega) renilla luciferase control plasmid.  Lipofectamine 2000 was used for 

transfection, according to published protocols (Invitrogen).  0.2µg of experimental 

plasmid was used for the transfection of each 0.5 ml well of cells unless otherwise noted.  

TCF was used at a concentration of 0.1µg per 0.5 ml cells.  Total amount of DNA was 

controlled for in each experiment by adding the appropriate amount of empty pcDNA3.1 

vector.  Cells were induced by WNT conditioned media from L-cells stably transfected 

with Wnt-3a (gift from P.Casey) or by using Myc tagged full length BetaCatenin, or the 

BetaCateninΔGSK at a concentration of 0.25 µg per 0.5 ml well.  The cells were 

harvested 24-30 hours after initial transfection and luciferase activities were determined 
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using the dual luciferase assay system (Promega) on a Veritas luminometer, courtesy of 

the Wray Lab (Biology department, Duke University).  All transfections for TOPflash 

analysis were done in duplicate, and three independent experiments were performed for 

each analysis.    

Values used in this work were calculated first by dividing the TOPflash controlled 

Firefly luciferase value by the renilla luciferase transfection control value.  For each 

experiment, the average luciferase ratio was calculated for the control and induced cells 

in each treatment category.  Fold induction was calculated by dividing the luciferase ratio 

of the induced cells by the luciferase ratio of the control, uninduced cells.  Each 

experiment was normalized to the empty vector controls, by setting the pcDNA control 

cells to 100% activation.   

3.2.6 Nuclear and cytoplasmic fractionations and co-
immunoprecipitations 

 

Nuclear and cytoplasmic fractions of the HEK cells were collected using the NE-

PER Nuclear and Cytoplasmic Extraction kit (Pierce Biotechnology).  Fractions were 

aliquoted in 10µl aliquots and frozen or analyzed immediately.  Cells used for 

fractionation were grown in 6 well plates, 2ml of cells per well, and 2ml sample was used 

for each fractionation.  Cells were transfected as described above, and samples were 

harvested 24-30 hours after transfection for fractionation. 

Co-immunoprecipitation experiments were performed using standard protocols 

(SAMBROOK et al. 1989).  Lysed cells were added to 20 µl antibody conjugated beads, 

and washes were performed using NET-gel buffer with proteinase inhibitors (SAMBROOK 

et al. 1989).  C-Myc beads were used for immunoprecipitation of BetaCatenin (BD 
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Biosciences) and TCF immunoprecipitations were performed with 1 µl anti TCF4 

(Millipore) bound to protein A beads (Zymed).  TCF Immunoprecipitations were 

performed using lysates from 8 ml of transfected cells, and BetaCatenin 

immunoprecipitations were performed using lysates from 4 ml of cells.  Cells were 

transfected as described above, and samples were harvested 24-30 hours after 

transfection for co-immunoprecipitation. 

Fractions were subjected to 8% or 6% SDS-PAGE, and immunoblotted for the 

appropriate proteins.  Antibodies used were anti BetaCatenin E247 1:10,000 (Abcam), 

anti TCF4 6H5-3 1:5000 (Millipore), RacGap50C 1:2000 (Saint Lab), anti Flag 1:10,000 

(Sigma, gift from the Sherwood lab, Biology Department, Duke University), anti Myc 

1:10,000, Tubulin beta (Labvision) 1:5000, anti GFP 1:2000 (Chemicon), anti PY489 

BetaCatenin (Developmental Studies Hybridoma Bank), anti PY654 BetaCatenin 

(Developmental Studies Hybridoma Bank).  Blots were visualized using the Odyssey 

infrared imaging system and appropriate reagents (Li-Cor technologies).  

 

3.2.7 Cell staining 

HEK cells were grown on 10mm coverslips in 24 well plates.  Cells were 

transfected as described above.  Cells were harvested and fixed for 20 minutes in 4% 

paraformaldehyde 24-30 hours after transfection.  Cells were blocked in 20% Normal 

Goat Serum and 0.1% Tween-20.  Cells were incubated in primary antibody overnight at 

4°.  Cells were mounted using Aquapolymount (Polysciences).  Antibodies used included 

anti BetaCatenin E247 1:250 (Abcam), anti TCF4 6H5-3 1:250 (Millipore), RacGap50C 

1:250 (Somers and Saint 2003), anti Flag 1:1,000 (Sigma, gift from the Sherwood lab, 
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Biology Department, Duke University), and DAPI 1:10,000.  All secondary antibodies 

were purchased from Jackson ImmunoResearch. 

 

3.2.8 Drosophila stocks and culture conditions 

All deficiencies, P element insertions, and the pavB200 and scraps8 mutant lines 

were obtained from the Bloomington Stock Center.  Flies were cultured and embryos 

were collected and examined as described previously (2.2) 
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3.3 Results 

3.3.1 Identification and selection of interacting proteins  

In the yeast two hybrid screen, thirty unique potential interacting proteins were 

recovered (Table 3.1, 3.2).  All proteins were investigated for known or predicted 

function and homology, as well as any possible connection to Wnt pathway regulation.  

When deciding which genes to initially pursue, I ranked the genes based on multiple 

factors.  First, I looked for the genes that were represented by multiple independent 

isolates in the yeast two hybrid screen.  If more than one interacting clone was found, it 

is more likely that the interaction has physiological relevance, rather than being a false 

positive.  Next, I looked for genes for which Drosophila mutations are available, and that 

produce phenotypes that could link the protein to a role in Wnt signaling, such as 

embryonic lethality or patterning defects.  Third, I evaluated the likelihood that the 

predicted function of the protein, based on homology to known proteins, would relate to 

the role of RacGap50C in the Wg pathway, such as proteins involved in cytoskeletal 

architecture, or protein movement.  Based on these factors, the fifteen most interesting 

constructs were chosen and retested against full length RacGap50C to verify the 

interaction (Table 3.3).  The interaction was tested based on the expression of two 

reporter genes, adenine and histidine.  Of the 15 potential interacting proteins tested, six 

proteins showed strong interaction with RacGap50C in all conditions: Pav, Scraps, 

Miranda, CG4557, CG7824, and CG13366.  
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Table 3.1: Unique interacting proteins found in the yeast two hybrid 
screen 

 

 

 

CG# Name Group function

unique 

clones

total 

clones

1 CG1258 Pavarotti Cytoskeleton
cytoskeleton structure; 

microtubule motor activity; 3 7

2 CG12249 Miranda Cytoskeleton
 actin binding; structural 

constituent of cytoskeleton; 2 3

3 CG16757 Spinophilin Cytoskeleton
protein phosphotase 1 binding, 

acitin binding, scaffolding 2 2

4 CG2210
Abnormal 
wing disc Cytoskeleton

GTP, ATP, microtubule binding;  
nucleotide kinase activity; 1 1

5 CG6605 Bicaudal D Cytoskeleton
chromatin binding; dynein 

binding; 1 1

6 CG6176 Grip75 Cytoskeleton
DNA and microtubule binding; 

cytoskeleton structure; 1 1

7 CG13777 Milton Cytoskeleton
 kinesin-associated 

mitochondrial adaptor activity;    1 1

8 CG2092 Anillin Cytoskeleton
actin binding; microtubule 

binding; cytoskeleton structure 1 1

9 CG31638 Unknown Cytoskeleton myosin related 1 2

10 CG13366 Unknown Cytoskeleton
structural constituent of 

cytoskeleton; 1 3

11 CG1591 REG Degradation proteasome activator activity; 1 1

12 CG5798 Unknown Degradation
ubiquitin-specific protease and 

thiolesterase activity; 1 1

13 CG4193 deadhead Ion Transport
 thiol-disulfide exchange and 
electron transporter activity; 1 1

14 CG6147 Tsc1 Ion Transport
proton-transporting two-sector 

ATPase complex 1 2

15 CG8724 Megator Transport
Intracellular protein transport, 

Nuclear Pore 1 2
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Table 3.2: Unique interacting proteins found in the yeast two hybrid 
screen, part B 

 

 

 

 

CG# name Group function

unique 

clones

total 

clones

16 CG4557 Unknown
Transcription/

Translation
TF activity, SMC domain 

(chromosome segregarion) 2 8

17 CG9805 eIF-S10, 
Transcription/

Translation Transcription Initiation 1 3

18 CG1666 Helicase
Transcription/

Translation nucleic acid metabolism 1 1

19 CG33850 His2A
Transcription/

Translation Histone, chromatin assembly 1 1

20 CG10072 Sugarless
Transcription/

Translation
 heparan sulfate proteoglycan 

biosynthesis 1 1

21 CG10949 Unknown
Transcription/

Translation
regulation of transcription, DNA-

dependent 1 1

22 CG15514 Unknown
Transcription/

Translation
 DNA binding; nucleic acid 
binding; zinc ion binding 1 1

23 CG10061 l(3)s2214 Unknown Lethal recessive 1 2

24 CG12047
mushroom 
body defect Unknown unknown 1 1

25 CG7824 Unknown Unknown Unknown 1 3

26 CG33129 Unknown Unknown Unknown 1 1

27 CG6276 unknown Unknown Unknown 1 1

28 CG10933 Unknown Unknown Unknown 1 1

29 CG5525 Unknown Unknown
ATP binding; ATPase activity, 

coupled;  protein folding 1 1

30 CG11926 Unknown Unknown Unknown 1 1
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Table 3.3: Proteins identified in the yeast two hybrid screen, verified for 
interactions 

 
Proteins of interest were verified by retesting the interaction with RacGap50C.  
Interaction was assayed by activation of 3 target genes: histidine, adenine, and 
BetaGalactosidase.  pGBT9 is an empty vector control, used to test for auto activation. 

name

3mM 

3AT 24 

hrs

5mM 

3AT 24 

hrs

7mM 

3AT 24 

hrs

3mM 

3AT 48 

hrs

5mM 

3AT 48 

hrs

7mM 

3AT 48 

hrs

-His 

pGBT9

-Ade 

24hrs

-Ade 

3days

-Ade 

pGBT9  BetaGal

1 Pavarotti
++ ++ ++ ++ ++ ++ - + + - ++

2 Anillin
++ ++ ++ ++ ++ ++ - + ++ - +

3

CG4557 

Unknown
++ ++ ++ ++ ++ ++ - + ++ - +

4 l(3)s2214
+ + + ++ ++ ++ - - + - +

5

mushroom 

body defect
+ + + ++ ++ ++ - - + - +

6 Miranda
++ ++ ++ ++ ++ ++ - ++ ++ - +

7

CG7824 

Unknown
+ ++ ++ ++ ++ ++ - + ++ - +

8

CG31638 

Unknown
+ + - + + + - - + 

pink
- +

9 eIF-S10
+ + + + + + - - ++ - +

10 Tsc1
+ + + ++ ++ ++ - - + + +

11 Spinophilin
+ + + + + + - - - - +

12

CG13366 

Unknown
++ ++ ++ ++ ++ ++ ++ + ++ + +

13

Abnormal 

wing disc
- - - - - - - - - - +

14 REG
- - - - - - - - - - -

15

CG15514 

Unknown
- - - - - - - - - - +
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3.3.2 TOPflash analysis of interacting proteins 

The proteins that showed strong interaction with RacGap50C by yeast two hybrid 

assay were tested in the TOPflash assay to determine if they could modify activation of 

the Wnt pathway in mammalian cells.  In Drosophila, RacGap50C is a negative regulator 

of Wg signaling activity, and RacGap50C is able to repress Wnt signaling in mammalian 

cells as well (Figure 3.1).  To stimulate the activity of the TOPflash reporter, Wnt 

conditioned medium, collected from L-cells expressing Wnt3A, is added to cells 

containing the reporter plasmid.  When HEK cells are transfected with RacGap50C, the 

luciferase activity in response to Wnt conditioned medium is reduced to 35% of control 

cells transfected with an empty pcDNA vector (p=9.9 E-12).  Since RacGap50C is able 

to modulate signaling in this heterologous system, interacting proteins involved in Wg 

signaling may also be able to modulate levels of Wnt signaling in mammalian cells.  

While an inability to modulate signaling activity in mammalian cells does not necessarily 

mean that the protein is not involved in Wg signaling in the fly, a positive result indicating 

up or down regulation of signaling provides us with a strong basis for further 

investigation.  

Anillin, CG4557, CG7824 and CG13366 did not show any significant ability to 

modulate Wnt signaling induced by Wnt conditioned medium (Figure 3.1).  The 

activation levels of cells expressing each of these constructs ranged from 64% 

(CG7824) to 80% (CG4557) of control levels, none of which was highly significant.  As a 

comparison, Axin, a known negative regulator of Wg signaling in Drosophila, represses 

TOPflash activation to 19% of controls (p=0.0005).  Interestingly, Pav, which is a known 

binding partner of RacGap50C in cytokinesis, was able to repress signaling to 55% of 
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control levels (p=2.8E-09).  This is significantly different from the control luciferase 

activity and indicates that Pav may play a role in Wnt signaling as well as cytokinesis.   

To activate the TOPflash reporter, cells can also be stimulated by transfection 

with a full length BetaCatenin construct.  When HEK cells are stimulated with 

overexpressed BetaCatenin, RacGap50C is able to repress reporter activity to 19% of 

control levels (p=1.9E-08) and Axin is able to repress activation to 38% of control levels 

(p=0.06).  CG7824, CG13366, and Miranda do not have a dramatic effect on signaling 

activity under these conditions, just as they failed to influence Wnt induced reporter 

activity (Figure 3.2).  Three interacting proteins, however, did show significant 

modulation of signaling activity under these conditions.  Pav was able to repress 

signaling to 66% of control levels, which was a significant effect (p=0.002), and further 

suggests this protein functions as a negative regulator of the Wnt pathway.  Anillin was 

also able to repress signaling to 32% of control levels (p=0.007).  Conversely, 

overexpression of CG4557 showed an elevated response to BetaCatenin induced 

activation, indicating that this protein could function as a positive regulator of the Wnt 

pathway.  Luciferase activation in these cells was 159% of controls (p=0.006).   

I wondered if CG7824, CG13366, CG31638, and Miranda were unable to 

dramatically alter signaling activity because they required an interaction with 

RacGap50C.  Therefore, I next tested whether they could modulate activity in 

combination with RacGap50C.  When CG7824, CG13366, CG31638, and Miranda were 

each expressed in conjunction with RacGap50C, no significant change in RacGap50C-

mediated repression was observed (Figure 3.1).  We suspect that these binding partners 

may not be relevant to RacGap50C’s role in Wnt signaling.  A detailed characterization 

of these and other potential binding partners can be found in Appendix A.  I have 
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focused my investigations on the three yeast two hybrid interactors that are able to 

modulate TOPflash activity: Anillin, CG4557 and Pav.   
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Figure 3.1: RacGap50C interacting proteins repress TOPflash to varying degrees 

RacGap50C is able to repress TOPflash activation in response to Wnt 
conditioned media.  Of the interacting proteins found in the yeast two hybrid screen, only 
Pav is able to significantly repress TOPflash activation.  RacGap50C repressed activity 
to 35% of empty vector controls (p=1.7 E-09).  Pav represses activity to 55% of empty 
vector controls (p=2.84 E-09).  The remaining interactors did not show statistically 
significant levels of repression (p≥0.05).  Axin is a known negative regulator of Wnt 
signaling, and is an effective repressor of TOPflash activation.  Axin represses TOPflash 
activity to 19% of empty vector controls (p=4.9 E-04). 
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A. 

B.  
Figure 3.2: RacGap50C and Pav repress BetaCatenin-induced TOPflash 

activity, while CG4557 enhances BetaCatenin-induced activity 
(A) When HEK cells are stimulated with full length BetaCatenin, RacGap50C, 

Pav, and Anillin are able to repress reporter gene activation. RacGap50C repressed 
signaling activity to 19% of control levels (p=1.9 E-08), Pav to 66% (p=0.0017), and 
Anillin to 23% (p=3.1 E-05).  CG4557, a novel interactor, is able to enhance BetaCatenin 
induced activation to 159% (p=0.01).  No other putative interacting protein has a 
significant effect on TOPflash activity (p≥0.1).  (B) In combination with RacGap50C, 
none of the interacting proteins CG7824, CG13366, or Miranda modulate reporter gene 
activation as compared to RacGap50C alone.   
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3.3.3 Scraps/Anillin 

Anillin is a cytological marker of cleavage furrows in Drosophila (FIELD and 

ALBERTS 1995), and has been shown to promote the assembly, stability, and contractile 

activity of the cleavage furrow (OEGEMA et al. 2000; STRAIGHT et al. 2005).  Anillin 

contains multiple domains that are important for its function.  The N-terminus contains a 

domain that binds and bundles actin (FIELD and ALBERTS 1995; OEGEMA et al. 2000) as 

well as a myosin-binding domain which binds myosin2 (STRAIGHT et al. 2005).  At the C-

terminus of the protein, there is an Anillin homology domain, named for its conservation 

among metazoan Anillins, and a pleckstrin homology domain that contains a NLS 

(PIEKNY and GLOTZER 2008).  Anillin is thought to act as a scaffold in the contractile ring, 

linking myosin to the other protein components at the cytokinetic furrow.   

To further explore the possibility that Anillin, like RacGap50C, has a dual role in 

cytokinesis and Wnt signaling, I examined mutant alleles that were available from the 

Bloomington Stock Center.  In Drosophila, Anillin is also known as scraps, (scra) a gene 

isolated in a screen for female sterile mutants (SCHUPBACH and WIESCHAUS 1989).  

These maternal effect mutants destroy the integrity of the embryonic cuticle.  I sought to 

investigate possible patterning defects in the embryonic cuticle of zygotic mutants.  A 

zygotic Xray induced mutant, scra8, was investigated in combination with the deficiency 

stock Df(2R)Drlrv15, which deletes the region from 43A3-43E7, including the cytological 

position of Anillin, 43E3.  Both Df(2R)Drlrv15 and the scra8 allele are embryonic lethal, 

either alone or in trans to one another.  Anillin mutant embryos showed cuticle pattern 

defects, but this phenotype likely indicates a failure in cuticle deposition rather than a 

disruption of the Wg pathway.  The cuticle deposition phenotype prevents us from 
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assessing Wg-mediated patterning events in the cuticle.  This leads me to believe that 

Anillin may not be playing a role in Wnt signaling in Drosophila development. 

To define the portion of RacGap50C required for its interaction with Anillin, I 

tested yeast two hybrid interactions between Anillin and RacGap50C constructs that 

contain deletions.  I detected two regions that seem to be important for the interaction of 

RacGap50C with Anillin.  The interaction fails when Anillin was tested with a 

RacGap50C construct lacking the Pav and Pbl binding regions (Figure 3.3), however 

Anillin was able to interact with a construct that lacked only the Pbl-binding domain, 

indicating that some sequences in the Pav binding domain are required for the 

interaction. Anillin also failed to interact with a construct that lacks the middle region of 

the RacGap50C protein, comprising amino acids 104-307. In collaboration with the Saint 

Lab, the interaction between RacGap50C and Anillin was further analyzed.  Their work 

narrowed down a minimal region, from amino acids 245-311, that is required for 

RacGap50C binding to Anillin.  Removal of these amino acids abolished interaction 

between RacGap50C and Anillin (GREGORY et al. 2008).   

The Saint lab used fluorescence resonance energy transfer (FRET) by acceptor 

photobleaching (KENWORTHY 2001) to show that Anillin and RacGap50C colocalize to 

the cytokinetic furrow, and RacGap50C fails to remain properly localized in the absence 

of Anillin (GREGORY et al. 2008).  In conclusion, although Anillin is a physiologically 

relevant RacGap50C interactor uncovered in my yeast two hybrid screen, its interaction 

with RacGap50C appears to be restricted to its role in cytokinesis. 

. 
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Figure 3.3 Domains required for interaction between Anillin and 

RacGap50C  
Anillin fails to interact with RacGap50C constructs lacking the middle region of 

the protein, amino acids 104-306, including the putative NLS.  Anillin also fails to interact 
with RacGap50C lacking the N-terminal region, amino acids 3-109. Anillin also failed to 
interact with the construct lacking the RacGap region, however this construct was unable 
to interact with any of the proteins tested.  pGBP9 refers to the empty vector control, to 
test for autoactivation. 

name

PPD 

7mM 

3AT   

48 hrs

PBL 

7mM 

3AT   

48 hrs

MID 

7mM 

3AT   

48 hrs

DAG 

7mM 

3AT   

48 hrs

RGD 

7mM 

3AT   

48 hrs

MOS 

7mM 

3AT   

48 hrs

FL RG 

7mM 

3AT   

48 hrs

PGBT9 

7mM 

3AT  48 

hrs

Anillin - +++ - +++ - - +++ -

name

PPD       

-Ade   

48 hrs

PBL       

-Ade   

48 hrs

MID        

-Ade   

48 hrs

DAG       

-Ade   

48 hrs

RGD       

-Ade   

48 hrs

MOS       

-Ade   

48 hrs

FL RG       
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48 hrs

PGBT9       
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48 hrs

Anillin - ++ - ++ - - +++ -
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3.3.4 Pav mutants show a cuticle pattern defect in Drosophila 
embryos 

 

Pav has high homology to the human protein MKLP-1, a member of a subfamily 

of kinesin like molecules.  Pav mutants in Drosophila have larger than normal cells, due 

to a failure in cytokinesis at cycle 16 (ADAMS et al. 1998).  Pav/MKLP-1 binds and 

bundles spindle microtubules (MINESTRINI et al. 2003; MISHIMA et al. 2002) and is part of 

the centralspindlin complex that directs the formation of the cleavage furrow in dividing 

cells (MINESTRINI et al. 2003; SOMERS and SAINT 2003).  During all stages of the 

mammalian cell cycle, MgcRacGap and MKLP-1 colocalize (MISHIMA et al. 2002), and 

binding between the two proteins can be detected throughout the cell cycle (ZHAO and 

FANG 2005).  Pav and RacGap50C also colocalize and physically interact in Drosophila 

(SOMERS and SAINT 2003).  In addition to their role in cytokinesis, Pav and RacGap50C 

are also required for neuroblast proliferation and axon extension (GOLDSTEIN et al. 

2005).  The repression of TOPflash activity by Pav indicates that Pav may play an 

additional role in Wnt signaling.  I sought to further investigate this role in Drosophila as 

well as in mammalian cells in culture. 

We obtained an EMS induced mutation, pavB200, from the Bloomington stock 

center.  This mutation is embryonic lethal, and homozygous mutant embryos accumulate 

binucleate cells (ADAMS et al. 1998).  We find that these embryos also have a disrupted 

cuticle pattern; similar to that seen in the RacGap50CAR2 mutant embryos where excess 

naked cuticle is specified at the expense of denticles (Figure 3.4A,B).  This phenotype 

suggests that the loss of Pav causes an increase in Wg signaling in the developing 

embryo and thus Pav, like RacGap50C, may also be required for negative regulation of 
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Wg pathway activity.  To determine if Pav and RacGap50C mutations have an additive 

effect, I created a doubly mutant line.  Indeed, in the RacGap50CAR2; pavB200 double 

mutant embryos, a slight enhancement of the cuticle pattern defects are observed 

(Figure 3.4C).  Also, ectopic overexpression of RacGap50C is not able to rescue the 

cuticle pattern defect in Pav mutant embryos, indicating that RacGap50C is not able to 

substitute for the loss of Pav (Figure 3.4D).  This suggests that RacGap50C and Pav 

may be working together, possibly in a complex, to regulate the Wg pathway. 

I next tested for a genetic interaction with another known negative regulator of 

the Wg pathway, Nkd.  RacGap50CAR2 was initially characterized because in addition to 

the mild excess naked cuticle phenotype, it is also able to strongly enhance the naked 

cuticle phenotype seen in nkd7E89 mutant embryos.  nkd7E89 homozygous mutant 

embryos show only 1.5 denticle belts, substantially fewer than the wild type 8.  

RacGap50CAR2; nkd7E89 double mutant embryos show an increase in naked cuticle, and 

these embryos have no denticle belts.  In contrast, pav does not enhance the naked 

cuticle phenotype. pavB200, nkd7E89 doubly mutant embryos produce the same phenotype 

as nkd7E89 mutants alone, 1.5 denticle belts (Figure 3.4).  This observation suggests that 

RacGap50C and Pav have separable roles in the Wg pathway and that the genetic 

interactions seen are not solely due to stabilizing interactions with RacGap50C.  In sum, 

these genetic interactions indicate that Pav plays a role as a negative regulator of the 

Wg pathway in embryos, but it may do so in a partly RacGap50C independent fashion. 
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Figure 3.4:pav mutant embryos have cuticle patterning defects 
(A) pav homozygous mutant embryos show a cuticle pattern defect, where there 

is an increase in naked cuticle, as compared to wild type (C) similar to the phenotype 
observed in RacGap50C homozygous mutant embryos (B).  (D) RacGap50C, pav 
double mutant embryos show a slight enhancement of the naked cuticle phenotype, and 
overexpression of UAS-RacGap50C in pav homozygous mutant embryos is unable to 
rescue the cuticle pattern defects (E).  (F) nkd mutant embryos show, on average, 1.5 
denticle belts.  (G) RacGap50C; nkd double mutant embryos have no denticle belts.  In 
contrast, pav, nkd doubly mutant embryos (H) show the same phenotype as the nkd 
single mutant embryos (F). 
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3.3.5 Pav and RacGap50C repress Wnt signaling in HEK cells 

Since Pav and RacGap50C are known to associate with the microtubule 

cytoskeleton, it was tempting to create a model for Wg regulation that incorporated this 

function.  Arm/BetaCatenin is the key effector of the Wg/Wnt pathway, and it is regulated 

by the destruction complex, Axin, APC and ZW3/GSK3β.  These proteins promote 

phosphorylation of Arm/BetaCatenin, which targets the protein for ubiquitination and 

degradation (ABERLE et al. 1997; LATRES et al. 1999; LIU et al. 1999).  In response to Wg 

signaling, the destruction complex is inactivated, which leads to elevated levels of 

Arm/BetaCatenin in the cytoplasm (COX et al. 1999a; MILLER and MCCLAY 1997). 

Arm/BetaCatenin can then translocate into the nucleus and activate target genes.   

RacGap50C and Pav may act to form a scaffold for the destruction complex, anchoring it 

to the actin and microtubule cytoskeletons.  If RacGap50C and Pav function to stabilize 

the destruction complex, their role would be unnecessary if the destruction complex 

were bypassed.  To test this model, we induced HEK cells with a constitutively active 

form of BetaCatenin (ΔGSK BetaCatenin).  ΔGSK BetaCatenin contains four mutated 

phosphorylation sites (BARTH et al. 1999).  Serines 33, 37, 45, and Threonine 41 are 

phosphorylated by GSK3β and CK1α (IKEDA et al. 1998; KIKUCHI 1999; LIU et al. 2002), 

which allows for the binding of BetaTrCP, a component of the ubiquitin ligase pathway 

(KITAGAWA et al. 1999; LIU et al. 2002).  When these residues are mutated to alanine, 

the BetaCatenin construct cannot be targeted for degradation, and therefore is not 

susceptible to regulation by the destruction complex (BARTH et al. 1999).  When ΔGSK 

BetaCatenin is used to induce the Wnt pathway, RacGap50C and Pav strongly repress 

reporter gene activation (Figure 3.5A).  RacGap50C transfected cells show reporter 
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activation levels of 21% of vector alone controls (p=0.0004) and Pav transfected cells 

show activity repressed to 42% of vector alone controls (p=0.006).  This is similar to the 

repression seen when cells are stimulated with wild type BetaCatenin, where 

RacGap50C represses luciferase activity to 19%, and Pav represses to 66% of normal 

activation levels.  In contrast, Axin, a known component of the destruction complex, is 

not able to repress reporter activation when stimulated by ΔGSK BetaCatenin.  This is 

expected because Axin primarily provides a scaffold for the GSK3β-BetaCatenin 

interaction, promoting phosphorylation events (reviewed in KIKUCHI and KISHIDA 2006). 

Therefore, removing the phosphorylation sites renders Axin useless in regulating the 

signaling cascade.  

The ability of RacGap50C and Pav to repress ΔGSK induced Wnt signaling was 

surprising, because we had predicted that RacGap50C and Pav were, through 

interactions with the cytoskeleton, helping to stabilize the destruction complex or some 

part of the cellular machinery required for the destruction of BetaCatenin.  The ΔGSK 

BetaCatenin cannot be targeted for degradation in the conventional manner, yet 

RacGap50C and Pav can repress the activity of this construct.  This led us to formulate 

another model for the activity of RacGap50C and Pav where RacGap50C and Pav act 

as a scaffold and are responsible for sequestering BetaCatenin in the cytoplasm and 

regulating its entry into the nucleus in response to Wnt signaling.  A similar role exists for 

APC and Axin; they have been found to enrich BetaCatenin levels in the cytoplasm 

through sequestration of the protein (KRIEGHOFF et al. 2006; SEO and JHO 2007).  This 

model predicts that in HEK cells expressing ectopic RacGap50C or Pav, BetaCatenin is 

prevented from accumulating in the nucleus and activating the TOPflash reporter. 
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To test this model, I examined levels of endogenous BetaCatenin in the nucleus.  

I expected that cells overexpressing Pav or RacGap50C would have little or no 

BetaCatenin accumulation in the nucleus, explaining the reduced TOPflash activity 

observed in these cells.  However, this is not what we found.  When cell lysates were 

subjected to fractionation, we found that levels of BetaCatenin detected in the nuclear 

fraction are unchanged by ectopic RacGap50C or Pav (Figure 3.5B).  In unstimulated 

cells, lower levels of BetaCatenin are present in both the cytoplasm and the nucleus. In 

Wnt stimulated cells, high levels of BetaCatenin accumulate in the nucleus.  This same 

pattern was observed even when Pav or RacGap50C are overexpressed in cells.  

Similar results were obtained when cells were induced by transfection with full length 

BetaCatenin (data not shown).  Therefore, the repression that we see in HEK cells is not 

due to RacGap50C and Pav preventing BetaCatenin from entering the nucleus.   Since 

BetaCatenin protein is accumulating in the nuclei of cells expressing RacGap50C or 

Pav, but levels of TOPflash activity are low in these cells, we need to determine why the 

nuclear BetaCatenin is not able to activate TOPflash reporter expression.  
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A.  

 
B.  

 
Figure 3.5 Pav and RacGap50C do not prevent BetaCatenin from entering 

the nucleus 
(A) RacGap50C and Pav are able to repress TOPflash activity induced by ΔGSK 

BetaCatenin.  Axin, a member of the destruction complex, is not.  RacGap50C represses 
activation to 21% of empty vector controls (p=9.83 E-08), while Pav represses activity to 
42% of empty vector controls (p=0.006).  (B) BetaCatenin accumulation is detected in 
the nuclear fractions of HEK cells expressing RacGap50C or Pav at levels similar to 
empty vector controls. In response to Wnt stimulation, BetaCatenin accumulates in the 
nuclear fraction, a pattern still observed in the presence of RacGap50C or Pav 
expression. 
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3.3.6 RacGap50C and Pav are present in the nucleus of HEK cells 

Although our initial model placed RacGap50C and Pav in the cytoplasm acting as 

a scaffold because of their known association with the actin and microtubule 

cytoskeleton, both molecules are known to accumulate in the nuclei of interphase cells 

(MINESTRINI et al. 2003; MISHIMA et al. 2002; SOMERS and SAINT 2003).  This has been 

regarded as a storage mechanism for these cytokinesis proteins.  We verified that 

RacGap50C and Pav proteins accumulate in the nuclei of HEK cells.  RacGap50C and 

Pav can be detected in both the cytoplasmic and nuclear fractions of HEK cell lysates 

(Figure 3.6).  

Interestingly, we observe a cleavage product in the nuclear fractions of Pav 

transfected cells.  The Pav construct is tagged at its N terminus, so it appears to be 

cleaved at its C terminus.  The cleaved product migrates at a predicted molecular weight 

of 80kd, suggesting that the last 20 residues are cleaved off of the protein.  This shorter 

form of the protein is found almost exclusively in the nuclear fractions.  We wonder if this 

form is responsible for the repressive function in a manner similar to Cubitus Interruptus, 

the transcriptional effector of Hedgehog signaling (AZA-BLANC and KORNBERG 1999). 

The potential significance of this cleavage product is currently under investigation.    

Multiple labs have postulated that RacGap50C stabilizes Pav (D'AVINO et al. 

2006; ZAVORTINK et al. 2005), based on the observation that Pav protein levels are 

reduced in cells with lower RacGap50C levels.  If this is the case in HEK cells, we would 

expect to see that the co-transfection of RacGap50C and Pav would increase the 

stability of Pav.  I therefore tested whether Pav protein levels change in the presence or 

absence of RacGap50C.  To determine appropriate experimental conditions, I tested a 
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series of dilutions for each construct (Figure 3.7A,B).  HEK cells were then co-

transfected with the minimal amounts of RacGap50C and Pav DNA necessary to induce 

a significant repressive effect when cells are stimulated with Wnt conditioned media.  A 

slight increase in repressive activity was observed when cells were co-transfected with 

RacGap50C and Pav (Figure 3.7C).  This enhancement is significant when compared to 

the repression of either RacGap50C alone (p=0.01) or Pav alone (p=0.002).  

Under the conditions of this experiment, no difference in the levels of Pav protein 

is observed.  I examined both cytoplasmic and nuclear fractions and saw no change 

from Pav alone controls (Figure 3.6C).  Therefore, co-transfecting cells with RacGap50C 

and Pav does not enhance total Pav protein nor does it affect the levels of cleavage 

product in the nucleus.  This suggests that protein stability differs when Pav and 

RacGap50C are overexpressed in HEK cells as opposed to in Drosophila embryonic 

cells.  Alternatively, differences may be too subtle to detect on a western blot, or 

RacGap50C may play a role in the localization rather than the stabilization of Pav.  
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C. 
 

Figure 3.6: Pav and RacGap50C are detected in the nuclear fraction of HEK 
cells, and co-expression of RacGap50C does not detectably increase Pav protein 
levels. 

(A,B) HEK cells show Pav and RacGap50C protein present in the nuclear 
fraction.  A Pav cleavage product is also detected in the nuclear fraction of Pav 
expressing cells.  It remains to be seen if this cleavage product has repressive function.  
(C ) Cells co-expressing RacGap50C and Pav have no discernible differences in the 
levels of Pav protein detected from cells expressing Pav alone. 
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A.       B. 

 
C. 

 

Figure 3.7: Expression of RacGap50C in combination with Pav enhances 
repression of TOPflash activity. 

(A,B) RacGap50C and Pav repress TOPflash reporter activity in a dose 
dependent manner.  (C.) In combination, RacGap50C and Pav are able to repress 
TOPflash reporter activity more robustly than either protein expressed alone.  
Expression of 25 ng of RacGap50C represses TOPflash activity to 83% of vector alone 
controls.  Expression of 50 ng of Pav represses TOPflash activity to 79% of vector alone 
controls.  Expression of both RacGap50C and Pav represses TOPflash activation to 
49% of vector alone controls (p=9.23 E-04). 
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3.3.7 Addition of TCF overcomes Pav-mediated TOPflash repression 

Both RacGap50C and Pav are able to repress TOPflash activity when cells are 

stimulated by ΔGSK BetaCatenin, and they do not prevent BetaCatenin from entering 

the nucleus.  Therefore, they must be able to regulate the signaling activity of 

BetaCatenin at some point between BetaCatenin entering the nucleus and the activation 

of transcription of the TOPflash reporter.  Since RacGap50C and Pav are both present in 

the nuclear fraction of HEK cells, one possible model for regulation is that RacGap50C 

and Pav prevent the binding of BetaCatenin to TCF.  RacGap50C and Pav may bind to 

or sequester TCF, which prevents BetaCatenin from associating with it to activate 

transcription.  To test this model, I increased the amount of TCF4 available in the HEK 

cells.  If Pav and RacGap50C are sequestering the TCF away from BetaCatenin, then 

ectopic TCF could compensate for the protein that is unavailable for activation.  

Therefore, I performed TOPflash assays on cells that ectopically expressed TCF (Figure 

3.8).  Adding TCF alone has no significant effect on TOPflash activity, producing reporter 

activity levels that are 106% of controls.  The addition of TCF does not affect repression 

by RacGap50C, as activation levels were 38% of control levels (p=4.96 E-06), compared 

with RacGap50C alone, which represses to 35%.  In contrast, co-transfection of TCF 

with Pav completely abolishes the Pav-mediated repression.  Pav alone is able to 

repress activation to 55% of controls, but in the presence of ectopic TCF, activation 

levels of Pav transfected cells are 117% of controls.  Again, this suggests that Pav and 

RacGap50C act in different ways to promote the regulation of Wnt signaling in HEK 

cells.  One possibility is that RacGap50C and Pav form a complex that is preventing 

BetaCatenin and TCF from interacting with each other.  In this complex, Pav may not 
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have a tight association with BetaCatenin, TCF, or other protein components, such that 

when excess TCF is present, it is able to titrate BetaCatenin away from this repressive 

complex.   
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Figure 3.8: Excess TCF is able to overcome the Pav-mediated repression of 
TOPflash activity, but not RacGap50C-mediated repression.  

Coexpression of RacGap50C and TCF4 does not affect the ability of RacGap50C 
to repress TOPflash activity.  However, expression of TCF4 is able to overcome the Pav-
mediated repression of TOPflash activity, indicating that RacGap50C and Pav have 
distinct roles in regulating the Wnt pathway. TCF alone causes TOPflash activation of 
106% of vector alone controls (p=0.18).  Expression of TCF with RacGap50C causes 
activation levels of 38% of vector alone controls (p=0.07).  Expression of TCF with Pav 
induces activation levels of 117% of vector alone controls (p=0.14).  Expression of TCF 
in combination with Axin represses activation to 20% of vector alone controls (p=0.03). 
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3.3.8 Pav and RacGap50C do not prevent BetaCatenin from binding to 
TCF 

 

To summarize, Pav and RacGap50C are both present in the nuclei of HEK cells, 

and they are able to repress signaling activity even when BetaCatenin is present in the 

nucleus at normal levels.  Therefore RacGap50C and Pav somehow prevent the 

BetaCatenin-TCF complex from becoming active.  One possibility is that RacGap50C 

and Pav are forming a complex that sequesters BetaCatenin protein and prevents it from 

associating with TCF and binding TOPflash sites.  This is seen with the regulatory 

protein ICAT, which can bind to BetaCatenin and block the association of BetaCatenin 

with TCF (DANIELS and WEIS 2002; GRAHAM et al. 2002; TAGO et al. 2000).  One way to 

test this idea is to assess whether or not BetaCatenin physically associates with 

RacGap50C and/or Pav by co-immunoprecipitation experiments.  I used Myc-tagged 

beads to precipitate Myc-tagged BetaCatenin, and found that RacGap50C co-

immunoprecipitates with BetaCatenin (Figure 3.9A).  Pav, however, does not appear to 

co-precipitate with BetaCatenin.  This could mean that when RacGap50C binds to 

BetaCatenin, it has released from a complex with Pav, or that the binding of Pav to 

BetaCatenin is a weak interaction that is not detected in the co-immunoprecipitation.  

If RacGap50C disrupts BetaCatenin’s role in transcriptional activation by simply 

preventing BetaCatenin from binding to TCF, we predict that TCF would be unable to 

bind to BetaCatenin in the presence of RacGap50C or Pav.  To test this, I transfected 

cells with TCF-Myc in combination with either RacGap50C or Pav, and used the TCF 

antibody to co-immunoprecipitate TCF and its binding partners from cell lysates.  We 

were able to co-immunoprecipitate TCF and BetaCatenin in Wnt stimulated cells in the 
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presence of either RacGap50C or Pav (Figure 3.9B) indicating neither RacGap50C nor 

Pav can block the formation of the TCF-BetaCatenin complex.  Neither Pav nor 

RacGap50C was detected in the co-immunoprecipitation with TCF.  Since RacGap50C 

did not co-precipitate with TCF in these experiments, we wonder if RacGap50C and TCF 

cannot bind simultaneously to BetaCatenin.  
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A. 

B. 

Figure 3.9: RacGap50C and Pav do not prevent BetaCatenin from binding to TCF  
(A) RacGap50C co-immunoprecipitates with MYC tagged BetaCatenin.  (B) In the 
presence of RacGap50C or Pav, TCF was able to bind to BetaCatenin.  BetaCatenin co-
immunoprecipitates with TCF in Wnt stimulated control cells as well as Wnt stimulated 
cells expressing either RacGap50C or Pav  
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3.3.9 RacGap50C and Pav colocalize to the nuclear membrane 

Our studies suggest that RacGap50C and Pav do not sequester BetaCatenin 

away from TCF.  Our current model is that RacGap50C and Pav form a complex, which 

allows TCF to bind to BetaCatenin but prevents transcriptional activation.  This complex 

could be forming on the DNA and blocking transcription, or the complex could sequester 

BetaCatenin and TCF as a unit, preventing the molecules from binding to the DNA.  To 

test this I examined localization of Pav and RacGap50C in HEK cells.  Both proteins 

localize primarily in the nucleus of interphase cells (Figure 3.10), as found in previous 

studies (HIROSE et al. 2001; MINESTRINI et al. 2003; SOMERS and SAINT 2003).  

Interestingly, RacGap50C and Pav seem to be concentrated at the nuclear membrane of 

transfected cells.  This would support the model that RacGap50C and Pav provide a 

scaffold at the nuclear membrane, which regulates the availability of BetaCatenin for 

binding to the DNA and activating target genes.   
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Figure 3.10: RacGap50C and Pav colocalize to the nuclear membrane in 
HEK cells 

RacGap50C and Pav co-expressed in HEK cells localize to the nuclear 
membrane.  DAPI is used to stain nuclei for reference, the nucleus of an untransfected 
cell is to the right.  RacGap50C is visualized with the anti-RacGap50C antibody, and Pav 
is visualized using an antibody to the FLAG tag.    
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3.10 CG4557 

We are excited about the discovery of a novel potential positive effector of the 

Wnt pathway.  CG4557 encodes a protein that is 29% identical over 676 amino acids 

with the human protein TMF/ARA160.  CG4557 contains a SMC (structural maintenance 

of chromosomes) domain, which is found in proteins that are core components of the 

cohesin and condensin protein complexes that bind DNA (reviewed in HIRANO 2006).  

The predicted function of the human homolog TMF is disputed in the literature.  TMF 

was identified as a DNA binding factor that binds to the TATA element in the Human 

Immunodeficiency Virus-1 long terminal repeat (GARCIA et al. 1992), and has also been 

shown to be a coactivator for the Androgen receptor (HSIAO and CHANG 1999).  In 

contrast, TMF was implicated in Rab6 dependent retrograde transport (YAMANE et al. 

2007) and Fer dependent ubiquitination of Stat3 in differentiated cells (PERRY et al. 

2004).  TMF is localized mainly to the Golgi, but a smaller form of the protein is found in 

the nucleus, where it seems to interact with transcriptional factors hSNF2α and hSNF2β 

(MORI and KATO 2002).  

CG4557 was the most abundant transcript discovered in the yeast two hybrid 

screen, with eight independent isolates found.  As a comparison, Pav, a known binding 

partner, was found in 7 isolates.  Because CG4557 enhances, rather than represses, 

TOPflash activity, I asked whether it could antagonize the repression produced by 

overexpression of RacGap50C or Pav.  Therefore, I co-transfected cells with CG4557 in 

combination with either RacGap50C, Pav or Axin.  In all cases, BetaCatenin-induced 

cells did not show elevated Wnt signaling activity, but rather showed the repressive 

phenotype observed with RacGap50C, Pav, or Axin alone (Figure 3.11B).   
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Interestingly, the ratios of luciferase activity seen in unstimulated cells 

transfected with RacGap50C and CG4557 together were higher than the ratios seen in 

empty vector controls or in cells transfected with CG4557 alone.  Luciferase ratios are 

calculated by dividing the luciferase values produced by the firefly luciferase, under the 

control of the TOPflash promoter by the luciferase values produced by the renilla 

luciferase transfection control plasmid.  The luciferase ratios reflect the relative levels of 

firefly luciferase to renilla luciferase, and thus the relative levels of transcriptional activity 

of each plasmid.  BetaCatenin induction increases the luciferase ratios because in the 

presence of BetaCatenin, the firefly luciferase under the control of the TOPflash 

promoter is robustly expressed.  In these experiments, luciferase ratios for unstimulated 

cells transfected with empty vector or CG4557 alone were 5.4 and 6.42, respectively. In 

unstimulated cells co-transfected with RacGap50C and CG4557, the luciferase ratio was 

13.85.  The increase in luciferase may indicate that RacGap50C and CG4557 together 

are able to increase reporter gene activity when cells are not stimulated.  Although the 

increase in the luciferase ratio was not highly statistically significant (p=0.07), it could  

indicate a possible role for the RacGap50C-CG4557 complex in regulating 

transcriptional activation.   

CG4557’s effects seem to be restricted to those cells that are stimulated by 

BetaCatenin transfection.  Induction with Wnt conditioned media is not significantly 

altered by CG4557 nor is stimulation with a constitutively active form of BetaCatenin. 

(Figure 3.11A).  This raises the possibility that CG4557 antagonizes the destruction 

complex directly.  Alternatively, CG4557 may enhance the ability of BetaCatenin to 

evade phosphorylation by the destruction complex or may protect a specific 

conformation of BetaCatenin that is more likely to signal through TCF than to participate 
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in cell adhesion, such as the folded conformation described by (GOTTARDI and 

GUMBINER 2004).  

There are no known mutations in CG4557 in Drosophila, except for one 

deficiency available Df(1)ED6878, which deletes regions 6C12-6D8, including 6D5, 

where CG4557 lies.  This deletion is not embryonic lethal when homozygous (n=555), 

indicating that it does not remove genes required for embryonic viability.  This is not a 

completely unexpected result, because CG4557 is likely to be maternally loaded into the 

egg.  The library used in the yeast two hybrid screen was made from embryos 0-4 hours 

old, and the CG4557 sequence was recovered many times in the yeast two hybrid 

assay, which may suggest that the CG4557 RNA is abundant in embryos at that stage. 

RNA in situ hybridizations for CG4557 will provide valuable information about its 

expression pattern in the developing embryo.  Maternally loaded RNA may be sufficient 

to allow the embryo to successfully complete embryonic development.  Alternatively, 

CG4557 may not be required for viability, but may still play a minor regulatory role in Wg 

signaling.   

Another way to disrupt function in the fly is to use RNA interference.  Flies 

containing a CG4557 RNAi construct were obtained from the Vienna Drosophila RNAi 

stock center.  I used several different drivers to express the UAS-CG4557RNAi transgene 

in various tissues.  Ubiquitously overexpressing CG4557RNAi in wild type embryos during 

embryogenesis does not result in lethality, nor does it produce a disruption in cuticle 

patterning.  Some reduced viability is seen when UAS-CG4557RNAi is ubiquitously 

expressed in embryos heterozygous for a wg null allele, which provides a sensitized 

environment for Wg pathway activity.  Also, driving the expression in the developing 

wing imaginal disc produces an abnormal adult wing.  Initial examination of the wings 
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reveals a slight bubble present in the posterior of the wings of some flies overexpressing 

UAS-CG4557RNAi using the apterous Gal4 driver.  This phenotype suggests that loss of 

CG4557 interferes with normal wing development, although as of yet we do not know 

which cellular processes may be disrupted.  More thorough observations of the wing 

phenotype, including examining expression patterns of known Wg target genes in the 

developing wing disc, will help determine the role of CG4557.  

I also tested the effects of overexpressing the wild type CG4557 gene product.  

Transgenic flies were created containing the full length CG4557 cDNA under the control 

of the UAS promoter.  Using either the E22C or en Gal4 driver to drive ectopic 

expression of UAS-CG4557 in embryonic development does not result in lethality and 

flies grow to adulthood.  Some adults overexpressing UAS-CG4557 driven by the ap 

Gal4 driver in the wing show a phenotype of a slightly smaller wing.  This suggests that 

overexpression of CG4557 in the developing wing disc may be detrimental to wing 

development.   

CG4557 is an interesting protein to have found in the yeast-two hybrid screen.  

The literature on the mammalian homolog of CG4557 is inconclusive, with no clear 

function for the TMF protein.  Our work shows that CG4557 enhances Wnt signaling 

activity in mammalian cells. Initial characterizations of CG4557 in the fly, while 

preliminary, indicate that CG4557 may play a role in developmental regulation in 

Drosophila.  More detailed analysis of the phenotypes produced by overexpressing the 

UAS-CG4557RNAi and UAS-CG4557 transgene may clarify the function of this protein.  

Although no embryonic cuticle patterning defects were observed in the current 

investigations, testing these transgenes in backgrounds sensitized for Wg signaling may 

show more dramatic effects.  For example, testing for genetic interactions with ectopic 
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RacGap50C, pav, and nkd or loss of function mutants may show a synergistic 

phenotype.  Also we will examine levels of target gene activation, such as en, which may 

be altered due to the gain or loss of CG4557.  In addition, analysis of Wg target genes in 

wing discs overexpressing UAS-CG4557 may show an altered pattern. Higher response 

to Wg signaling expands the expression domain of known Wg target genes such as cut 

and distalless, which can be detected through antibody staining (MICCHELLI et al. 1997; 

NEUMANN and COHEN 1996a).  We are excited about the prospect that further analysis of 

CG4557 could provide information about transcriptional regulation of Wg signaling in 

Drosophila development, and work on this gene is ongoing in the lab. 
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A.  

 
B.  
 
Figure 3.11: CG4557 enhances BetaCatenin induced TOPflash activity 
(A) HEK cells expressing CG4557, stimulated with BetaCatenin, show an 

enhancement in Wg signaling activity.  CG4557 expressed in cells stimulated with Wnt 
media induces activation levels of 80% of empty vector controls (p=0.07).  CG4557 
expressed in cells stimulated with BetaCatenin causes activation levels of 159% of 
empty vector controls (p=0.01).  CG4557 expressed in cells stimulated with ΔGSK 
BetaCatenin show activation levels of 67% of empty vector controls (p=0.03).  (B) Co-
expression of CG4557 is not able to overcome the RacGap50C-mediated or the Pav-
mediated repression of TOPflash activity. 
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3.4 Discussion 

In summary, the yeast two hybrid screen uncovered many potential binding 

partners for RacGap50C.  Based on results obtained using the TOPflash assay system, 

three interacting proteins, Anillin, Pav, and CG4557, were investigated further.  Anillin is 

a conserved component of the contractile ring and is essential for cytokinesis (FIELD and 

ALBERTS 1995; OEGEMA et al. 2000).  Anillin interacts with RacGap50C via amino acids 

245-311, and this interaction is required for the proper localization and stabilization of 

the cytokinetic furrow (GREGORY et al. 2008).  Anillin mutants do not show cuticle pattern 

defects characteristic of Wg pathway disruption, and Anillin is unable to repress 

TOPflash activity in Wnt stimulated cells, therefore we do not suspect Anillin has a role 

in the RacGap50C mediated repression of the Wnt pathway. 

CG4557 is able to enhance the inductive ability of BetaCatenin in TOPflash.  

CG4557 is also able to slightly enhance TOPflash reporter gene activity when co-

transfected with RacGap50C in unstimulated cells.  There is no consensus on the 

function of CG4557, and it may be advantageous to study the function of CG4557 in a 

simple model system.  Although there are no known mutations in CG4557, we have 

begun investigating the potential role of CG4557 in the Wg pathway in Drosophila.  

Preliminary data show that CG4557 may have a role in the developing wing disc, as both 

the loss of CG4557 and the ectopic expression of CG4557 alter proper wing 

development.  Additional phenotypic analysis of CG4557 knock down and 

overexpression, including the effects on Wg target genes, will further elucidate the role 

of CG4557 and the CG4557-RacGap50C complex in Wg signaling. 
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Both RacGap50C, and its binding partner, Pav, are able to repress Wnt signaling 

in HEK cells.  Pav is also involved in Wg signaling in the Drosophila embryo, playing a 

role of negative regulator. In both mammalian cells and Drosophila embryos, Pav and 

RacGap50C are able to regulate Wnt pathway activity.  Although Pav has an essential 

role in cytokinesis (ADAMS et al. 1998), its role in Wnt signaling is not altogether 

surprising because the vertebrate homolog, MKLP-1, colocalizes with MgcRacGap 

throughout the cell cycle (HIROSE et al. 2001).  MgcRacGap and MKLP-1 binding can be 

detected throughout the cell cycle (ZHAO and FANG 2005), and we predicted that the 

interaction between RacGap50C and Pav would be required in Wg signaling as well.  

However, we find that the repressive mechanisms of the two proteins are slightly 

separable.  Co-transfection of excess TCF is able to overcome the Pav-mediated 

repression of TOPflash activity, while excess TCF has no effect on RacGap50C-

mediated repression.  In addition, RacGap50C is able to bind to BetaCatenin, but no 

interaction was detected between BetaCatenin and Pav.   

In the Wnt pathway, both RacGap50C and Pav are able to repress signaling 

stimulated by ΔGSK BetaCatenin, indicating that they are not involved in the 

ubiquitination pathway based regulation of BetaCatenin.  RacGap50C and Pav do not 

prevent BetaCatenin from entering the nucleus or from associating with TCF, but they do 

prevent the TCF/BetaCatenin complex from successfully activating transcription.  We 

propose a model where RacGap50C and Pav form a complex which serves to either 

prevent the BetaCatenin/TCF complex from binding to the DNA or to prevent the DNA 

bound complex from activation transcription.  
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4. Structure-Function Analysis of RacGap50C 
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4.1 Introduction 

Many proteins contain domains that can be functionally separated from one 

another, and independent domains of proteins may have different binding partners.  

Since RacGap50C has roles in multiple pathways in the cell, I hoped to be able to further 

distinguish its different cellular functions by removing individual domains.  This would 

allow us to detect certain portions of the protein that are necessary for cytokinesis or 

neural patterning, as opposed to Wg signaling, revealing the molecular mechanisms of 

action of the RacGap50C protein. 

RacGap50C has multiple domains that may be important for its function in the 

Wnt pathway.  The RacGap domain is a highly conserved domain that activates the 

GTPase of Rho family G proteins such as Rac, Rho, and Cdc42 (JANTSCH-PLUNGER et 

al. 2000).  RacGap50C also contains a cysteine rich region, which may mediate 

interactions with diacylglycerol based on homology to protein kinase C (HURLEY and 

MEYER 2001).  Previous work (SOMERS and SAINT 2003) has identified the coiled coil 

region of the protein as critical for the binding to Pav and Pbl, two important protein 

interactors required for cytokinesis.  These Pav and Pbl binding domains are located 

adjacent to one another at the N-terminus of the protein (Figure 5.1). 

Deletion constructs were created to remove various regions of the RacGap50C 

protein (Figure 5.1).  The ΔPPD deletion removed the regions required for binding both 

Pav and Pbl, amino acids 2-109. In the ΔPBL deletion, only the region necessary for 

binding Pbl, amino acids 63-109 is removed.  The ΔMID deletion removed amino acids 

104-306, in the middle of the protein.  Amino acids 328-379 were removed in the ΔDAG 

deletion, which includes most of the predicted diacylglycerol binding region, including the 
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conserved cysteine residues.  The ΔRGD deletion removed amino acids 409-524, which 

encompasses most of the conserved RacGap region.  This deletion removed the 

conserved YRL motif that, when deleted, abolishes GAP activity in Cdc42GAP (LEONARD 

et al. 1998).  The ΔRGD deletion did not include the conserved EIE motif that, when 

removed, abolishes GAP activity in α-chimerin GAP (AHMED et al. 1994).  Since removal 

of only the YRL residues is reported to abolish GAP activity, we are confident that ΔRGD 

will not be able to stimulate GAP.  In addition, a ΔEIE construct, removing only the 

conserved EIE residues, was also tested. 
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Figure 4.1: Domain structure of RacGap50C 
RacGap50C contains a N-terminal coiled coil domain, which is required for the 
interactions with Pav and Pbl.   RacGap50C also contains a protein kinase C homology 
domain, for binding to diacylglycerol.  The RacGap domain contains the GTPase activity 
of the protein.  Removing the conserved EIE or YRL residues abolishes the GAP activity.  
RacGap50C also contains a putative NLS, amino acids 127-133.  The ΔPPD deletion 
removes amino acids 3-109.  The ΔPBL deletion removes amino acids 63-109.  The 
ΔMID deletion removes amino acids 104-306.  The ΔDAG deletion removes amino acids 
328-379.  The ΔRGD deletion removes amino acids 409-524.  The ΔMOS deletion 
removes amino acids 19-540. The ΔEIE deletion removes 3 conserved residues in the 
GTPase activating domain. 
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4.2 Experimental procedures 

4.2.1 Deletion constructs 

The publicly available RacGap50C cDNA clone available (BDGP) contains a 

deletion in the reading frame.  Therefore, I generated our own full length cDNA through 

PCR amplification from genomic DNA collected from flies expressing the 

P[UASDRacGap50C]  transgene (SOTILLOS and CAMPUZANO 2000).  The primers used 

were pUASTF and pUASTR (Gift from Eric Spana).  The PCR product was cloned into 

Bluescript through EcoR1 digest.  The deletion construct ΔDAG was created by 

digesting the full-length construct with Bbs1, filling in the overhang and ligating the 

product back together.  This removed amino acids 328-379.  The construct ΔMID was 

made by digesting with BglII and BspE1, filling in the overhangs and ligating the 

remaining vector back together.  This removed amino acids 104-306 and replaced them 

with a single proline.   To create the construct ΔMOS, the construct was PCR amplified 

using primers CGCCATCGGTAAGATCTTGCATGCAGCGTCGCAGATCATCGAAG and 

CGTGGGCTACTCAGATCTAGATCCCGACCAGCATGCGATCTACAC. The PCR 

product was digested with BglII, and ligated.  ΔMOS removes amino acids 19-540.  The 

construct ΔPBL was made by PCR amplifying with the primers 

GGCGACGTCGCAATCTGAACAACGAGACCCG and 

GGCGACGTCTTTTGGTCAACGACTTGTCCAGC.  The construct ΔPPD was made 

using primers GGCGACGTCGCAATCTGAACAACGAGACCCG and 

GGCGACGTCGCGCCATTTTTGCTTGTCTCGGTAG.  In the ΔPPD construct, amino 

acids 2-109 were removed, and replaced with ARRRN, due to the restriction site used 
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for the cloning and in ΔPBL amino acids 63-109 were removed and replaced with RRR.  

Both products were digested with AatII and ligated back together.  The construct ΔRGD 

was made using the primers GGCGACGTCGGGCTTCAATCTCATTTACGCAG and 

GGCGACGTCTCGATAACATCTCGCTCATCTTTGG, digesting with AatII and ligated 

back together.    

Deletion constructs were PCR amplified from Bluescript vectors and ligated into 

the pGBT9 vector for use in yeast two hybrid assays.  The primers used were 

GCTACCGAGACAAGAATTCATGGCGCTCTCCGCATTGGCGTCCTTC and 

GGAAAGTCGGATCCTTTCTTGTGCGCTGATGCCGGCGG, and products were cloned 

into EcoR1 and BamH1 sites in pGBT9.  Constructs were cloned into pUAST and 

pcDNA 3.1 using the BamH1 and Xho1 sites.   

 

4.2.2 Transgenic flies 

Transgenic constructs were made by cloning the construct of interest into the 

pUAST vector for injection into fly embryos.  Germline transformants were recovered by 

eye color selection and the location of inserted transgenes was mapped using standard 

chromosomal mapping techniques.  Since RacGap50C maps to the second 

chromosome, transgenic lines containing the deletion constructs with inserts on the X or 

the 3rd chromosome were chosen preferentially so that they could be crossed into the 

RacGap50CAR2 background.  
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4.2.3 Reverse transcription PCR 

RNA from the transgenic flies and transfected cell lines were collected for 

analysis to ensure that constructs were expressed.  150 embryos that were 0-15 hours 

old were collected and homogenized.  The RNAeasy kit (Qiagen) was used to isolate 

total RNA.  RNA was treated with DNAse to eliminate any possible PCR amplification 

from the transfected DNA itself.  Messenger RNA was converted into cDNA using 

reverse transcriptase and random primers.  The cDNA was PCR amplified to test for the 

transgenic product of interest using the primers CGAGTGAAAACCGATTCGTAG and 

CGTCAAATGCTTTCCAACAAGG.  All deletion constructs tested produced detectable 

mRNA. 
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4.3 Results 

 

4.3.1 Binding in the yeast two hybrid assay 

Once the constructs were created, I first used them in a yeast two hybrid assay 

to determine which portion of RacGap50C can bind to each of the interacting proteins. 

Interestingly, no protein was able to interact with RacGap50C lacking the RacGap 

domain (ΔRGD) in the yeast two hybrid assay, aside from slight growth seen with 

CG4557.  (Tables 4.1, 4.2).  This could indicate that this deletion produces a 

nonfunctional protein product. The RacGap domain may contain crucial information 

required for the proper folding of the protein product, and constructs lacking this tertiary 

structure may produce nonfunctional protein.  However, since five of the nine interacting 

proteins tested fail to interact only with the RacGap deleted construct, there may be 

regions in this domain, which are critical for the binding of protein partners.   

The ΔPPD construct also revealed interesting interactions.  Loss of this domain 

prevented RacGap50C from interacting with Pav, which was expected.  Pav was able to 

interact with the ΔPBL construct, which retains the Pav binding domain, consistent with 

published data (SOMERS and SAINT 2003).  Anillin was not able to interact with either the 

ΔPPD construct or the ΔMID construct.  This may indicate that Anillin can interact with 

several regions of RacGap50C.  Investigations of the Saint lab  further mapped the 

Anillin interacting domain to amino acids 245-311 of RacGap50C, a region removed in 

our ΔMID construct, because deleting this region of RacGap50C abolished interaction 
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with Anillin (GREGORY et al. 2008).  A construct similar to ΔPPD was not tested in their 

assays.  This ΔPPD, since it removes both the Pav and Pbl binding regions, may, in 

combination with the expression of Anillin, form a complex which is detrimental to normal 

cytokinetic function.  The expression of a similar construct of the vertebrate MgcRacGap 

in HeLa cells, removing the N-terminal 106 amino acids, induces the formation of 

binucleate cells by 72 hours after transfection (HIROSE et al. 2001).  Although the 

expression of ΔPPD alone does not appear to inhibit growth of yeast cells, as we can 

detect interaction with other proteins, it may be that in combination with overexpressed 

Anillin, the expression of ΔPPD is lethal.  

In summary, the use of the deletion constructs in the yeast two hybrid assay 

defined the interaction region for Anillin as the middle region of the protein, and 

confirmed the interaction with Pav.  The yeast two hybrid data also indicate that the 

RacGap region may be important for the binding of protein partners. 
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Table 4.1: Interacting proteins tested against RacGap50C deletions, 
assayed for histidine activation 

Interacting proteins were tested in combination with each of the constructs 
deleting regions of the RacGap50C protein.  Growth was assayed after 24 hours on 
plates lacking histidine, a reporter gene for the physical interaction.  7mM 3 Amino 
Triazole was added to plates to select against spurious histidine activity. pGBT9 alone 
served as an empty vector control to test for auto activation of the assay. 

 

 

 

name

PPD 

7mM 

3AT   

48 hrs

PBL 

7mM 

3AT   

48 hrs

MID 

7mM 

3AT   

48 hrs

DAG 

7mM 

3AT   

48 hrs

RGD 

7mM 

3AT   

48 hrs

MOS 

7mM 

3AT   

48 hrs

FL RG 

7mM 

3AT   

48 hrs

PGBT9 

7mM 

3AT  48 

hrs

Pavarotti - +++ +++ +++ - - +++ -

Anillin - +++ - +++ - - +++ -

Miranda ++ +++ +++ +++ - - +++ -

CG4557 ++ +++ ++ +++ - - +++ -

CG7824 ++ ++ ++ ++ - - ++ -

CG13366     

CG13366FL

++     

++

+++     

++

++     

++

++     

++

-              

-

-       

++

++     

++

-             

-

CG31638 - + + + - - + -

mushroom 

body defect
+++ +++ +++ +++ - +++ +++ -

l(3)s2214 

(CG10061)
- +++ +++ +++ - - +++ -
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Table 4.2: Interacting proteins tested against deletions of RacGap50C, 
assayed for adenine activation 

Interacting proteins were tested in combination with each of the constructs 
deleting regions of the RacGap50C protein.  Growth was assayed after 24 hours on 
plates lacking adenine, thus requiring expression of a reporter gene for the physical 
interaction. pGBT9 alone served as an empty vector control to test for auto activation of 
the assay. 

 

 

 

 

 

 

name

PPD       

-Ade   

48 hrs

PBL       

-Ade   

48 hrs

MID        

-Ade   

48 hrs

DAG       

-Ade   

48 hrs

RGD       

-Ade   

48 hrs

MOS       

-Ade   

48 hrs

FL RG       

-Ade   

48 hrs

PGBT9       

-Ade   

48 hrs

Pavarotti - ++ +++ ++ - - ++ -

Anillin - ++ - ++ - - +++ -

Miranda +++ +++ +++ +++ - - +++ -

CG4557 ++ +++ +++ +++ + - +++ -

CG7824 + + ++ ++ - - ++ -

CG13366     

CG13366FL

+              

-

+              

-

+              

-

+              

-

-              

-

-              

-

+            

+

-              

-

CG31638       - - - - - - - -

mushroom 

body defect
- + ++ + - ++ ++ -

l(3)s2214 

(CG10061)
- + + ++ - - + -
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4.3.3 Deletion constructs affect TOPflash activity to varying degrees. 

I next investigated whether the deleted constructs were able to repress TOPflash 

activity.  Full length RacGap50C causes TOPflash activation levels to be repressed to 

35% of vector alone controls (p=1.71E-09) in response to Wnt media stimulation, and to 

19% of control levels in response to activation by BetaCatenin (p=1.9E-08) (Figure 5.2). 

The construct ΔPPD, which deletes both the Pav and Pbl binding regions, is able to 

repress TOPflash activity to 51% of controls when stimulated by WNT media (p=6.4E-

04).  When cells are stimulated by BetaCatenin, ΔPPD is able to repress to 19% of 

control levels (p=0.001).  Curiously, removal of only the Pbl binding region reduces the 

repressor function of RacGap50C.  The levels of activation in the presence of ΔPBL are 

87% when cells are stimulated by Wnt media, which is not significantly different from 

controls.  The levels of activation in the presence of ΔPBL are 65% when cells are 

stimulated by BetaCatenin (p=0.03).  The inability of the construct lacking only the Pbl 

binding region to repress Wnt pathway activation is perplexing.  I would predict that the 

removal of both the Pav and Pbl domain would have a greater impact on RacGap50C’s 

ability to regulate signaling than the removal of just the Pbl domain.  This may indicate 

that the binding of Pav to a RacGap50C protein lacking the adjacent Pbl binding 

sequences creates a complex in HEK cells that is incompatible with the role of 

RacGap50C in regulating Wnt signaling, or that is interfering with cytokinesis.  We do not 

detect, however, any gross morphological changes in these cells.  The ability of the 

ΔPPD construct to repress Wnt signaling activation indicates that even though Pav and 

RacGap50C are able to repress Wnt signaling independently, the repression induced by 

RacGap50C does not require the interaction with Pav.  This is in contrast to what is seen 
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in Drosophila cytokinesis where the interaction between RacGap50C and Pav is 

essential (ZAVORTINK et al. 2005).      

The construct lacking the middle of the protein, ΔMID, also showed compromised 

repressor function.  The level of TOPflash activation is not significantly reduced either in 

response to Wnt conditioned media stimulation, which was 86% of empty vector controls 

and or in response to BetaCatenin activation, which was 72% of empty vector controls.  

Thus, this region of the protein is likely to be required for the role of RacGap50C in the 

Wnt pathway in mammalian cells.  We have discovered that the middle of the protein 

contains a putative NLS at amino acids 127 to133, which are removed in the ΔMID 

construct (Columbia University Bioinformatics center NLS prediction program COKOL et 

al. 2000).  We predict that this NLS may be required for the function of RacGap50C in 

the Wnt pathway, because our model predicts that RacGap50C acts in the nucleus to 

regulate BetaCatenin.  We are currently investigating this idea by introducing point 

mutations to disrupt the NLS. 

The ΔDAG construct repressed TOPflash activation almost as well as full length 

RacGap50C.  Expressing ΔDAG in Wnt induced cells reduced activation to only 31% of 

empty vector controls (p=5.4 E-05).  In BetaCatenin stimulated cells, ΔDAG was able to 

repress activation to 11% of empty vector controls (p=1.6E-04).  Because the removal of 

this cysteine rich putative diacylglycerol binding region did not affect the ability of 

RacGap50C to repress TOPflash, we conclude that this region is not required for the 

Wnt signaling function of the protein.   

Deleting the RacGap homology domain also somewhat diminishes repressor 

function.  ΔRGD slightly reduced levels of activation to 59% of empty vector controls in 

Wnt induced cells (p=0.002).  In response to BetaCatenin activation, constructs lacking 
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the RacGap region were able to effectively repress signaling to 22% of empty vector 

controls (p=4.6E-04).  Repression produced by this construct in the TOPflash assay 

contrasts with its inability to function in the yeast two hybrid assay.  Therefore it is likely 

that at least some of the ΔRGD protein must be able to fold properly.  I wonder if the 

yeast two hybrid results are confounded by a conserved RacGap50C effect on 

cytokinesis.  Overexpression of a GAP activity defective form of MgcRacGap in HeLa 

cells caused the formation of multinucleate cells 72 hours post transfection (HIROSE et 

al. 2001).  Therefore, we perform the TOPflash assay on cell lysates collected 30 hours 

post transfection, to eliminate the possibility that mitotic defects affected the data.  

However, in the yeast two hybrid assay, cells must undergo multiple rounds of division 

before a yeast colony is visible.  Thus, it is possible that our inability to detect yeast two 

hybrid interactions with the RacGap deleted construct in the yeast two hybrid assay is an 

artifact of cytokinesis defects in the yeast cells.  

In any case, our data suggest a role for the RacGap domain in Wg signaling. 

However, our previous results indicated that GTPase activity of the RacGap domain is 

not required to rescue Wg signaling in Drosophila embryos.  Therefore, I tested whether 

GTPase activity itself is required for repression in the TOPflash system.  Removing three 

conserved amino acids, EIE, abolishes GAP activity (AHMED et al. 1994), but does not 

affect the ability of the protein to repress the TOPflash activity.  In response to Wnt 

induced activation the ΔEIE construct was able to repress signaling to 45% (p=2.9E-05), 

comparable to the repression of full length RacGap50C, 35% of controls.  In response to 

BetaCatenin activation, ΔEIE repressed signaling to 12% of controls (p=3.7E-04).  These 

results demonstrate that the GTPase activity of the RacGap domain is dispensable for 

Wnt regulation in mammalian cells as it is in Drosophila embryos.  Therefore, we believe 
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that the requirement for this portion of the protein reflects some other function, for 

example as a binding site for cofactors that assist in the repression of Wnt signaling.  

The ΔMOS construct was used as a negative control.  As expected, this construct was 

not able to repress the TOPflash activity at all.  Levels of TOPflash activity were the 

same as empty vector controls, 109% when induced by Wnt media and 108% when 

induced by BetaCatenin.   

In summary, our TOPflash results indicate a number of domains that are 

dispensable for RacGap50C’s repressor function.  The cysteine rich diacylglycerol 

binding domain is not required for the role of RacGap50C in Wnt signaling.  The binding 

of RacGap50C to Pav does not appear to be required for RacGap50C’s repression of 

Wnt signaling, as a construct that is missing the Pav binding region is able to repress 

TOPflash activity.  Furthermore, the GTPase activity of the RacGap domain is not 

required for the activity of RacGap50C in Wnt signaling, which is consistent with the 

results seen in the Drosophila embryo.  However, the RacGap domain does contain an 

element that is important for Wnt regulation, possibly a region of interaction with 

cofactors.  In addition, the middle domain of RacGap50C is required for full repressive 

activity.  This portion of the protein is known to bind to Anillin.  However, our studies 

(discussed earlier), suggest Anillin does not play a role in Wnt signaling.  Therefore, we 

believe that loss of the NLS, which may target RacGap50C to the nucleus, may be the 

critical feature that disrupts the repressor function of the ΔMID construct. 
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A.  

 B.  

Figure 4.2: Deletion of different domains affect the repressive ability of 
RacGap50C to varying degrees. 

Deletion constructs were expressed in HEK cells stimulated with Wnt conditioned 
media (A) or BetaCatenin (B).  Full length RacGap50C represses TOPflash activation in 
response to both Wnt and BetaCatenin stimulation.  Deleted constructs repressed 
TOPflash activation to varying degrees.  Constructs lacking the PPD or DAG domains 
effectively repressed TOPflash activation, as did the ΔEIE construct (p<0.001 for each).  
Constructs lacking the PBL and MID have a diminished repressive ability.  The ΔRGD 
construct effectively repressed activation in response to BetaCatenin stimulation 
(p=0.002), but not as robustly as the construct only lacking the EIE residues.  
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4.3.4 Expression of deletion constructs in Drosophila 

All deletion constructs were ectopically expressed in Drosophila embryos and 

tested for their ability to rescue the RacGap50CAR2 mutation.  The full length 

RacGap50C construct (SOTILLOS and CAMPUZANO 2000), expressed ubiquitously in the 

embryo, is able to rescue the embryonic patterning defects of the RacGap50CAR2 

homozygous mutant.  This transgene is partially able to rescue the embryonic lethality.  

Fewer than 10% of these embryos fail to hatch (n=796), compared to 25% of the 

embryos from RacGap50CAR2 heterozygous parents that do not carry the transgene 

(n=593) (Figure 2.3).    

Similar rescue is observed with the transgene that lacks the Pbl-binding region.  

Ubiquitous expression of UAS-RacGap50CΔPBL improves the cuticle pattern of 

RacGap50CAR2 homozygous mutant embryos (figure 4.3C).  However, this transgene is 

not able to rescue embryonic lethality.  24% of the embryos from RacGap50CAR2 

heterozygous parents fail to hatch, even when UAS-RacGap50CΔPBL is expressed in all 

of the homozygous mutant embryos (n=350) (Table 4.3).  This result may be due to 

overlapping function of RacGap50C in Wg signaling and cytokinesis.  Pbl is a RhoGEF 

that is required for cytokinesis (PROKOPENKO et al. 1999; TATSUMOTO et al. 1999), and 

pbl mutant embryos fail to undergo cytokinesis in the fourteenth division cycle of 

embryonic development (HIME and SAINT 1992; LEHNER 1992).  Our collaborations in the 

Saint lab have shown that the ΔPBL construct fails to rescue cytokinesis in 

RacGap50CDH15 homozygous mutant embryos (ZAVORTINK et al. 2005).  These data 

suggest that the embryonic lethality of RacGap50C mutants is likely due to failures in 

cytokinesis rather than to the mild epidermal patterning disruptions caused by excess 
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Wg signaling.  Since ΔPBL can rescue the cuticle pattern, we conclude that the binding 

of RacGap50C to Pbl is not required for RacGap50C’s regulation of the Wg pathway.    

Over-expression of the construct lacking both the Pav and Pbl binding regions, 

RacGap50CΔPPD, has a dominant negative effect on Drosophila embryos.  When UAS-

RacGap50CΔPPD is expressed in embryos from two RacGap50CAR2 heterozygous 

parents, 44% of the embryos fail to hatch (n=328).  This includes all of the homozygous 

mutant embryos, which are all expressing the RacGap50CΔPPD transgene, as well as 

most of the embryos heterozygous for RacGap50CAR2 that are expressing the UAS-

RacGap50CΔPPD transgene (Table 4.3).  Ubiquitously expressing UAS-RacGapΔPPD in a 

RacGap50CAR2 sensitized background results in 86% embryonic lethality of embryos 

(n=133), and no flies expressing UAS-RacGapΔPPD survive to adulthood (Table 4.3).  

Among the embryos that fail to hatch, dramatic cuticle pattern phenotypes are observed 

which range from mild to severe (Figure 4.3G, H, I).  The mild phenotypes resemble the 

phenotype of the RacGap50CAR2 homozygous mutant embryos, a slight increase in 

naked cuticle and a lateral compression of the denticle belt.  The severe phenotypes 

consisted of gross pattern disruptions that include both denticle belt fusions and excess 

naked cuticle, sometimes in the same embryo.  The most severe phenotypes had not 

only a dramatic increase in naked cuticle, but also frequent holes in the cuticle, and a 

smaller overall size of the embryo.  The phenotypes seen in these embryos may be due 

to effects on both cytokinesis and Wg signaling.  Because a similar mutated MgcRacGap 

causes cell cycle arrest in HeLa cells (HIROSE et al. 2001), it is reasonable to suspect a 

similar dominant negative effect on cell proliferation in Drosophila embryogenesis.  We 

do not yet know whether the severe patterning defects are a direct consequence of a 

dominant negative effect on Wg signaling or cytokinesis.   
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Ectopic expression of the UAS-RacGap50CΔMID transgene also has a mild 

dominant negative effect on viability in a RacGap50CAR2 heterozygous background 

(Table 4.3).  This phenotype seems to be dependent on the dosage of functional 

RacGap50C, as this lethal phenotype is not seen when UAS-RacGap50CΔMID is 

expressed in a wild type background.  When UAS-RacGap50CΔMID is expressed in 

RacGap50CAR2 mutant embryos, 46% of the embryos fail to hatch (n=328).  This 

includes all of the homozygous mutant embryos, as well as most of the heterozygous 

mutant embryos that are expressing the transgene (Table 4.3).  ΔMID does not produce 

any rescue of the RacGap50CAR2 homozygous mutant cuticle pattern. In fact, many 

embryos have a more severe phenotype, with more naked cuticle than the 

RacGap50CAR2 homozygous mutant embryos (Figure 4.3D).  The middle region of 

RacGap50C contains at least two elements, the NLS and the site of binding to Anillin. 

The dominant negative effect on viability may be due to failure to interact with Anillin, 

and thus to regulate cytokinesis.  For example, RacGap50CΔMID may bind to cofactors 

required for cytokinesis, such as Pav and Pbl, and titrate them away from the developing 

contractile ring.  However, it is also possible that the RacGap50CΔMID phenotype is due 

to loss of the NLS, which might abrogate RacGap50C’s ability to regulate BetaCatenin in 

the nucleus.  In either case, if RacGap50CΔMID is unable to localize properly, cofactors 

bound to RacGap50CΔMID may be unable to perform regulatory functions as they are in 

the improper location.  Alternatively, it may be that loss of both of these functional 

elements in RacGap50C combines to create a protein that has a dominant negative role 

in both cytokinesis and Wg signaling. 

In contrast, deletion of the cysteine rich diacylglycerol-binding domain had no 

detrimental effects in Drosophila embryos and was able to fully rescue the 
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RacGap50CAR2 mutant embryos (Figure 4.3E).  Ubiquitously over expressing UAS-

RacGap50CΔDAG in embryonic development had no dominant negative effect on viability 

of embryos.  Moreover, expression of UAS-RacGap50CΔDAG in RacGap50CAR2 mutant 

embryos was able to rescue their embryonic lethality.  Only 8% of embryos failed to 

hatch (n=622) (Table 4.3).  This is similar to the level of rescue produced with the full-

length wild type transgene, indicating that the DAG domain is not required for the 

function of RacGap50C in embryogenesis.   

Finally, the RacGap domain is required for RacGap50C function in the Wg 

pathway, because expression of UAS-RacGap50CΔRGD is not able to rescue the cuticle 

pattern defects seen in the homozygous mutant embryos (Figure 4.3F).  We also do not 

see any rescue of embryonic lethality, 26% of the embryos from RacGap50CAR2 

heterozygous parents fail to hatch, even when UAS-RacGap50CΔRGD is expressed in all 

of the homozygous mutant embryos (n=276) (table 4.3).  It is possible that 

RacGap50CΔRGD is unable to rescue the cuticle pattern defects because of lack of 

expression of the transgene.  However, RacGap50CΔRGD mRNA is present in the 

embryos, therefore lack of expression is likely not the explanation for inability of 

RacGap50CΔRGD to rescue patterning.  In the yeast two hybrid assay, we found that 

some protein interactors likely do bind to RacGap50C in the RacGap region, thus the 

inability of RacGap50CΔRGD to rescue Wg signaling in mutant embryos may be due to the 

loss of binding interactions with important cofactors.   

To summarize, testing the expression of deleted constructs in Drosophila 

embryos further defined the roles of the various domains of RacGap50C.  Neither the 

putative diacylglycerol binding nor the Pbl binding region of RacGap50C is required to 

rescue Wg regulation.  Removal of the larger region including both the Pbl and Pav 
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binding sites has dramatic consequences when the protein is expressed in embryos, 

presumably due to a requirement for this region in cytokinesis and possibly in Wg 

signaling.  The RacGap region may be important for Wg signaling, as removal of this 

region was not able to rescue embryonic cuticle pattern defects.  The middle zone of the 

protein, amino acids 104-306, may have similar overlapping roles.  This region is 

required for Wg signaling, and constructs lacking this region are not able to rescue 

homozygous mutant embryos.  The dominant negative effect produced by UAS-

RacGap50CΔMID overexpression could be due to the loss of the NLS, or to the loss of the 

Anillin binding region.  
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Table 4.3: Rescue observed with RacGap50C transgenes containing 
deletions 

 
 
Transgenes were expressed ubiquitously using the E22C-Gal4 driver.  In the crosses to 
RacGap50CAR2 heterozygous parents, all homozygous mutant embryos (25% of the total 
embryos) will be expression the transgene.  Half of the heterozygous mutant embryos 
(25% of total embryos) will also be expressing the transgene.  50% of the embryos are 
unaffected by transgene expression.  In the crosses to otherwise wild type E22C-Gal4 
flies, all progeny are expressing the transgene, while 50% of the progeny are also 
heterozygous for the mutant RacGap50CAR2.  Dominant negative effects were seen in 
embryos expressing UAS-RacGap50CΔPPD and UASRacGap50CΔMID.    

 

unhatched embryos
deletion Cross No. of embryos observed % observed % expected

UAS-RacGap50C ; 
RacGap50CAR2/CyO   328 145 44% 25%
X  
RacGap50CAR2 E22CGal4/CyO
UAS-RacGap50C ; 
RacGap50CAR2/CyO   350 84 24% 25%
X  
RacGap50CAR2 E22CGal4/CyO
UAS-RacGap50C ; 
RacGap50CAR2/CyO   360 166 46% 25%
X  
RacGap50CAR2 E22CGal4/CyO
UAS-RacGap50C ; 
RacGap50CAR2/CyO   622 50 8% 25%
X  
RacGap50CAR2 E22CGal4/CyO
UAS-RacGap50C ; 
RacGap50CAR2/CyO   276 72 26 25%
X  
RacGap50CAR2 E22CGal4/CyO
UAS-RacGap50C ; 
RacGap50CAR2/CyO   133 115 86% 0%
X  
E22CGal4
UAS-RacGap50C ; 
RacGap50CAR2/CyO   515 62 12% 0%
X  
E22CGal4
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Figure 4.3:  Cuticle pattern defects due to overexpression of RacGap50C 

deletions 
(A) RacGap50CAR2 homozygous mutant embryos have cuticle pattern defects as 

compared to wild type (B).  All transgenes were expressed ubiquitously using the E22C-
Gal4 driver.  (C) Expression of UAS-RacGap50CΔPBL in RacGap50CAR2 homozygous 
mutant embryos somewhat rescues the cuticle pattern defects.  (D) Expression of UAS-
RacGap50CΔMID has a slight dominant negative phenotype; some RacGap50CAR2 
homozygous mutant embryos expressing this transgene have a further increase in 
naked cuticle.  (E) UAS-RacGap50CΔDAG is able to rescue cuticle pattern defects when 
ubiquitously expressed in RacGap50CAR2 homozygous mutant embryos.  (F) UAS-
RacGap50CΔRGD is unable to rescue the cuticle pattern of RacGap50CAR2 homozygous 
mutant embryos.  (G) UAS-RacGap50CΔPPD has a dominant negative effect when 
expressed in RacGap50CAR2 homozygous mutant embryos as well as in RacGap50CAR2 
heterozygous mutant embryos (H,I).  These phenotypes included denticle belt fusions 
(arrowhead) as well as an increase in naked cuticle (arrow) (G,H).  These phenotypes 
also included a decrease in overall size of the embryo and holes in the cuticle (I). 
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5.4 Discussion 

We find that the conserved cysteine rich region plays no apparent role in Wnt 

regulation.  Other domains appear to play roles in both cytokinesis and Wnt signaling in 

ways that are not straightforward.  Indeed, we see anomalies in domain function 

between mammalian cells in culture and the Drosophila embryos.  For example, the Pbl-

binding region is required for the TOPflash repression role of RacGap50C, but 

expression of UAS-RacGap50CΔPBL is able to rescue embryonic cuticle patterning in the 

Drosophila embryo.  This may indicate that the HEK cells do not provide an environment 

identical to that found in the developing embryo.  The role of Pav binding to RacGap50C 

is also not clear.  In TOPflash assays, the Pav binding domain is not required for 

RacGap50C to repress TOPflash activation.  This is consistent with our data suggesting 

that Pav and RacGap50C have distinct roles in regulating Wnt signaling.  First, excess 

TCF is able to overcome the Pav-mediated repression of TOPflash, but not the 

repression produced by RacGap50C.  Second, RacGap50C mutants show genetic 

interactions with nkd, whereas pav mutants do not.  Since RacGap50C and Pav are 

known to bind to each other throughout the cell cycle (MINOSHIMA et al. 2003), it seems 

likely that they are acting as a complex in their Wnt regulatory role.  However, if so, they 

must play separate functional or structural roles within this complex. 

The middle of RacGap50C was found to be required for binding of Anillin, in an 

interaction that is essential for cytokinesis (GREGORY et al. 2008).  However, our recent 

finding that the middle region of RacGap50C also contains a NLS raises the possibility 

that this region is important for targeting RacGap50C to the nucleus where it regulates 

Wnt signaling.  Since the middle region is essential for RacGap50C function in both 
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mammalian Wnt signaling and Drosophila embryonic patterning, it will be important to 

determine whether this role depends on a functional NLS. 

The RacGap domain contains the GTPase activating region of RacGap50C.  

This GTPase activity itself is not required for the role of RacGap50C in Wg signaling; 

constructs lacking the GTPase activity are able to effectively repress TOPflash activity, 

and to rescue Drosophila mutants.  Interestingly, the removal of the entire RacGap 

region is detrimental to the ability of RacGap50C to regulate Wnt signaling.  Although 

constructs lacking this region moderately repress TOPflash reporter activity, they are 

unable to rescue the cuticle pattern defects of RacGap50CAR2 mutant embryos.  The 

yeast two hybrid assay indicates that there are likely sequences in the RacGap domain 

that are required for binding of cofactors that may assist in the regulation of Wnt 

signaling by RacGap50C. 

RacGap50C has an essential role in cytokinesis, which creates problems in 

examining loss of function phenotypes.  RNAi of RacGap50C causes failure in cell 

division and the accumulation of binucleate cells (MISHIMA et al. 2002; SOMERS and 

SAINT 2003).  This cytokinetic defect has made certain investigations impossible, such 

as germline and somatic clone analysis.  I had hoped to create a protein that would 

effectively rescue cytokinesis and not Wg signaling, allowing for further analysis of 

RacGap50C loss of function in embryonic and adult tissues.  However none of the 

deleted constructs produce this effect consistently.  

Although the structure function analysis has further defined roles for the various 

regions of RacGap50C, I have found that the roles of RacGap50C in cytokinesis and Wg 

signaling are closely interrelated on a protein level.  Further fine mapping of important 

domains may be necessary to tease apart these cellular functions of RacGap50C.  For 
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example, point mutations within the NLS sequence may yield a construct that is able to 

effectively function in cytokinesis but be defective in Wg signaling.  This reagent would 

be invaluable for further study of RacGap50C in the development of Drosophila.  
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5. Summary and Future Directions 

 



 

125 

 

In this study, I have sought to understand the role of RacGap50C in the Wnt 

pathway in development.  RacGap50C was initially discovered in a genetic screen for 

mutations that modify Wg signaling in Drosophila.  Loss of RacGap50C causes an 

increase in the amount of naked cuticle secreted by mutant embryos, indicating an 

increase in Wg pathway activity.  RacGap50C was further found to have a striking 

genetic interaction with nkd, and double mutant embryos show an almost complete 

replacement of denticles with naked cuticle.  RacGap50CAR2 homozygous mutant 

embryos also show an increase in the accumulation of Arm protein.  These initial studies 

showed that RacGap50C functions as a negative regulator of the Wg pathway in 

Drosophila and suggested a role for RacGap50C in regulating Arm stability.  However, 

subsequent analysis has shown that expression of RacGap50C has no effect on levels 

of BetaCatenin in mammalian cells.  This result is inconsistent with the Arm 

accumulation phenotype seen in the RacGap50C homozygous mutant embryos.  It is 

likely that the Arm accumulation seen in embryos is a secondary consequence of 

increased pathway activity in the RacGap50C mutants. 

I next looked for possible interacting proteins to help elucidate the molecular 

function of RacGap50C.  Through these experiments, I found three important binding 

partners, Anillin, CG4557, and Pav.  Anillin is a conserved component of the contractile 

ring and is essential for cytokinesis (FIELD and ALBERTS 1995; OEGEMA et al. 2000).  

Anillin interacts with RacGap50C via amino acids 245-311, and this interaction is 

required for the proper localization and stabilization of the cytokinetic furrow (GREGORY 

et al. 2008).  Based on the lack of a homozygous mutant cuticle pattern phenotype, and 

an inability of Anillin to regulate Wnt stimulated TOPflash activity, we think it is unlikely 
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that Anillin is required for RacGap50C’s role in Wnt signaling.  However, Anillin does 

contain a NLS, which is not required for its function in furrow localization in cytokinesis  

(PIEKNY and GLOTZER 2008), and Anillin is concentrated in the nucleus during interphase 

(OEGEMA et al. 2000).  This raises the intriguing possibility that Anillin is involved 

RacGap50C’s Wnt regulation.  While homozygous mutant embryos do not show any Wg 

related cuticle patterning defects, we need to test for effects prior to cuticle deposition. 

Failure to detect a change in the levels of Wg target genes in Anillin homozygous mutant 

embryos would support the conclusion that the Anillin-RacGap50C interaction is required 

for cytokinesis, but not Wnt signaling.   

CG4557 is a protein of disputed function, and initial studies link it to the Wnt 

pathway as an enhancer of Wnt signaling.  Further studies of this protein in Drosophila 

may serve to clear up the controversy surrounding its function.  We have begun initial 

characterizations of CG4557 overexpression and knockdown in flies.  A mutation in 

CG4557 would be very valuable for this analysis, and will be generated by homologous 

recombination.  Investigating Wnt target genes in flies overexpressing UAS-CG4557 

may provide insight into the role of this protein.  If CG4557 is a transcriptional activator, 

we would expect to see an increase in target gene activation.  This may be assayed 

more readily in the wing disc, where increased levels of Wg signaling leads to an 

expansion of the expression domains of Wg target genes (MICCHELLI et al. 1997; 

NEUMANN and COHEN 1996b).  The initial wing phenotypes described in chapter 3 are 

suggestive of a role for CG4557 in development of the wing disc, and we would expect 

to see evidence of this role through changes in expression profiles in the disc.   

Through structure function analysis of RacGap50C, I have defined regions of the 

protein that are dispensable for Wnt signaling regulation, the cysteine rich region and the 
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Pav binding region.  The middle of RacGap50C contains a NLS, which may be important 

for a nuclear role for RacGap50C in regulating BetaCatenin induced transcription.  The 

removal of this region, which includes the NLS, creates a protein that is unable to rescue 

Wg patterning defects.  We are currently working to generate mutations in this 

sequence, to determine if the NLS is responsible for the function of this region in Wg 

signaling.  We would expect that RacGap50CΔNLS would not be targeted to the nucleus in 

HEK cells, and thus be unable to repress TOPflash activity.  Expression of UAS-

RacGapΔNLS in embryos should not rescue embryonic cuticle patterning defects, although 

we would predict cytokinetic rescue.  RacGap50CΔNLS may provide us with an invaluable 

reagent: a protein that can rescue cytokinesis but not Wg signaling.  This construct could 

be used for generation of somatic clones to test RacGap50C’s function in tissues later in 

development. 

The RacGap domain may contain regions that are important for binding to 

interacting proteins.  Although the GAP activity of this region is not required for Wnt 

regulation, removal of the entire region creates a protein that is unable to rescue 

patterning in the embryo.  This RacGap region is required for binding to many of the 

proteins found in the yeast two hybrid screen, including CG4557, suggesting this may be 

a region important for protein-protein interactions.  Further mapping of this domain will 

determine the minimal region required for binding to CG4557, and may provide 

increased insight into the role of the CG4557-RacGap50C interaction. 

The interaction with Pav or Pbl does not seem to be required for RacGap50C’s 

ability to regulate the Wnt pathway, although the examination of these domains is 

complicated by their requirement for cytokinesis.  Removal of both the Pav and Pbl 

binding region creates a dominant negative construct when expressed in Drosophila 
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embryos, which makes it difficult to fully understand the role of the interaction with Pav in 

Wnt signaling. 

The requirement for RacGap50C and some of its protein interactors in cell 

division renders loss of function analyses problematic.  However, cells stably expressing 

Pav or RacGap50C show no mitotic or cytokinetic defects (D'AVINO et al. 2006) and 

overexpression of MgcRacGap does not block the normal progression of the cell cycle 

(HIROSE et al. 2001).  Although we were unable to analyze the effects of loss of 

RacGap50C function on Wnt signaling in mammalian cells, gain of function experiments 

confirmed its role in regulating the mammalian Wnt pathway.  

Based on the known association of RacGap50C and Pav with the actin and 

microtubule cytoskeleton, I postulated that RacGap50C and Pav might play a role in 

destruction complex function or localization.  Instead, we found that RacGap50C does 

not alter BetaCatenin, and that BetaCatenin accumulates in the nucleus at normal levels.  

Rather RacGap50C appears to somehow render BetaCatenin unable to effectively 

activate transcription of the reporter gene.  This led us to formulate a new model for Wnt 

regulation, where RacGap50C sequesters the BetaCatenin-TCF complex and thereby 

prevents its activation of target genes.  Other proteins have been shown to sequester 

BetaCatenin in the nucleus, notably BCL-9 (TOWNSLEY et al. 2004) (KRIEGHOFF et al. 

2006).  RacGap50C may act in concert with Lgs/BCL-9, or may have a separate role in 

sequestration of nuclear BetaCatenin.  Alternatively, RacGap50C may act as part of a 

repressive complex bound to BetaCatenin and TCF on the DNA.  MgcRacGap has been 

shown to bind hypoxia inducible factor 1α (HF1α), a subunit of the dimeric transcription 

factor hypoxia inducible factor 1 (HIF1), and inhibit transcriptional activity without 

lowering HF1α protein levels (LYBEROPOULOU et al. 2007).  RacGap50C may be playing 
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a similar role in inhibiting the transcriptional activity of TCF, although we have detected 

no binding between RacGap50C and TCF.  A second model for RacGap50C activity, 

which cannot be ruled out by the current data, is that RacGap50C affects a modification 

of BetaCatenin or TCF that regulates its transcriptional activation function.  For example, 

Nemo phosphorylation of TCF, diminishes its DNA binding ability (ISHITANI et al. 2003), 

whereas phosphorylation of BetaCatenin at tyrosine 142 diminishes its interaction with 

αcatenin and strengthens its interaction with BCL-9 (BREMBECK et al. 2004).  It is 

possible that RacGap50C is a member of a complex involved in regulating either of 

these events to modulate pathway activity. 

The multiple roles of RacGap50C raises important questions about the interplay 

between cell division and cell fate decisions in the developing organism.  For example, 

how, in a complex physiological environment, does the cell decide what role a protein 

will be performing?  Does an increase in proliferation, and thus cytokinesis, titrate the 

RacGap50C protein away from its Wnt regulatory role?  Or, conversely, does an 

increase in Wnt signaling relieve RacGap50C from its repressive duties and allow it to 

participate in cytokinesis?  In addition, the Wnt pathway is an extremely important 

pathway in the formation of various cancers, reviewed in (POLAKIS 2007).  The discovery 

of a protein that is involved in regulating both cytokinesis and Wnt signaling has exciting 

implications for the understanding of pathway misregulation and possible therapeutics.  

Since many cancer cells show both excessive Wnt signaling and rapid cell division, it 

would be interesting to understand how RacGap50C is regulated in those situations.  

Finding a way to block RacGap50C’s involvement in cell division without removing the 

ability to regulate Wnt signaling could be of potential therapeutic interest. 
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6. Appendix A: Analysis of Potential RacGap50C-
Interacting Proteins 

6.1 Introduction 

In addition to the work described previously, I investigated the interaction of 

RacGap50C with another component of the Wg pathway, Nkd.  I also investigated the 

possible role of proteins found in the yeast two hybrid assay in more detail.  The results 

of my investigations on these proteins showed that they were unlikely to be relevant to 

the role of RacGap50C in regulating the Wg pathway.  My investigations are described 

below. 

6.2 Experimental procedures 

6.2.1 Constructs 

Nkd Constructs (WALDROP et al. 2006) were eluted from Whatman paper in 100µl 

TE, and transformed into XL1-Blue cells using standard protocols (SAMBROOK et al. 

1989).  DNA was collected from the transformed cells using the Qiagen miniprep kit and 

sequenced for accuracy.  All Nkd constructs are in the pAS2 or pAS2-1 vector (BD 

Biosciences), and contain the some portion of the nkd gene fused to the Gal4 DNA 

binding domain for use in yeast two hybrid assays.  All other assays and protocols were 

done as described previously (3.2) 
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6.2 Naked Cuticle 

Based on the genetic interactions observed, I decided to test whether 

RacGap50C physically interacts with Nkd.  First, I attempted to perform co-

immunoprecipitation experiments.  I used the E22C Gal4 driver, which expresses at 

uniform levels in the epidermis to express a Myc tagged UAS-Nkd. MYC antibody 

conjugated sepharose beads were used to immunoprecipitate the Nkd protein from 

these flies.  I was unable to co-immunoprecipitate RacGap50C in these experiments.  

Physical interaction was tested further by performing yeast two hybrid experiments using 

Nkd constructs in pAS2 or pAS2-1, provided by Keith Wharton (WALDROP et al. 2006).  

The constructs tested included full length wild type Nkd, as well as 9 constructs 

containing deletions in various regions of the Nkd protein.  These constructs are 

described in detail in Waldrop et al (2006).  None of the constructs provided showed any 

growth in combination with RacGap50C in the yeast two hybrid assay.  The lack of any 

interaction between RacGap50C and any portion of the Nkd protein indicates that there 

is no physical interaction between these two proteins.  This suggests that the 

enhancement seen between RacGap50CAR2 and nkd7E89 is due to the loss of two 

negative regulators, which play different roles in the Wg pathway.  Loss of both proteins 

causes a dramatic increase in pathway activity, as seen by the increase in naked cuticle 

present in the doubly mutant embryos.  

6.3 CG10061 

CG10061 is known as l(3)s2214, because there is a stock available from the 

Bloomington stock center that contains a lethal mutation in the gene.  CG10061 contains 

a Tcp10 domain (NCBI conserved domain search), related to the C-Terminus of T-
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complex protein 10, which is involved in spermatogenesis in mice.  The region of the 

protein that interacts with RacGap50C includes the Tcp10 region.  In order to determine 

which regions of RacGap50C are required for the interaction, CG10061 was tested in 

the yeast two hybrid system in combination with a series of constructs containing 

deletions in various regions of the RacGap50C protein (Figure 4.1).  CG10061 was not 

able to interact with the RacGap50C constructs that lacked the Pav and Pbl binding 

domain or the RacGap domain (Table 4.1, 4.2).  Since CG10061 was able to interact 

with the construct that is only missing the Pbl binding region, this could indicate that the 

region required for interaction is either the Pav binding region or the RacGap domain.  

There is no full length cDNA clone available for CG10061.  In order to test full length 

CG10061 in the TOPflash assay, attempts were made to PCR a CG10061 transcript out 

of a first strand cDNA prep, but they have been unsuccessful.   

Upon initial investigation, l(3)s2214 showed an embryonic lethal phenotype, and 

embryos showed a distinctively aberrant cuticle pattern.  This pattern included both 

denticle belt fusions as well as cell fate transformations to naked cuticle.  This was an 

exciting phenotype, as it indicated a clear loss of patterning information, suggesting a 

possible misregulation of Wg signaling in the mutant embryos.  However, since this 

mutation has been maintained over a balancer for many generations, it is possible that 

the chromosome had accumulated other mutations that might contribute to the 

phenotype.  Balancer chromosomes are used to maintain mutagenized chromosomes, 

because they suppress recombination.  Thus if a spontaneous mutation arose on the 

l(3)s2214 chromosome, it would remain linked to the l(3)s2214 mutation.  Since 

l(3)s2214 is a lethal mutation, the accumulation of recessive lethal or modifier mutations 

on this chromosome would not necessarily give a selective disadvantage to the stock, 
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and it would be difficult to detect these mutations, as they co-segregate with the original 

mutation.  To verify that the phenotype observed is due to the P-element insertion in 

CG10061, I wanted to remove any possible linked recessive lethal or modifier mutations 

from the chromosome.  The mutant line was crossed to a stock containing the visible 

recessive markers roughoid, hairy, thread, curved and stripe.  The P-element that 

causes the original lethal phenotype is located at 43.2mu, which is in between the genes 

curved and stripe.  The visible markers were used to replace the chromosome on either 

side of the P-element.  Out of 100 recombinant lines examined, two had recombination 

events on both sides of the mutation.  Unfortunately, in the recombinant lines, the 

l(3)s2214 mutation is no longer embryonic lethal, but rather causes lethality in the larval 

stage.  Placing the recombinant chromosome containing l(3)s2214  in trans to a 

deficiency for the region, also does not result in embryonic lethality (n=312).  This 

indicates that the original phenotype seen was likely due to an accumulation of multiple 

lethal or modifier mutations on the l(3)s2214 chromosome, and not to a direct role of 

l(3)s2214 in the Wg pathway.  

 

6.4 CG7824, CG31638 

CG7824 is a protein with unknown function, encoding two alternatively spliced 

transcripts.  The construct that was recovered in the yeast two hybrid assay contained 

the smaller transcript, which codes for 34 amino acids.  The longer transcript encodes 

352 amino acids.  CG7824 contains no known protein domains, but does contain 

multiple putative nuclear localization signals (Columbia University Bioinformatics center 

NLS prediction program COKOL et al. 2000).  The construct found in the yeast two hybrid 
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screen was a full length version of the smaller transcript.  When testing for the region of 

RacGap50C required for interaction, CG7824 was able to interact with all constructs 

except for the one lacking the RacGap domain (Table 4.1, 4.2).  In the TOPflash assay, 

expression of CG7824 in HEK cells had no effect on TOPflash induction stimulated by 

Wnt media or full length Beta Catenin (Figure 3.1, 3.2).  Since expression of CG7824 

had no regulatory effect on its own, I tested whether CG7824 was able to enhance the 

repressive effect of RacGap50C.  The co-expression of RacGap50C and CG7824 did 

not significantly change the repression of TOPflash activity seen by RacGap50C alone 

(Figure 3.2).  Therefore it is unlikely that this protein has any effect on Wg pathway 

activity, and there are no known mutations or stocks available. 

CG31638 is a myosin related gene.  This is intriguing, because of the known role 

of RacGap50C in cytokinesis and association with the regulation of the actin 

cytoskeleton.  There are no mutants known for CG31638, and a deficiency for the region 

is not embryonic lethal (n=229).  CG31638 contains a SMC domain, and the region 

interacting with RacGap50C overlaps the SMC domain.  CG31638 also contains a 

potential nuclear localization signal.  When testing for the important domains for 

interaction, CG31638 failed to interact with the RacGap50C construct that was missing 

the Pav and Pbl binding domain, or with the construct missing the RacGap domain.  

Expression of CG31638 had no effect on TOPflash activity stimulated by Wnt 

conditioned media or Beta Catenin. Co-expression of CG31638 with RacGap50C also 

did not enhance the RacGap50C-mediated repression of TOPflash activity.   
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6.5 CG13366 

CG13366 is a protein with unknown function, although it contains an actin 

binding domain as well as a coiled coil domain.  This is interesting, because the roles of 

RacGap50C and Pav in cytokinesis and Wg signaling may point to an important role for 

actin as well.  The RacGap50C interacting region, as defined by the constructs found in 

the screen, overlaps the coiled coil domain, which is found in the middle of the protein, 

while the actin binding domain is located at the C terminal end.  The RacGap50C 

interacting region of CG13366 overlaps a SMC domain.  When tested with the 

RacGap50C deletion constructs to define the region of interaction, CG13366 only failed 

to interact with the construct lacking the RacGap domain (Table 4.1, 4.2).  

A full-length construct was recovered in the yeast two hybrid screen and tested  

directly in the TOPFLASH assay system.  Expression of CG13366 had no significant 

effect on TOPflash activity stimulated by Wnt media or full length BetaCatenin (Figure 

3.1, 3.2).  CG13366 also had no effect on TOPflash activity when co-expressed with 

RacGap50C.  Therefore, it is unlikely that CG13366 plays a significant role in the 

regulation of the Wnt pathway. 

 

6.6 Miranda 

Miranda is an actin binding protein that is involved in asymmetric protein 

localization.  Miranda contains a SMC domain and a nuclear localization signal.  The 

region of Miranda that interacts with RacGap50C overlaps the SMC domain, similar to 

CG31638.  Miranda is able to interact with all of the deletion constructs, except for the 

construct that is missing the RacGap domain.  As many of the other interactors fail to 



 

136 

interact with the construct that is lacking the RacGap domain, this may indicate that 

there may be a region of the RacGap domain that is a site for protein binding.   

Although Miranda has been studied extensively, there are no mutant stocks 

available from the Bloomington stock center.  The deficiency that uncovers Miranda is 

embryonic lethal, and has a slight defect in the denticles.  The denticles are not as 

robust and thick as normal, wild type denticles.  However, there was no defect in the 

patterning of the cuticle.  In the TOPflash assay system, expression of Miranda did not 

alter TOPflash activity induced by BetaCatenin (Figure 3.2).  When co-expressed with 

RacGap50C, Miranda did not enhance the RacGap50C-mediated repression.  Because 

Miranda is unable to dramatically affect TOPflash activity, we conclude that it is unlikely 

to play a major role in Wnt signaling.     

 

6.7 Summary 

Although many of the proteins examined from the yeast two hybrid screen failed 

to significantly modulate TOPflash activity, these proteins give us some insight into the 

role of RacGap50C in cellular processes.  A common domain found in the interacting 

proteins was the SMC domain.  Although this might not have physiological relevance, it 

suggests that RacGap50C can interact with proteins that have DNA binding ability.  Also, 

many of these proteins required the RacGap domain for their interaction with 

RacGap50C.  Although removal of this domain may have created a dominant negative 

protein when expressed in yeast, many of the interacting proteins were able to interact 

with all other constructs, suggesting that the RacGap domain is the relevant site of 

interaction.  Therefore it may play a role as a protein binding site as well as a GTPase 
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activating domain.  This raises the possibility that it may be a point of regulation.  

Proteins binding to the RacGap domain may interfere with the GTPase activity of the 

protein.  This may provide a mechanism for RacGap50C to distinguish between its roles 

in the cell, some which require the activity of the GTPase and some which do not.  

Although the interactor proteins described here did not dramatically change activation in 

the TOPflash assay, it is still possible that they may modulate Wnt signaling.  The HEK 

cells and the conditions of the TOPflash assay may not have provided the appropriate 

environment for their participation in the pathway.  Based on the knowledge that they 

can bind to RacGap50C, it will be important to watch for new studies of these proteins, 

and the discovery of new functions that may potentially shed light on a possible role in 

Wnt signaling.
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