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Wnt/β-catenin signals are essential for many developmental and physiological processes 

in animals.  Deregulation of the Wnt signaling pathway in mammals can cause diseases 

such as birth defects, cancer, osteoporosis, and diabetes.  In Drosophila, the naked cuticle 

(nkd) gene antagonizes the Wnt/β-catenin signaling in every segment of the embryo.  

Nkd is a modular, evolutionarily conserved protein that uses an EF-hand motif and 

adjacent sequences to target the cytoplasmic Wnt signal transducer Disheveled (Dsh).  

The mechanism by which Nkd antagonizes Wnt signaling in Drosophila embryos is not 

well understood.  The abundance and bulk distribution of Dsh is not altered in nkd 
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mutants as compared to wild type embryos, and overexpression of Nkd transgenes in nkd 

mutants did not alter Dsh distribution or abundance by confocal microscopy.  Nkd 

transgenes lacking Dsh-binding regions were mostly able to rescue nkd mutants, 

suggesting that the Dsh-binding regions of Nkd contribute little to Nkd activity, at least 

when the transgenes were overexpressed.  In this thesis, I have investigated non-Dsh 

binding regions that are critical for Nkd function.  Our lab’s findings indicate that a 

conserved 30 amino acid motif is essential for Nkd nuclear localization and function.  

Substitution of the 30aa motif with a heterologous nuclear localization sequence (NLS) 

rescued some nkd mutants to adulthood.  In support of Nkd’s role in the nucleus, Nkd 

binds to Importin-α3, an adaptor for the canonical nuclear import apparatus.  I identified 

that Nkd associates with Importin-α3 via a motif (“D6”) that is conserved between D. 

melanogaster and D. pseudoobscura.  Nkd∆D6, lacking the Importin-α3-binding motif, 

was defective in nuclear localization and in rescuing nkd mutants.  RNAi knockdown of 

importin-α3 prevented the nuclear localization of Nkd.  The findings that Nkd possesses 

two NLSs, each of which is required for function, and that Nkd associates with a 

component of the nuclear import apparatus, suggest that Nkd antagonizes the Wnt/β-

catenin signaling in the nucleus. 

Furthermore, I also addressed the function of the N-terminus of Drosophila Nkd.  

Unlike mammalian Nkd homologs that have N-terminal myristoylation consensus 

sequences responsible for membrane association, the N-terminus of Drosophila Nkd, also 

conserved in mosquito Nkd, lack such a sequence.  Nonetheless, Nkd’s N-terminus was 

required for function and membrane association.  Substitution of the N-terminus with 
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heterologous myristoylation sequences did not restore nkd function, indicating that the 

mechanism by which Drosophila Nkd associates with the membrane is different than 

mammalian Nkds.  Therefore, Nkd appears to function in the membrane, in the cytoplasm 

to target Dsh, and in the nucleus to antagonize Wg signaling. 
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CHAPTER ONE 
 
 

INTRODUCTION 

 
 

1.1 Overview of segmentation in Drosophila and vertebrates 

Many animals on the earth, including annelids, arthropods, and chordates, have a 

segmented body plan. The “protostomes” - an animal taxon that includes Arthropods and 

Annelids - and “deuterostomes” - an animal taxon that includes vertebrates - diverged at 

least 500 million years ago (Fig 1.1) (Davis and Patel, 1999).  It is unclear whether 

segmentation in the aforementioned 3 animal phyla was independently derived or there 

was a common segmented ancestor (Davis and Patel, 1999; Peel et al., 2005; Damen, 

2007).  Much about what we know about the mechanisms of segmentation were 

discovered in the model organism Drosophila melanogaster.  The systematic genetic 

screens performed by Nusslein-Volhard and Wieschaus uncovered mutations in 139 

zygotic genes that are required for normal cuticle patterning (Nusslein-Volhard and 

Wieschaus, 1980; Jurgens et al., 1984; Wieschaus et al., 1984), setting the stage for 

researchers to discover the underlying mechanisms that regulate segmentation (See 

section 1.3 for more discussion).  Because of the availability of sophisticated genetic and 

molecular biological tools, much progress have been made toward our understanding of 

the regulation of segmentation in Drosophila, although recent reports suggest that the 

paradigm of segmentation established in Drosophila may not even apply to all 

Arthropods {reviewed in (Peel et al., 2005; Damen, 2007)}.   

1 
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Segmentation of the Drosophila embryo is initiated by a hierarchical cascade of 

expression of maternal, gap, pair-rule and segment polarity genes that subdivide the 

anteroposterior axis (as will be discussed in detail in section 1.1.1) (Sanson, 2001).  Many 

genes that regulate segmentation have mammalian homologs, which when misregualted 

can cause diseases such as cancer.  Many segment polarity genes, such as armadillo 

(arm), pangolin (dTCF), and wingless (wg),  are components of the Wg signal 

transduction pathway, which plays an important role in Drosophila segmentation (as will 

be discussed in sections 1.2 and 1.3).  In mammals, deregulation of the Wnt pathway can 

cause birth defects and diseases such as cancer, diabetes and osteoporosis {reviewed in 

(Clevers, 2006; Krishnan et al., 2006; Smith, 2007)}.  Therefore, elucidating the 

mechanisms by which Drosophila segmentation is regulated might not only provide 

further insight into developmental biology, but also help gain insight into possible cures 

for human disease.     
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Figure 1.1. (from Damen 2007) Relationships of 
animal phyla. The diplobasts (animals with two 
germ layers) are in black, deuterostomes (“second 
mouth”; the first opening (the blastopore) becomes 
the anus) in green, lophotrochozoans (“crest-
bearing animals”) in blue, and ecdysozoans 
(animals that undergo “ecdysis” – able to shed their 
exoskeleton) in red.  Segmented phyla are in blue 
boxes. Note that not all phyla are included, but the 
omission does not affect the subdivision of the 
bilaterians into deuterostomes, lophotrochozoans, 
and ecdysozoans. 

1.1.1 The Drosophila paradigm: the hierarchical regulation of gap, pair-rule and 

segment polarity genes 

The interplay of maternal, gap, pair-rule and segment polarity gene expression from 5:20-

7:20 hr AEL (After Egg Laying) (until mid-stage 11) establishes the repetitive segmental 

pattern of the embryo body plan (Fig. 1.2) (Hooper and Scott, 1992; Sanson 2001).  After 

fertilization, the protein products of the spatially localized maternal genes, such as bicoid, 

nanos, and caudal, diffuse from the anterior or posterior poles of the embryo.  These 

maternal factors regulate the spatial patterns of transcription of the gap genes, such as 
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hunchback and knirps {Reviewed in (Hoch and Jackle, 1993; Kornberg and Tabata, 

1993)}.  Gap genes are the earliest genes to be expressed from the zygotic genome, 

starting at stage 3 (1:05-1:20 h AEL).  There are at least 11 gap genes, all of which 

encode transcription factors (Hulskamp and Tautz, 1991).  Gap genes are expressed in 

discrete domains along the anterior posterior axis of the fly embryo by stage 4 (1:20-2:10 

h AEL), thereby subdividing the embryo into broad domains. The gap genes regulate 

each other’s expression domain as well as activate a set of 8 pair-rule genes such as even-

skipped (eve), hairy, and fushi-tarazu (ftz) starting at stage 5 (2:10-2:50 h AEL (Campos-

Ortega and Hartenstein, 1985).  Pair-rule genes are expressed in 7 stripes of cells 

corresponding to every other presumptive segment.  Almost all of the pair-rule genes 

encode for transcription factors (Pankratz and Jackle, 1993), except for Tenascin major 

which encodes a predicted transmembrane protein (Ben-Zur et al., 2000; Dgany and 

Wides, 2002).  Pair-rule genes regulate the expression of genes in the next level of the 

hierarchy, the segment polarity genes such as wg, hedgehog (hh), and engrailed (en).  

Many of the segment-polarity genes are expressed in 14 segmentally repeated stripes, and 

they encode for a variety of protein products, such as secreted signaling molecules, 

receptors, kinases, etc.  Segment-polarity genes regulate interactions between cells. One 

result of this hierarchy is the maintenance of the repeated expression patterns of segment 

polarity genes in every segment.  Functional data to support the role of segment polarity 

genes in defining segments exists only from insects (DiNardo et al., 1988; Oppenheimer 

et al., 1999); however, similar expression patterns of segment polarity genes found in 

arthropods other than insects, such as spiders and millipedes, indicate that their functions 

are conserved (Damen, 2002; Hughes and Kaufman, 2002).  The expression patterns of 
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pair-rule genes are more divergent in various arthropods, suggesting that the regulation of 

genes that control pair-rule gene expression has diverged in various arthropods 

(Maderspacher et al., 1998; Dearden and Akam, 2001; Damen, 2002).  It has been 

proposed that Notch signaling, or a combination of Notch signaling and gap genes, 

controlled pair-rule and downstream genes to regulate segmentation in the common 

ancestor of arthropods.  Through evolution, the influence of Notch signaling on pair-rule 

genes has been reduced, and gap genes gained more control of pair rule genes in more 

recent species, such as Drosophila (Damen, 2007).  

 

Fig. 1.2 (Modified from Sanson, 2001).  
Patterning along the anteroposterior axis 
of the Drosophila embryo. A cascade of 
maternal and zygotic genes is activated in 
the syncytial embryo to subdivide the 
ectoderm into smaller domains. The 
embryo cellularizes after activation of the 
pair-rule genes.  The segment polarity 
genes are activated by the pair-rule genes. 
Segment polarity genes control the 
differentiation of each segment of the 
future larva.

1.1.2 Vertebrate somitogenesis: the vertebrate segmentation clock  

That vertebrates are segmented is evidenced by the structure of our own backbones.  In 

vertebrate segmentation, the somites - masses of mesodermal cells - are patterned during 

embryogenesis and give rise to skeletal muscles and vertebrae (Pourquie 1999, 2001).   

Somites form sequentially by budding off from the anterior end of the presomitic 
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mesoderm (PSM), while the PSM grows posteriorly (Saga and Tanaka, 2001).  Somite 

patterning requires oscillatory gene expression driven by a “segmentation clock” that is 

controlled by Notch, FGF, and Wnt signaling (Bessho et al., 2001; Dubrulle et al., 2001; 

Aulehla et al., 2003).  Activation of the Notch pathway results in activation of 

downstream targets such as the Hes genes, Lunatic Fringe, Axin2 and Nkd1 (Forsberg et 

al., 1998; Jouve et al., 2000; Audehla et al., 2003; Ishikawa et al., 2004).  Notch signaling 

has been proposed to generate oscillations by negative feedback regulation of its 

downstream targets, Lunatic Fringe (Forsberg et al., 1998; Aulehla and Johnson, 1999) 

and HES genes (Jouve et al., 2000; Palmeirim et al., 1997).  The FGF pathway can 

influence Notch signaling because ERK - a downstream target of FGF signaling – 

regulates cleavage of the Notch receptor (Kim et al., 2006).  Wnt signaling can influence 

Notch signaling because the Wnt signal transducer Dishevelled can physically interact 

with Notch and block Notch signaling (Axelrod et al., 1996; Ramain et al., 2001).  And 

Notch signaling can influence Wnt signaling because Nkd1 is a target of Notch signaling 

(Ishikawa et al., 2004).  These and other links between these pathways results in 

oscillations of the gene expression in the PSM.  A “clock and wavefront” model has been 

proposed to explain how segmentation is regulated by the interaction between a clock and 

a wavefront of cell maturity (Cooke and Zeeman, 1976).  During somitogenesis, the clock 

is the oscillatory gene expression pattern, which determines the time of segmentation. 

The wavefront that determines the somite size depends on a gradient of FGF signaling 

pathway (Dubrulle et al., 2001; Sawada et al., 2001).  The segmentation clock thus 

converts rhythmic gene expressions into spatial patterns.   
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1.2 Overview of pattern formation during Drosophila embryogenesis 

1.2.1 Establishment of parasegments 

The establishment of “parasegments” - organizing centers for later, definitive 

segmentation - is a crucial process during early embryogenesis in Drosophila.  The 

genetic cascade described in section 1.1.1 subdivides the fly embryo into 14 repeating 

stripes, prefiguring the future segments of the embryo.  The anterior and posterior 

boundaries of each parasegment are defined by stripes of cells expressing wg and en, 

respectively (Martinez-Arias and Lawrence, 1985) (Fig. 1.3).  At stage 9-10, en and wg 

are required for each other’s expression: wg transcription disappears in en mutant 

embryos, while en transcription disappears in wg mutant embryos.  en-expressing cells 

secret Hh, which in turn maintains wg-expression in the anterior neighboring cell 

(DiNardo et al., 1988; Martinez-Arias et al., 1988; van den Heuvel et al., 1989; Hidalgo 

and Ingham, 1990; Gonzales et al., 1991).  Each domain between the parasegment 

boundaries develops independently.  At stage 12 the segmental boundaries are formed at 

the posterior edge of the en stripes (DiNardo et al., 1985; Weir and Kornberg, 1985).  

However the earliest repetitive units of patterning are the parasegments, although they are 

out of phase with the morphologically visible segments of the larva.  
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Fig 1.3. Schematic presentation of Wg-Hh mutual reinforcement to establish the 
parasegmental boundary.  Depicted above is a schematic segment of the ventral 
epidermis of wild type stage 9-10 embryo, with anterior to the left. The parasegmental 
(PS) boundary corresponds to the interface between wg (blue) and en (black dot) / hh 
(red) transcriptional domains, whereas the segment (S) boundary forms posterior to en/hh 
domain. Blue square is Wg-expressing cell; Red squares are Eh/Hh-expressing cells. The 
interval between two S boundaries defines a segment. 

    

1.3 Introduction to segment polarity genes 

The segment polarity genes specify anteroposterior polarity within individual embryonic 

segments.  Mutations of these genes showed disruption in patterning in each segment 

(Nusslein-Volhard and Wieschaus, 1980).   

1.3.1 Discovery of segment polarity genes 

The systemic screen for cuticle patterning mutations revealed 15 genes that were required 

for segmentation (Nusslein-Volhard and Wieschaus, 1980).  However, the screens 

performed by Nusslein-Volhard and Wieschaus did not aim to discover maternally loaded 

components that function in during segmentation.  By using X-ray irradiation to construct 
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germline clones, the segmentation phenotypes associated with the complete loss of some 

maternal genes were revealed.  These maternal genes include arm, dsh, porcupine (porc), 

and shaggy (sgg) (Perrimon et al., 1989).  These maternal and zygotic segmentation 

genes together organize the segmentally repeating pattern of the embryo.  Some examples 

of the segment polarity genes include naked cuticle (nkd), disheveled (dsh), hh, and 

patched (ptc), all of which have been shown to be involved in either Wg or Hh signaling 

pathways through epistatic analysis (Noordermeer et al, 1994; Peifer et al., 1994; 

Siegfried et al., 1994; Hahn, 1999; Ingham and McMahon, 2001). 

1.3.2 The phenotypes of mutations in segment polarity genes 

The ventral cuticle of a wild type embryo is decorated with repeated denticle belts in the 

anterior part of each segment and naked areas in the posterior part.  Mutations in segment 

polarity genes typically result in deleted regions of either denticle belts or naked areas in 

every segment. The deleted regions are often replaced with mirror-image duplication of 

the remaining area (Nusslein-Volhard and Wieschaus, 1980).  Segment polarity genes 

have been placed into three categories based on their recessive embryonic-lethal mutant 

phenotypes (Fig 1.4) (Hooper and Scott, 1992): 

Class I mutants have their posterior region (naked areas) replaced by a mirror-image 

duplication of the anterior region (i.e. denticles).  The resultant phenotype is a cuticle 

consisting of all denticles.  These genes are positive regulators of either the Wg or Hh 

signaling pathway.  This is the largest group and includes arrow (arr), arm, cubitus 

interruptus Dominant (ciD), dsh, en, fused (fu), gooseberry (gsb), hh, porc, smoothened 
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(smo), and wg (Nusslein-Volhard et al, 1980, 1984; Kornberg, 1981; Orenic et al, 1987; 

Perrimon and Mahowald 1987; Perrimon et al., 1989). 

Class II mutants have their anterior denticles deleted and replaced by posterior naked 

areas.  Therefore the phenotype is a partial to complete naked cuticle.  Examples are apc2 

(McCartney et al., 1999), D-axin (Willert et al., 1999), chibby (Takemaru et al., 2003), 

nkd (Jurgens et al., 1984) and sgg (Perrimon and Smouse, 1989), all of which are 

negative regulators of Wg pathway.   

Class III mutants have their central region of each segment deleted and replaced by a 

mirror-image duplication of the segment border; hence they have mirror symmetric 

denticle belt duplications separated by naked areas.  This class includes ptc and costal-2 

(cos-2), two negative regulators of the Hh signaling pathway (Nusslein-Volhard and 

Wieschaus, 1980; Grau and Simpson 1987; Hooper and Scott, 1989).  

 
Fig. 1.4. Phenotypic classes of segment polarity genes. Dark field photographs of ventral 
cuticle patterns of wild type (A) and mutant larvae (B, C, D). The wild type larva is 
characterized by alternate denticle belts and naked areas. In type I larvae mutants the 
smooth posterior cuticle is replaced by denticle belt with reversed polarity. Examples are 
arm, dsh, hh, porc, and wg.  In type II larvae mutants the denticle belts are deleted and 
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replaced by smooth posterior regions. Examples are nkd and zw3. Class III larvae mutants 
have mirror symmetric denticle belts separated by smooth posterior cuticle. ptc is one 
example.  These photographs are taken from Ingham and Nakano, 1989. 
   
 
1.3.3 Classification of segment polarity genes based on molecular structures 

The segment polarity genes encode a diverse group of proteins, most of which have 

vertebrate homologues (Table 1.1).  The molecular structures of segment polarity genes 

and their known homologs are summarized in Table 1.1. 

Table 1.1 Segment Polarity Genes 
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1.4 Wnt signaling during segmentation process in Drosophila 

1.4.1 Mutual reinforcement of Wg and Hh signaling in adjacent groups of cells defines 

the boundary of a parasegment 

The parasegmental boundary forms between Wg- and En/Hh-expressing cells, with 

boundary formation being disrupted when either Wg or Hh is mutant (Baker, 1988; 

Mohler, 1988).  Wg and Hh act in a mutually reinforcing, positive feedback loop (Fig. 

1.3): Wingless is expressed in a one cell wide stripe anterior to cells expressing En which 

coexpress the secreted signaling protein Hh.  Wg is secreted and signals to adjacent 

posterior cells.  Through the Wg signaling cascade, en and hh expression is maintained in 

Wg signal-receiving cells in stages 9-10 (3:40-5:20 h AEL).  hh encodes a secreted 

molecule that can then maintain wg transcription in adjacent anterior cells.  This mutual 

reinforcement ensures the maintenance of the parasegmental subdivisions along the 

anteroposterior axis.  During stage 11 (5:20-7:20 h AEL), the expression of wg and en 

become independent of each other, and later Wg signaling defines specific cell fates.  In 

the ventral epidermis, cells of each segment secrete either denticles or smooth cuticle.  

Wg signaling instructs anterior En-expressing cells differentiate the smooth (naked) cell 

fate (Dougan and DiNardo, 1992).  Also at stage 11, the transmembrane Notch-pathway 

ligand Serrate (Ser) is expressed in the middle of the parasegment (Fleming et al., 1990).  

Ser activates the production of Rhomboid (Rho) - an activator of Epidermal Growth 

Factor (EGF) signaling (Gritzan et al., 1999; Sanson et al., 1999) - in the cells anterior to 

Ser-producing cells.  rho-expression is activated by both Ser and Hh signaling, and 

resultant EGF signaling will instruct cells to adopt denticle cell fate via expression of the 
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Shavenbaby (Svb) transcription factor (O’Keefe et al., 1997; Szuts et al., 1997).  At 

stages 11-12, cells anterior to Wg-expressing cells adopt naked cuticle fates by Wg 

suppressing Rho expression and EGF signaling (Fig 1.5).  Nonetheless, low levels of 

EGF signaling are required to protect smooth cuticle cells from apoptosis, and thus EGF 

signaling is required for the survival of the naked and denticle-bearing cells (Urban et al., 

2004).  

  
Fig. 1.5 A schematic segment of the ventral epidermis of wild type stage 12 embryo, with 
anterior to the left. The parasegmental (PS) boundary corresponds to the interface 
between wg (blue) and en (black dot) / hh (red) transcriptional domains, whereas the 
segment (S) boundary forms posterior to en/hh domain. Blue square is Wg-producing 
row of cells; Red squares are Eh/Hh-producing cells. Orange squares are Ser-producing 
cells. Green squares are Rho-producing cells. At the end of embryogenesis a denticle belt 
is seen in each segment, created by the second Hh-producing row of cells (row 1 
denticle), Rho-producing cells (row 2-4 denticles), and Ser-producing cells (row 5-6 
denticles). 
  
1.4.2 The Wingless gradient becomes asymmetrical due to signal-regulated Wg 

uptake/degradation 

Wg protein is symmetrically distributed during early embryonic development at stage 9; 

but, by later stage 11, the gradient of Wg distribution and activity is asymmetric.  
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Proposed explanations for the distribution preference include 1) restriction of the 

movement of Wg into the posterior region; and 2) selective degradation of Wg protein 

into the posterior region.  By examining of the distribution dynamics of an epitope-tagged 

Wg protein, Wg was found at higher levels in the endolysosomal compartment in the 

posterior signal-receiving cells than in anterior cells (Dubois et al., 2001).  This evidence 

favored the latter preferential degradation model.  In the posterior En expressing cells Hh 

signaling is active and is required to prevent Wg degradation (Sanson et al., 1999).  

Posterior Wg degradation was reduced when the EGF pathway was blocked, suggesting 

that high levels of EGF signaling in the regions posterior to en stripes cause preferential 

Wg degradation in posterior signal-receiving cells at stages 11-12 (Dubois et al., 2001). 

 

1.5 Overview of Wnt signaling pathways 

1.5.1 The impact of Wnt signaling in development and disease 

During animal development, Wnt ligands regulate several key processes, such as cell 

proliferation, cell migration and cell differentiation (Cadigan and Nusse, 1997; Wodarz 

and Nusse, 1998; Moon et al., 2002).  In mammals, over-activation of the Wnt signaling 

pathway has been implicated in many diseases including cancer (Bienz and Clevers, 

2000; Logan and Nusse, 2004).  Wnt signals also govern stem cell renewal in several 

organs, such as hair and intestine (Kleber and Sommer, 2004; Polakis, 2007).  

Deregulation of Wnt signaling also causes osteoporosis, diabetes, and aging (Gong et al., 

2001; Grant et al., 2006; Liu et al., 2007). 
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1.5.2 The molecular function of Wingless signaling components 

Studies in numerous animals have led to a “standard model” for canonical Wnt signaling.  

When the Wnt receptor Frizzled (Wodarz and Nusse, 1998) and coreceptor LRP (Pinson 

et al., 2000; Tamai et al., 2000; Wehrli et al., 2000) are not bound by ligand, 

phosphorylation of β-catenin by a “destruction complex” (Kimelman and Xu, 2006) - 

consisting of the scaffold proteins Axin (Ikeda et al., 1998; Itoh et al., 1998) and Apc 

(Ahmed et al., 2002; Akong et al., 2002) as well as the serine/threonine kinases CK1 (Liu 

et al., 2002) and GSK3 (Behrens et al., 1998; Itoh et al., 1998) - is recognized by the F-

box/WD repeat protein β-TrCP (Jiang and Struhl, 1998), a component of an E3 ligase 

complex which can promote the proteasome-dependent degradation of  phosphorylated β-

catenin (Bienz and Clevers, 2000; Polakis, 2000).  In the nucleus, the binding of co-

repressors including Groucho (Cavallo et al., 1998) to the transcription factor TCF (Bienz 

and Clevers, 2003; Cong et al., 2003; Tolwinski and Wieschaus, 2004) suppresses the 

transcription of Wnt-target genes (Fig.1.6).  

Once bound by Wnt, the Frizzled/LRP coreceptor complex activates the “canonical” 

signaling pathway.  Frizzled interacts with Dsh (Wong et al., 2003), a cytoplasmic 

scaffolding signal transducer, and Axin is recruited to bind signal-induced phospho-LRP 

(Mao et al., 2001; Tolwinski et al., 2003), hence disrupting the destruction complex.  

Stabilized β-catenin then translocates into the nucleus and binds TCF to promote the 

transcription of Wnt target genes (Willert, 2006) (Fig. 1.6).  nkd is one of the target genes 

of the Wg signal, and the Nkd protein antagonizes Wnt signaling, thereby constituting a 

negative feedback loop (Zeng et al., 2000). 
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Fig 1. 6. A simplified view of Wnt/ß-catenin signaling. (A) Without Wnt, the scaffolding 
protein Axin assembles a protein complex that contains Apc, Gsk3, Ck1. In this complex, 
β-catenin is sequentially phosphorylated by Ck1 and Gsk3. Phosphorylated ß-catenin is 
recognized by β-Trcp. Poly-ubiquitinated ß-catenin is degraded by the proteosome. (B) In 
the presence of Wnt, β-catenin phosphorylation and degradation is inhibited. 
Accumulated β-catenin forms a nuclear complex with the TCF transcription factor, and 
together they activate Wnt-responsive genes.  This figure is from He et al., 2004. 
 
 

1.5.3 The regulation of Wingless synthesis during embryo segmentation 

Wnt signaling is tightly regulated at multiple steps ranging from ligand production, 

ligand delivery, and control of signaling activity at the receiving end.  Recent discoveries 

have revealed insight into the maturation steps of Wnt protein, including post-

translational modification, sorting, and secretion (Mann and Beachy, 2004; Miura and 

Treisman, 2006).  In Wnt-expressing cells, multiple steps of quality control are necessary 

to make an optimal, mature Wnt protein that is functional upon secretion.  Porcupine, a 

membrane-bound O-acyltransferase that resides in endoplasmic reticulum (ER), 

stimulates N-glycosylation of Wg by anchoring it at the ER membrane (Tanaka et al., 

2002).  Porcupine is also required for Wg palmitoylation, which increases Wg 

hydrophobicity and promotes membrane association (Zhai et al, 2004).  Wnt3A is 
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palmitoylated at Cysteine77 near the N-terminus, which may be required for proper 

intracellular routing, and which is required for function (Willert et al., 2003; Zhai et al., 

2004).   

Besides the default ER-Golgi-secretion route, some papers have suggested an alternative 

route of Wnt secretion.  Because of lipid modification, the hydrophobic property of Wnt 

gives it a strong affinity for membranes.  Therefore, free diffusion of Wnt seems unlikely 

over long distances.  A fraction of Wnt that is dedicated to long-range signaling might be 

sorted to the endosome to be associated with lipoprotein particles (Panakova et al., 2005).  

Endosomal budding and formation of recycling vesicles might subsequently release the 

Wnt-lipoprotein-particle complex outside of the producing cells through exocytosis, thus 

allowing long range signaling along the developing field (Vincent and Dubois, 2002). 

The membrane-bound protein Wntless is required for the secretion of Wnt from the 

signal-producing cells (Bartscherer et al., 2006).  The retromer complex, a multiprotein 

complex that regulates intracellular protein sorting, is also responsible for the production 

of a functional Wnt (Coudreuse et al., 2006).  Recent studies suggest that retromer and 

Wntless function cooperatively.  The cycling of Wntless is retromer-dependent, and is 

promoted by Wnt secretion (Belenkaya et al., 2008; Franch-Marro et al., 2008; Port et al., 

2008; Yang et al., 2008).  In the absence of retromer, Wntless is degraded in lysosomes 

and Wnt secretion is impaired (Eaton 2008). 

1.5.4 The regulation of Wingless distribution during embryo segmentation 
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The mechanism of Wnt protein distribution and/or transport is a subject of intense 

investigation, because it interests both researchers in the Wnt signaling field as well as 

those who study “morphogens” - molecules such as Decapentaplegic (Dpp), Hh, and Wg 

that spread from a localized site and form a concentration gradient across the developing 

region.  Currently, three models have been proposed for Wg transport from site of 

synthesis to its delivery and interpretation in signal-receiving cells: cellular projection, 

diffusion, and transcytosis.  The cellular projection model proposes that cell-cell contact 

through thin, actin-based cellular projections termed “cytonemes” can mediate 

morphogen transport (Ramirez-Weber and Kornberg, 1999).  It has been shown that 

cytonemes play a role in Dpp signaling in the wing imaginal discs (Hsiung et al, 2005).  

However, currently there is no data regarding the functional significance of cell 

projections in Wingless transport. 

 

The diffusion model suggests that secreted Wnt diffuses through the extracellular space 

to the target cells independent of intracellular trafficking (Strigini and Cohen, 2000).  

Even though this model seems intuitive, the fact that extracellular Wingless protein is 

found tightly associated with cell membranes and the extracellular matrix (Nusse et al, 

1997) seems to argue that free diffusion is not sufficient to account for Wnt distribution 

and activity.  A “facilitated diffusion” model has been proposed, in which Wg movement 

is facilitated or restricted by extracellular matrix components (Lin and Perrimon, 1999; 

Tsuda et al., 1999).  For example, Dally - a glycosylphosphatidylinositol (GPI)-linked 

proteoglycan – preferentially localizes Wg on the basal surface of wing disc epithelium 
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where Dally is attached.  The interaction between Wnt proteins and extracellular proteins 

or matrix components may promote low-level Wnt activity distant from Wnt source, but 

reduces signaling near the Wnt-producing site (Kirkpatrick et al., 2004; Kreuger et al., 

2004).  Extracellular proteins or matrix components may also help transport Wg through 

vesicles called argosomes, which are generated from membranes of signal-producing 

cells, and which can travel to distant regions of the wing disc (Greco et al., 2001).  

Transcytosis refers to the vesicular transport of proteins from one side of cell to the other 

(Tuma and Hubbard, 2003).  In the transcytosis model, the morphogen is passed from cell 

to cell through consecutive rounds of internalization, recycling to the cell surface, and 

release into the extracellular space for uptake by the neighboring cell.   

Most of the data that support the transcytosis model derives from studies of the 

Drosophila embryo (Bejsovec and Wieschaus, 1995; Dierick and Bejsovec, 1998; Moline 

et al., 1999); whereas evidence for the “facilitated diffusion” model is gathered from the 

wing imaginal discs (Lin and Perrimon, 1999; Tsuda et al., 1999).  It is still debatable 

which model of Wnt transport is correct.  It is possible that in different contexts, such as 

in the fly wing disc vs. the embryo that one model of Wg transport is more likely to 

account for the action of Wg at a distance than the other model.  Therefore, to distinguish 

under physiological conditions which model is more dominant in each context will help 

us understand the regulation of Wnt signaling. 

1.6 nkd is an inducible antagonist of the Wnt signaling pathway 

1.6.1 Review of the nkd gene: the discovery and its role in segmentation 
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The nkd mutant was discovered in the Nusslein-Volhard and Wieschaus screens, and was 

classified as a segment-polarity gene (Jurgens et al., 1984).  nkd loss of function results in 

segment polarity defects and embryonic death.  In stage 9, nkd mutants have expanded en 

stripes probably due to mutant cells being hypersensitive to Wg (Martinez-Arias et al., 

1988; Bejsovec and Wieschaus, 1993).  Later in stage 11, an ectopic wg stripe posterior 

to the en stripe is formed in most segments, directing nearby cells to adopt the naked 

cuticle fate (Martinez-Arias et al., 1988).  The nkd phenotype resembles that caused by 

widespread activation of Wingless cascade, which is similar to the phenotype caused by 

mutation in other negative regulators of the Wingless signaling pathway such as apc2 or 

zw3 (Siegfried et al., 1992; McCartney et al., 1999).  nkd encodes an antagonist that 

functions in a negative feedback loop for signal transduction by Wg (Zeng et al., 2000).  

Misexpression of Nkd phenocopied adult phenotypes due to reduced function of wg, in 

support of Nkd’s role as an inhibitor of Wnt signaling (Zeng et al., 2000).  Injection of fly 

nkd RNA into frog embryos disrupted anteroposterior axis specification, and blocked 

XWnt8-dependent induction of the second axis, two events that depend on the canonical 

Wnt cascade (Zeng et al., 2000).  This cross-species antagonism suggests that the 

inhibitory action of Nkd on Wnt signaling is evolutionarily conserved.  Both Drosophila 

nkd and mammalian nkd1 mRNAs are up-regulated by Wnt signaling, suggesting that the 

inhibition of Wnt signaling by Nkd in a negative feedback fashion is also conserved in 

mammals (Wharton et al., 2001; Yan et al., 2001).     

1.6.2 Nkd is conserved in evolution and each conserved motif performs unique functions 
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The Nkd protein family is conserved through evolution (Fig 1.7).  Drosophila has a 

single nkd gene, whereas known mammals have two homologs (Wharton et al., 2001).  

Sequence comparisons between mosquito and fly Nkd revealed four major blocks of 

similarity: the N-terminus, the EFX motif, a 30-aa motif, and a C-terminus histidine-rich 

region (Waldrop et al., 2006).  Through our structure-function study described in 

Chapters 2-4, each domain’s function has been investigated.  Furthermore, within the 

genus Drosophila, D. melanogaster and D. pseudoobscura diverged at least 25 million 

years ago; hence the protein sequences shared between the two species must be important 

for protein function.  A putative nkd cDNA sequence was assembled from D. 

pseudoobscura genome (Richards et al., 2005).  Under the selection pressure, there are 

nine blocks of similarity in Nkd protein sequences (Chan et al., 2008).  We recently 

discovered that conserved region number six (“D6” motif) is sufficient and required for 

binding to the nuclear import adaptor Importin-α3 and is also required for Nkd function, 

as described in Chapter Four.  

Like the fly and mosquito Nkds, mammalian Nkd1 and Nkd2 proteins also share four 

major blocks of sequence similarity.  The N-terminus of Nkd2 was required for 

membrane association when overexpressed in cultured mammalian cells (Li et al., 2004).  

The EFX domain interacts with the bPDZ domain of Dsh and its mammalian homologs 

Dvl1, 2, and 3 (Rousset et al., 2001; Wharton et al., 2001).  The fly and mammalian 30-aa 

motifs do not possess sequence similarity, but each is predicted to be an amphipathic α-

helix (Waldrop et al., 2006).   
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Although both Drosophila and mammalian Nkds have a histidine-rich region in the C-

terminal region, deletion of this region in Drosophila Nkd did not affect nkd rescue.  

Therefore in Drosophila the C-terminal motif seems dispensable for Nkd function.  

Truncation of the C-terminus increased Nkd protein accumulation, suggesting that 

degradation signals might reside in this region (Waldrop et al., 2006).  Consistent with 

this observation, human Nkd1 mutant proteins truncated C-terminal of the 30 aa motif 

found in cancer samples accumulated to high levels in mammalian cell culture (Tolga 

Cagatay and Keith Wharton, unpublished data). 

 

      
     By Keith Wharton 

Fig. 1.7. Schematic alignment of the Nkd protein family in the fruit fly Drosophila, the 
mosquito Anopheles, the mouse, and the human.  The EFX domain and the histidine-rich 
C-terminal are conserved in all species compared. Blue boxes indicate 30-aa motif. 
 
 
1.6.3 Nkd functions in a feedback loop to limit Wingless signaling cell-autonomously 

Antagonists that restrain Wg signaling might limit the duration or range of the signal, or 

shut down the signal in the receiving end.  Consequently, antagonists can function cell 

autonomously or non-autonomously.  Nkd functions in a cell autonomous fashion in the 
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eye imaginal disc and in the embryo (Rousset et al., 2001; Chan et al., 2007).  Nkd 

overexpression suppressed the effects of Wg or Dsh overexpression (Rousset et al., 

2001). However, Nkd failed to suppress constitutively activated Armadillo; consistent 

with Nkd acting at the level of or upstream of Dsh but not downstream of Armadillo 

(Rousset et al., 2001).  Moreover, Nkd uses its EFX domain and adjacent region to 

interact with the basic PDZ domain of the signal transducer Dsh (Rousset et al., 2002), in 

support of Nkd antagonizing Wnt signaling in a feedback fashion by targeting Dsh.  

1.6.4 Nkd targets the intracellular signal transducer Dishevelled 

Several lines of evidence suggest that the Nkd/Dsh interaction is critical for Nkd to 

antagonize Wnt signaling: 1) Nkd and Dsh interact in yeast two-hybrid, GST pulldown, 

and co-immunoprecipitation assays (Rousset et al., 2001, 2002); 2) fly or vertebrate EFX 

domains bind to both fly and vertebrate Dsh/Dvl proteins, indicating that Nkd/Dsh 

interaction is ancient in evolution (Wharton et al., 2001); 3) Nkd and Dsh colocalize in 

several Drosophila tissues, although in the embryo the colocalization is only observed for 

a subset of each protein in a punctate fashion (Waldrop et al., 2006); 4) Nkd 

misexpression specifically phenocopied loss of dsh activity in PCP (Planar Cell Polarity) 

signaling - a non-canonical Wnt signaling pathway that functions in a β-catenin 

independent fashion to regulate the polarity of hairs, bristles, and ommatidia in 

Drosophila{reviewed in (Peifer and Polakis, 2000; Veeman et al., 2003)} - possibly by 

sequestering Dsh from its normal sites of action (Rousset et al., 2001). 
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However, our studies have suggested that Nkd/Dsh association is not sufficient for Nkd 

function (Rousset et al., 2001; Waldrop et al., 2006).  Moreover, recent findings in our 

lab have revealed that Nkd requires nuclear localization in order to function (see chapters 

2 and 4).  Whether Nkd and Dsh interact in the nucleus remains to be elucidated.  Two 

nuclear localization sequences (NLSs) in fly Nkd have been identified (Waldrop et al., 

2006; Chan et al., 2008); whereas Xenopus Dsh also possesses a NLS (Itoh et al., 2005), 

which is conserved in fly when both sequences are aligned and examined (Tolga Cagatay 

and Keith Wharton, unpublished data).  nkd transgenes that are capable of rescuing nkd 

mutants did not cause obvious changes in intracellular localization of Dsh in the embryo, 

and no abnormalities in Dsh abundance or distribution were observed in nkd mutants 

(Waldrop et al., 2006).  Because only a small fraction of Nkd appears to colocalize with 

Dsh, it is possible that the non-Dsh-interacting fraction of Nkd inhibits Wg signaling by 

mechanisms other than targeting Dsh in the cytoplasm.  The fact that Nkd possesses 2 

NLSs, both of which are required for function, suggests that Nkd plays a role in the 

nucleus.  Therefore, it is critical to investigate whether the nuclear function of Nkd is 

Dsh-dependent or -independent. 

 
1.7 Summary of my recent findings 

I have been interested in understanding the regulation of Wnt signaling during pattern 

formation, and in particular the role of Nkd family of proteins in this process.  My studies 

have focused mainly on the identification of proteins that regulate Nkd function.  

Through yeast two-hybrid screens, several Nkd-interacting proteins were identified.  
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Further experiments are ongoing to validate interactions between Nkd and retrieved 

interacting proteins, as well as to investigate how these novel proteins regulate Nkd 

function.  

1.7.1 Nkd possesses two nuclear localization sequences (NLSs), both of which are 

required for function 

Nkd was first thought to function in the cytoplasm based on its localization in embryos as 

measured by DAB immunohistochemistry (Zeng et al., 2000).  However, by using 

confocal microscopy, we showed that a fraction of Nkd is in the nucleus.  Furthermore, a 

structure-function study revealed two regions critical for Nkd function that also promoted 

nuclear localization of Nkd.  In chapter 2 and 4, the major findings are that Nkd has 2 

NLSs, the “30-aa” and the “D6” motifs, with the latter being a stronger NLS that interacts 

with nuclear import adaptor Importin-α3 (Waldrop et al., 2006; Chan et al., 2008).  

Deletion of either motif resulted in compromised nkd rescue activity, with deletion of the 

former motif compromising the ability of the mutant Nkd protein to reduce Arm levels 

and limit the expansion of En stripes, whereas deletion of the latter motif only affected 

En stripes (Waldrop et al., 2006; Chan et al., 2008).  Unlike the prevailing view that Nkd 

antagonizes Wnt signaling by targeting Dsh in the cytoplasm, our findings indicate that 

Nkd plays a novel role in the nucleus to antagonize Wnt signaling.  However, the 

mechanism by which Nkd functions in the nucleus, as well as whether Nkd/Dsh 

interaction occurs in the nucleus, remains to be elucidated. 
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 1.7.2 Nkd engages the nuclear import adaptor Importin-α3 to antagonize Wingless 

signaling 

The canonical nuclear transport apparatus includes nuclear import adaptors of the 

Importin-α family, which link NLS-containing cargoes to importin-β for translocation 

into the nucleus.  In chapter 4, I report that Nkd interacts with Importin-α3, one of three 

Importin-αs in Drosophila.  Importin-α3 is required for the nuclear localization and 

function of Nkd.  Knockdown of Importin-α3 precluded Nkd from nuclear entry in 

salivary gland cells.  These findings further support the hypothesis that Nkd inhibits Wnt 

signaling by functioning in the nucleus. 

1.7.3 Nkd functions cell autonomously and in a myristyl-independent fashion to 

antagonize Wingless signaling in the embryo 

Wg signaling is required for suppression of interommatidial bristle formation in the eye 

margin (Cadigan et al., 2002).  Mutant clones of one nkd hypomorphic allele nkd7E89 

mimicked the bristle suppression phenotype, suggesting that nkd regulates Wg signaling 

in the developing eye (Rousset et al., 2001).  It has also been shown that Nkd functions 

cell-autonomously when misexpressed in eye imaginal discs (Rousset et al., 2001).  

However, whether Nkd functions cell-autonomously in the embryo had not been 

demonstrated.  It was previously shown that in nkd mutant embryo, when a mutant 

dynamin protein (shibire) was overexpressed to block endocytosis in en domain, the En 

stripes were narrowed (Moline et al., 1999).  This finding suggested that Nkd is required 

for Wg transport in cells posterior to Wg-producing cells; i.e. Nkd might function in cell 
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non-autonomous fashion.  In chapter 3, our experiments suggest that Nkd functions in a 

cell autonomous manner in the embryo.  

Mammalian Nkd1 and Nkd2 possess a myristoylation consensus sequence at their N-

terminus for post-translational lipid modification (Wharton et al., 2001).  This sequence 

is crucial for Nkd2 membrane association and Nkd2 function in promoting apical 

secretion of TGFα (Li et al., 2004).  Similarly, in Drosophila, the N-terminus of Nkd, 

conserved between Drosophila and mosquito Nkd, is required for membrane attachment 

and function (Chan et al., 2007).  This finding and the results from chapters 2-3 suggest 

that Nkd acts at multiple subcellular locations in signal-receiving cells to attenuate the 

response to Wnt signaling. 

 

 



 

PREFACE TO CHAPTER TWO 
 

CHAPTER TWO describes a mechanistic view of Nkd function in antagonizing Wnt 

signaling.  It is adapted from “Waldrop et al., 2006 S. Waldrop, C.C. Chan, T. Cagatay, 

S. Zhang, R. Rousset, J. Mack, W. Zeng, M. Fish, M. Zhang, M. Amanai and K.A. 

Wharton Jr., An unconventional nuclear localization motif is crucial for function of the 

Drosophila Wnt/wingless antagonist Naked cuticle, Genetics 174 (2006), pp. 331–348.”  

FOR THIS WORK, I HAVE CONTRIBUTED IN SEVERAL WAYS.  I 
EXAMINED THE INTERACTION BETWEEN DSH AND NKD MUTANT 

PROTEINS IN Y2H ASSAY, AND SHOWED THAT THE NKDR1S REGION IS 
REQUIRED FOR NKD/DSH INTERACTION.  I ALSO SHOWED THAT THE 

30AA MOTIF DOES NOT INTERACT WITH DSH IN Y2H.  I ALSO 
GENERATED UAS-NKD∆30AANLS/GFPC TRANSGENIC FLY AND PUT IT INTO 

NKD MUTANT BACKGROUND FOR SUBSEQUENT STAINING AND 
CUTICLE PREP.  IN ADDITION, I ALSO HELPED IN SEQUENCING NKD 

MUTANT ALLELES.  SHARON WALDROP AND KEITH WHARTON DID ALL 
THE RESCUE ASSAYS AND EMBRYO STAINING.  KEITH WHARTON DID 

ALL THE CONFOCAL IMAGING.  TOLGA CAGATAY SHOWED THAT NKD 
AND DSH ARE NOT CLEAVED IN THE EMBRYOS BY WESTERN BLOT.
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CHAPTER TWO 
 
 

AN UNCONVENTIONAL NUCLEAR LOCALIZATION MOTIF IS CRUCIAL 

FOR FUNCTION OF THE DROSOPHILA WNT/WINGLESS ANTAGONIST 

NAKED CUTICLE 

 
2.1 Introduction 

Pattern formation in multicellular animals is governed by the intensity, duration, and 

combination of signals received by each developing cell. Wnts are a family of highly 

potent and potentially oncogenic protein signals that specify cell fate and behavior 

throughout the animal kingdom, and, in the vertebrate, renew stem cells (Logan and 

Nusse 2004; Reya and Clevers 2005). Abnormal Wnt signaling perturbs development and 

can cause human diseases (Moon et al. 2004). Feedback regulation—the signal-dependent 

induction of genes that control signal flux—is a prominent mechanism by which 

responses to Wnt and other signals are kept within a physiological range, thereby 

ensuring accurate patterning in the face of environmental perturbation or altered gene 

dosage (Freeman 2000). 

Many Wnts manifest activity via accumulation of ß-catenin, a bifunctional, intracellular 

adaptor protein that regulates cell adhesion at the plasma membrane and transmits Wnt 

signals into the nucleus (Bienz 2005; Harris and Peifer 2005). Indeed, in a variety of 

contexts and animals, loss or gain of ß-catenin activity mimics absent or maximal Wnt 

signaling, respectively (e.g., Pai et al. 1997; Gat et al. 1998; Huelsken et al. 2001; 

Zechner et al. 2003). In the canonical "Wnt/ß-catenin" pathway (recently reviewed by 
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Cadigan and Liu 2006; Willert and Jones 2006), Wnt engages Fz/LRP receptors to 

activate Dishevelled (Dsh), which inactivates a ß-catenin "destruction complex" 

composed of the tumor suppressors Axin/Apc and kinases CK1/GSK3ß, leading to 

intracellular ß-catenin accumulation and activation of Wnt target genes via binding to 

Lef/TCF and other transcriptional regulatory proteins (see http://www.stanford.edu/

rnusse/wntwindow.html). Dsh also relays a parallel, LRP-dependent signal that 

culminates in Axin/LRP association and Axin degradation (Cliffe et al. 2003; Tolwinski 

et al. 2003; Davidson et al. 2005; Zeng et al. 2005). Fz and Dsh, but not LRP or 

downstream proteins that regulate ß-catenin turnover, participate in noncanonical 

pathways, the best understood of which executes planar cell polarity (PCP) (Veeman et al. 

2003). 

Although often dubbed a "scaffolding protein" by virtue of its ability to bind a multitude 

of proteins, Dsh has been likened to a network hub or node because it links distinct 

signaling inputs to pathway-specific effectors. However, Dsh's dynamic localization to 

several subcellular compartments, its tendency to aggregate, and its apparent lack of 

catalytic activity have rendered accurate comprehension of its molecular and cell 

biological mechanisms an unexpectedly daunting prospect (Torres and Nelson 2000; 

Capelluto et al. 2002; Schwarz-Romond et al. 2005; Smalley et al. 2005; reviewed by 

Boutros and Mlodzik 1999; Wharton 2003; Wallingford and Habas 2005; Malbon and 

Wang 2006). Complicating matters further, recent RNA interference screens indicate that 

nearly 250 genes—>1% of the fly genome—impinge upon Wnt/ß-catenin signaling 

(DasGupta et al. 2005). 
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Key Wnt signal transducers and their epistatic relationships were discovered through 

genetic analysis of embryonic development in Drosophila melanogaster (Nusslein-

Volhard and Wieschaus 1980; Ingham 1988; Noordermeer et al. 1994; Siegfried et al. 

1994). Following cellularization of the blastoderm embryo [embryonic stages 5–7, 2–3 

hr after egg laying (AEL)], sequentially acting "gap" and "pair-rule" transcription factors 

initiate "segment-polarity" gene activity with a spatial periodicity that prefigures the 

segmented body plan (Nusslein-Volhard and Wieschaus 1980; Ingham 1988). Segment-

polarity genes largely encode transducers for Wnt and Hedgehog (Hh) signals. Pair-rule 

genes act in a dual capacity by conferring upon alternating cell territories a competence to 

produce either Hh or the Wnt protein Wingless (Wg) and by initiating wg and hh 

transcription in abutting single-cell-wide transverse stripes (Figure 2.1A) (Martinez Arias 

et al. 1988; Martinez Arias 1993; Cadigan et al. 1994). Wg has two temporally distinct 

activities in ectodermal patterning. First, during early to middle germband extension 

(stages 8–11, 3.5–6 hr AEL), Wg maintains the transcription of the target genes hh and 

engrailed (en) at close range in the two to three rows of cells posterior to Wg-producing 

cells (reviewed by Dinardo et al. 1994; Hatini and Dinardo 2001). Thus the width of the 

hh/en-expressing stripe—the posterior border of which marks the segment boundary, a 

guidepost for axonal pathfinding and muscle attachment—is a readout of the Wg-

signaling gradient (Figure 2.1A) (Larsen et al. 2003). Second, ventral cells exposed to Wg 

after 6 hr AEL, upon differentiation, suppress the synthesis of cell protrusions termed 

denticles and appear "naked," whereas cells out of range of Wg produce denticle bands 

that facilitate larval locomotion (Bejsovec and Martinez Arias 1991; Dougan and Dinardo 

1992). Genetic evidence suggests that early Wg/Hh and later Notch and EGF signals 
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influence denticle fates, the latter signal by activating the transcription factor Svb in 

denticle-bearing cells (Bejsovec and Wieschaus 1993; Alexandre et al. 1999; Payre et al. 

1999; Hatini and Dinardo 2001; Price et al. 2006). Cuticle pattern thus is a sensitive 

indicator of Wg signaling: defective signaling results in a "lawn of denticles" phenotype, 

whereas enhanced signaling due to mutation of negative regulators such as axin, apc2, 

GSK3ß, or the aptly named naked cuticle (nkd) results in secretion of "naked" cuticles 

(Nusslein-Volhard and Wieschaus 1980; Siegfried et al. 1992; Hamada et al. 1999; 

McCartney et al. 1999; Zeng et al. 2000). 

nkd is unique among known regulators of Wg signaling for its exclusively zygotic 

expression and genetic requirement (Jurgens et al. 1984; Zeng et al. 2000). 

[Hypomorphic mutations in the fly ß-catenin homolog armadillo (arm) give rise to 

zygotic wg-like phenotypes due to the lability of maternal Arm protein (Riggleman et al. 

1990)]. In nkd mutants, the expression of wg and hh/en by stage 8 appears normal, but by 

stages 9–10 apparently wild-type levels of Wg broaden the territory of hh/en transcription 

to include additional posterior cells that are distant from the source of Wg (Figure 2.1A) 

(Martinez Arias et al. 1988; Lee et al. 1992; Tabata et al. 1992; Bejsovec and Wieschaus 

1993). Increased Wg protein has been observed in posterior signal-receiving cells of stage 

10 nkd mutants, possibly due to defective Wg trafficking (Moline et al. 1999). By stage 

11, depending on the severity of the nkd allele, elevated Wg and Hh signaling induces a 

new, thin stripe of Wg that abuts the widened hh/en stripe (Martinez Arias et al. 1988; 

Bejsovec and Wieschaus 1993). Ectopic Wg transforms the fate of nearby cells from 

denticle producing to naked and promotes cell death, resulting in a shortened cuticle 
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(Bejsovec and Wieschaus 1993; Pazdera et al. 1998). Embryos homozygous for strong 

nkd alleles, such as nkd7H16 or nkd7E89, usually produce two or fewer (but frequently no) 

complete denticle bands due to robust ectopic Wg production, while weaker (yet still 

embryonic lethal) nkd alleles, such as nkd6J48 or nkd42J1, may exhibit a normal or nearly 

normal cuticle pattern due to rare ectopic Wg (Jurgens et al. 1984; Zeng et al. 2000; this 

study). 

We previously showed that Drosophila nkd encodes a "pioneer" EF-hand protein that 

inhibits Wnt/ß-catenin signaling by targeting Dsh (Zeng et al. 2000; Rousset et al. 2001, 

2002). Mice and humans each have two Nkd-related proteins that can bind Dsh and 

inhibit Wnt signaling when overproduced in cultured cells (Katoh 2001; Wharton et al. 

2001; Yan et al. 2001). Nkd family proteins are distinguished from an otherwise large 

number of EF-hand-containing proteins by an 60-amino-acid region of sequence 

homology within and immediately adjacent to the EF-hand motif that we have termed the 

EFX domain (Wharton et al. 2001). Surprisingly, EFX is the only region of extended 

sequence similarity shared between fly and mammalian Nkds, and it is sufficient to 

mediate cross-species binding to fly or mouse Dsh proteins (Wharton et al. 2001). Here 

we employ genetic, cell biological, and structure–function analyses to show that 

Drosophila Nkd uses separable, conserved motifs that target Dsh and allow nuclear entry, 

thereby limiting Arm/ß-catenin accumulation and Wg target gene expression. 
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Fig. 2.1. Nkd antagonizes Arm/ß-catenin accumulation. (A) Schematic of ectodermal 
gene expression in wild type (wt, left) and nkd (right) embryos. Stages 6–7: Wg (blue) 
and Hh/En (red) initiate in adjacent cell rows. Stage 9: In wild type, Wg protein 
distributes in a gradient (blue triangle) and maintains Hh/En in approximately two cell 
rows while, in nkd, Hh/En is expressed in all competent cells (red shading). Wg 
expression-competent cells are in blue shading. Stage 11: In wild type, the Wg gradient is 
biased to the anterior while, in nkd, Wg is ectopically produced by some anterior Wg-
competent cells, causing boundary duplications with reversed polarity (arrows). 
Parasegmental (PS) and segmental (S) boundaries are designated. "hatch": Denticle rows 
1–6 are produced in a trapezoidal band, two belts of which are depicted. In nkd, ectopic 
Wg promotes cell death (X) and suppresses denticle synthesis. (B and C) Five segmental 
anlagen of stage 10 wild type (B) or nkd7H16 (C) embryos stained for Arm (green) above 
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schematic. (D) Mean pixel intensity across five segmental anlagen from Arm-stained 
stage 10 wingless (blue), wild-type (green), and naked (red) mutants. (E) Stage 10 UAS-
NkdGFPC;nkd7H16prd-Gal4/nkd7H16 embryo stained for Arm (green) and GFP (purple). 
Note reduced Arm in NkdGFPC-expressing segments (asterisks). 

 

2.2 Materials and methods 

2.2.1 DNA constructs: 

D. melanogaster Nkd (GenBank AF213376) constructs were built in Bluescript-II-KS+ 

(Stratagene, La Jolla, CA) with C-terminal enhanced GFP (CLONTECH, Palo Alto, CA) 

or myc tags. DNA fragments were synthesized by Pfu PCR, subcloned/sequenced, and 

cloned into pUAS-T (Brand and Perrimon 1993). NkdrEF/mycC replaced aa 179–225 with aa 

87–133 of recoverin (M95858); NkdhEFX2/mycC replaced aa 179–248 with aa 113–178 of 

human Nkd2 (NM_033120). Residues deleted were the following: Nkd RB/mycC 179–292; 

Nkd EFX/GFPC 177–253; Nkd YS/GFPC 248–370; Nkd R1S/GFPC 179–370; Nkd BBg/GFPC 295–

824; Nkd RBg/GFPC 178–824; NkdNBg/GFPC 827–928; NkdNGA/GFPC 713–928; NkdNIN4/GFPC 

573–928; NkdNIN3/GFPC 448–928; NkdNBam/GFPC 296–928; NkdNR1/mycC 179–928; 

Nkd7H/mycC/Nkd7H/GFPC 60–928; Nkd 30aa/GFPC 543–572; NkdR1S/mycC 1–176 and 373–928; 

NkdEFX/GFPC 1–176 and 249–928. Nkd 30aaNLS/GFPC replaced aa 543–572 with the SV40 

NLS (APKKKRKVGST) (Kalderon et al. 1984; Tolwinski and Wieschaus 2004). 

mNkd1f30aa/GFPC replaced aa 248–274 of mNkd1 (GenBank NM_027280) with Nkd aa 

543–572. NkdD201A/mycC, NkdNIN3/GFPC, NkdNBam/GFPC, NkdR1S/mycC, NkdNR1/mycC, and 

NkdEFX/GFPC have been previously described (Rousset et al. 2002). 
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2.2.2 Fly stocks and genetics: 

Fly transformation/culture were performed according to standard methods. Balanced 

UAS-Nkd lines (at least three/construct) were screened for activity by examining adult 

progeny when crossed to B119-Gal4 and GMR-Gal4,UAS-Dsh (Zeng et al. 2000; Rousset 

et al. 2001). Two (or more where specified) second chromosome lines with strong 

overexpression effects (when compared to all lines of each construct) were studied in nkd 

rescue, with the exception that a single second chromosome UAS-NkdNGA/GFPC line was 

obtained. For nkd rescue, all crosses were performed as described (Rousset et al. 2002) at 

25°. All Dsh coexpression crosses were performed with UAS-Dsh or UAS-DshGFP 

(Axelrod et al. 1998; Axelrod 2001). wgIL114 (Gonzalez et al. 1991) was used at the 

nonpermissive temperature of 25° in the experiments in Figure 2.1D and Figure 2.12, A 

and B.  

2.2.3 Cuticles: 

Cuticle preparations were performed as previously described, with 125–600 cuticles for 

each cross and genotype scored as wild type, mild, moderate, or strong according to 

described criteria (Zeng et al. 2000; Rousset et al. 2002). For UAS-Nkd constructs with 

substantial activity, rescued nkd cuticles selected for photography either were identified 

by nkd head involution or spiracle elongation defects not seen in control crosses or were 

individually selected by the absence of balancer-linked GFP fluorescence. All crosses to 

assess cuticle rescue, except where indicated, were performed in a nkd7H16/nkd7E89 

background. Since nkd7E89 encodes a potentially truncated protein that retains Dsh-binding 

regions (Figure 2.9A), we confirmed that UAS-Nkd R1S/GFPC, lacking the Dsh-binding 
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regions, rescued nkd7H16 cuticles and En stripe width to an extent comparable to 

nkd7H16/nkd7E89 (not shown) to rule out the possibility that the rescuing activity of Nkd

R1S/GFPC was due to the presence of an intact Dsh-binding sequence encoded by the nkd7E89 

chromosome. For scoring the phenotype of nkd alleles (Figure 2.9B), "complete" denticle 

bands were scored if six denticle rows could be unambiguously identified and trapezoidal 

morphology was evident, whereas "partial" bands had either fewer than six denticle rows 

(except A1, which has three rows) or discontinuous replacement of denticle rows by 

naked cuticle due to patchy ectopic Wg production. Although nkd47K1 and nkd7E89 have 

identical mutations and each has a wide En stripe during stage 11 (Figure 2.9A), their 

slight difference in cuticle phenotype (Figure 2.9B) could be due to the different genetic 

backgrounds in which each was generated (ru cu ca for nkd7E89 vs. red e for nkd47K1). 

2.2.4 Computer programs and web tools: 

Figures were constructed in Adobe Photoshop and Canvas (ACD Systems). Graphs were 

generated in Deltagraph (Red Rock Software). Secondary structure prediction was 

obtained at http://bmerc-www.bu.edu/psa. Helical wheel output (Figure 2.10B) was 

obtained at http://cti.itc.virginia.edu/ cmg/Demo/wheel/wheelApp.html. ClustalW 

analysis and linked Boxshade output was obtained at 

http://dot.imgen.bcm.tmc.edu:9331/multi-align/multi-align.html. 

2.2.5 Immunocytochemistry: 

Embryos were collected on yeast/grape juice agar, dechorionated in 50% bleach for 2 

min, fixed in 50:50 PBS + 4% formaldehyde/heptane for 20 min, devitellinized in 50:50 

heptane/methanol, rehydrated in PBS + 0.1% Triton X-100 (PBT), blocked in PBT + 5% 
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goat serum (PBTN), and then incubated with antibodies/PBTN with rocking at 4°. 

Embryo heat fixation was performed as described (Zeng et al. 2000). Primary 

antibodies/dilutions were the following: rat- -Nkd (Zeng et al. 2000) 1:100; rabbit- -Dsh 

(a kind gift from R. Nusse) 1:200 and -ß-gal (Molecular Probes, Eugene, OR) 1:500; 

biotinylated- -GFP (Molecular Probes) 1:200; monoclonal Abs: -En (4D9, a kind gift 

from N. Patel) (Patel et al. 1989) 1:200; -ß-gal (Promega, Madison, WI) 1:1000; -myc 

(Sigma, St. Louis) 1:500; -Arm [N2-7A1, Developmental Studies Hybridoma Bank 

(DSHB)] (Riggleman et al. 1990) 1:500; -Wg (4D4, DSHB) (Brook and Cohen 1996) 

1:50. Secondary antibodies/dilutions were the following: biotinylated- -mouse and -

rabbit IgG, FITC- -rat, rhodamine- -rabbit and rhodamine- -mouse (Jackson 

ImmunoResearch, West Grove, PA) 1:200. En was visualized using Vectastain ABC Elite 

(Vector Labs, Burlingame, CA), 3,3'-diaminobenzidine (DAB), and 30 mM NiCl 

enhancement. NkdGFP's were visualized by streptavidin-FITC (Jackson ImmunoResearch) 

at 1:1000. DNA was visualized using DRAQ5 (Alexis Biochemicals) at 1:1000 following 

RNAse-A digestion to minimize cytoplasmic mRNA staining. 

2.2.6 Microscopy: 

Adult flies were photographed as described (Rousset et al. 2002). DAB-stained embryos 

were cleared through graded ethanols into methyl salicylate and viewed under Nomarski 

optics on a Zeiss Axioplan IIie. Rescued nkd embryos were unambiguously identified by 

lack of head-specific ß-gal encoded by the hb-lacZ transgene on the TM3 balancer 

chromosome. At least 20 rescued stage 11 embryos were examined in each collection, 

and representative embryos were photographed. Fluorescent-labeled embryos were 
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mounted in Fluoromount G (Southern Biotechnology) and images were acquired on a 

Nikon C1 confocal microscope with 488-, 543-, and 633-nm lasers using 40x and 100x 

oil objectives and 8-pass Kalman averaging. FITC/DRAQ5 and rhodamine were 

sequentially scanned to prevent bleed through of FITC-emitted signals. Three or more 

embryos of representative stages (typically stages 9–11) were examined under multiple 

confocal fields for each construct/line tested. For SEM, adult flies were fixed in 100% 

ethanol, 2% glutaraldehyde, postfixed in 1% OsO4 in 0.1 M cacodylate buffer, and 

dehydrated through graded ethanols. Specimens were mounted, critical point dried, 

sputter coated, and viewed on a JEOL 820A electron microscope. 

2.2.7 Image analysis: 

Confocal images of Arm-stained embryos were oriented along the anterior–posterior axis, 

analyzed in ImageJ (National Institutes of Health), and presented graphically via 

Deltagraph. 

2.2.8 nkd viability assays: 

Hatching frequency (Figure 2.3O) was determined by selecting, 6–12 hr AEL, GFP– (or 

dim, for NkdGFP-expressing constructs) embryos from the cross UAS-Nkd;nkd7H16/TM3-

GFP x nkd7E89da-Gal4/TM3-GFP and culturing the embryos on grape juice agar at 25° 

until hatching. Adult viability (Figure 2.3P) was determined by individually transferring 

GFP– or dim crawling first instar larvae to yeast paste/grape juice agar at 21° and scoring 

for viability to the indicated stage until death or eclosion. All rescued adults lacked Sb on 

the TM3 balancer, confirming the rescued nkd genotype. nkd7H16 animals survived to a 

comparable degree as nkd7H16/nkd7E89 animals (not shown). 
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2.2.9 Yeast two-hybrid: 

Yeast two-hybrid and yeast extract preparation was performed as described (Rousset et al. 

2001) in the yeast reporter strains Y190 (ONPG assay) and AH109 (growth assay) 

(CLONTECH). Figure 2.6C and Figure 2.8C show the mean ±SD ß-gal units for four 

independent experiments performed in triplicate for each plasmid combination. 

2.2.10 Leptomycin-B treatment of embryos: 

Embryos expressing constructs indicated in Figure 2.4 were dechorionated and rocked in 

50:50 octane/PBS ± 0.158 µg/ml leptomycin-B (LMB; Sigma) for 30 min at 21°. 

PBS/LMB was aspirated and the embryos were fixed, stained, and imaged as described. 

2.2.11 nkd allele sequencing: 

nkd alleles were generated in an isogenized red e background (W. Zeng and M. P. Scott, 

unpublished data). Genomic DNA was prepared from adult flies carrying each nkd allele 

over a balancer chromosome. Overlapping primers for each nkd coding exon were 

designed to amplify 400- to 500-bp fragments. PCR fragments were purified on an 

agarose gel, eluted using the QIAquick gel extraction kit (QIAGEN, Chatsworth, CA), 

and sequenced from the 5'- and 3'-ends. 

2.2.12 Western blots: 

Dechorionated 0- to 5-hr embryos were dounce homogenized in 5 vol of cold lysis buffer 

[50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 1 mM 

DTT, 1 mM PMSF, supplemented with complete protease inhibitor (Roche)]. The 

homogenate was centrifuged at 14,000 x g for 15 min to pellet debris, and 100 µg crude 
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extract was resolved on 10% SDS–PAGE and transferred to PVDF membrane. For yeast 

Western blots, 10 µg supernatant was loaded per lane. Antibodies/dilutions were the 

following: rabbit -GFP1 (Santa Cruz Biotechnology) 1:3000; mouse mAbs -myc 

(Sigma) 1:6000; -DBD-Gal4 (Santa Cruz) 1:5000; -porin (Molecular Probes) 1:1000; 

-tubulin TU27 (Covance) 1:2500 (not shown). Signals were visualized with SuperSignal 

West Dura extended duration substrate (Pierce Biotechnology) followed by 

autoradiography. 

2.3 Results 

Nkd antagonizes Arm/ß-catenin accumulation: 

Whether or not increased levels of Arm/ß-catenin cause the expansion of Wg target gene 

expression in nkd mutants is not known; an early report, prior to the widespread use of 

confocal imaging, suggested that Arm levels are normal during early germ-band extension 

in nkd mutants (Riggleman et al. 1990). Confocal imaging revealed elevated Arm in nkd 

embryos by stage 10, prior to ectopic Wg synthesis (cf. Figure 2.1, B and C). Images of 

Arm-stained nkd embryos had peak pixel intensities increased approximately twofold 

over wild type (Figure 2.1D). To confirm this observation, Nkd was produced in alternate 

segments using prd-Gal4 (Yoffe et al. 1995), a Gal4 driver integrated into the pair-rule 

locus paired (prd), so that Arm distribution in adjacent rescued and nkd segments could 

be imaged simultaneously. In stage 10 nkd embryos, Nkd reduced Arm to wild-type 

levels (Figure 2.1E). In contrast, increased Nkd did not reduce peak Arm levels in nkd/+ 

or wild-type embryos (not shown). 
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Distributions of endogenous Nkd and Dsh: 

Nkd and Dsh localizations during segmentation may provide clues about how Nkd limits 

Wg signaling. Endogenous Nkd was not detected by existing antibodies in formaldehyde-

fixed embryos, but could be visualized by heat-fixation-induced antigen retrieval (Zeng et 

al. 2000). Confocal microscopy of heat-fixed embryos stained with -Dsh and -Nkd 

revealed uniform Dsh throughout each segment, whereas Nkd accumulated in a complex 

striped pattern similar to nkd mRNA (Figure 2.2, A and B) (Yanagawa et al. 1995; Zeng 

et al. 2000). Within cells, each protein was observed in a diffuse and punctate distribution 

in both cytoplasm and nucleus, with rare sites of punctate cytoplasmic and/or plasma 

membrane colocalization (Figure 2.2, B–B''). No segmental variation of nuclear 

accumulation was observed for either protein. Heat fixation compromised embryo 

morphology, precluding a more accurate assessment of subcellular distributions. 

 
Fig. 2.2. Distributions of Nkd and Dsh in embryos. (A) Heat-fixed wild-type stage 11 
embryo stained for endogenous Nkd. Arrowheads mark positions of parasegmental 
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boundaries. Note segmental variation in Nkd abundance (brackets, also in B). (B–B'') 
Heat fixed wild-type embryo stained for endogenous Nkd (green, B) and Dsh (red, B'); 
B'' is a merged image. Insets in B–B'': each protein is cytoplasmic and weakly nuclear 
(large arrowhead) with some cytoplasmic and/or plasma membrane colocalization 
(yellow arrows). (C) Formalin-fixed stage 11 cas-Dshmyc/UAS-NkdGFPC;nkd7H16da-
Gal4/nkd7H16 embryo stained with -myc and -GFP (only the latter is shown). Note 
uniform, predominantly cytoplasmic but low-level nuclear distribution of NkdGFPC. (D–
D'') Medium power; same genotype as C. Note uniform distributions of both proteins in 
cytoplasm and nucleus (arrowhead in insets). Punctate areas with predominantly Nkd 
(green arrow), Dsh (red arrow), or both (yellow arrow) can be identified in magnified 
insets. (E) Western blot of extracts from 0- to 5-hr embryos expressing GFP (left) or 
NkdGFPC (right) and probed with -GFP antibody highlighting specific GFP (arrow), 
NkdGFPC (large arrowhead), and nonspecific bands (small arrowheads). (F) Western blot 
of extracts from 0 to 5 hr. cas-Dshmyc embryos probed with -myc. Note doublet in left 
lane that collapses to a single band following phosphatase (CIP) treatment. (G) High 
power; same genotype as C, with DNA (blue) marking nuclei in G' and G''. Note punctate 
cytoplasmic Nkd (green arrow) and Dsh (red arrow) staining with rare cytoplasmic 
(yellow arrow) and nuclear (arrowhead) colocalization.

Epitope-tagged Nkd rescues nkd mutants to adulthood: 

We sought to visualize Nkd and Dsh live or under gentle fixation, but first compared the 

activity of epitope-tagged Nkd to untagged Nkd in a rescue assay (Rousset et al. 2002). 

Nkd fused to either a C-terminal myc tag (NkdmycC) or GFP (NkdGFPC), driven by the 

ubiquitous da-Gal4 driver, narrowed the En stripe to two to three cells in stage 10–11 nkd 

embryos and rescued the cuticle phenotype as well as untagged Nkd (Figure 2.3, A–C, N; 

data not shown) (Zeng et al. 2000; Rousset et al. 2002).  

Overexpressing Nkd during larval development results in adult phenotypes that mimic 

loss of Wg signaling; B119-Gal4-driven Nkd expression caused ventral eye reduction and 

loss and lateral displacement of sternite bristles (Figure 2.3, D–M) (Zeng et al. 2000; 

Wharton et al. 2001). From a panel of transgenic UAS-Nkd fly lines, we selected 

comparably "weak" and "strong" UAS-NkdmycC and UAS-NkdGFPC lines as judged by their 

expressivity when produced by B119-Gal4 (Figure 2.3, D–M). Although all four tagged 
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UAS-Nkd lines rescued nkd cuticles as well as untagged Nkd (Figure 2.3N), NkdmycC lines 

rescued to later postembryonic stages than NkdGFPC lines (Figure 2.3, O and P). Although 

size and/or type of epitope tag, particularly a bulky GFP moiety, may subtly alter Nkd 

activity later in development, our data show that C-terminal epitope tags do not affect 

Nkd activity in the embryo. 

Depending on the construct, transgenic line, and culture conditions, up to 60% of rescued 

nkd mutant crawling first instar larvae survived to adulthood (Figure 2.3P; data not 

shown). Although no NkdGFPC-expressing nkd mutant larvae survived to adulthood when 

cultured at 21° (Figure 2.3P), rare survivors eclosed when cultured at 18° (not shown). 

Dissection of pharate adults that failed to eclose revealed defects associated with altered 

Wg signaling, including reduced or missing wings and legs, altered sternite bristle 

pattern, and segmentation defects (not shown), while adults often lacked wings and/or 

halteres (Figure 2.3Q) (Baker 1988; Couso et al. 1993; Zeng et al. 2000). Although most 

of the defects in rescued mutants are associated with reduced wg activity (possibly due to 

Gal4-driven Nkd overproduction), we also observed wing-margin bristle patterns and 

ectopic wing bristles indicative of locally increased wg activity (Figure 2.3, R–T) (Couso 

et al. 1994).  
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Fig. 2.3. Nkd rescues nkd mutants to adulthood. (A–C) Stage 11 embryos of indicated 
genotypes stained for En and viewed at low power (left) and high power showing two 
segments (middle). (Right) Representative cuticle. Wt (A) has a two- to three-cell En 
stripe (arrows and bar), while nkd7H16/nkd7E89 (B) has a wide En stripe and develops a 
strong nkd phenotype with a severe head involution defect (arrowhead) and widely split 
posterior spiracles (arrow). (C) UAS-NkdGFPC;nkd7E89da-Gal4/nkd7H16 has a narrow En 
stripe and a wild-type cuticle pattern. (D–M) Eye (D–H) or ventral abdomen (I–M) of 
wild type (wt) (D and I) or B119-Gal4/UAS-Nkd female (E–H and J–M). Weaker UAS-
Nkd lines NkdmycC#9 and NkdGFPC#3 produce a teardrop-shaped ventral eye (arrowheads, 
E and F) relative to wild type (D), whereas the stronger lines NkdmycC#3-2 and NkdGFPC#1 
cause ventral eye reduction (G and H). Wild-type female abdomen has 90 sternite 
bristles (arrowhead) in the ventral aspect of segments A2–A6 (I). Weaker UAS-Nkd lines 
(J and K) caused bristle loss and lateral bristle displacement with indicated mean ±SD 
bristle numbers, while stronger lines (L and M) resulted in near total bristle loss. (N) 
Distribution of wild-type and nkd cuticle phenotypes (weak, moderate, strong) in rescue 
cross (UAS-X; nkd7H16/TM3 x da-Gal4,nkd7E89/TM3, where X is indicated construct) for 
each Nkd construct. UAS-lacZ (light blue) is the negative control, giving rise to an 3:1 
Mendelian ratio (75:25%) of wild-type-to-strong nkd mutants. w– is viability control, 
with 100% wild type. Magenta, untagged Nkd; blue, NkdmycC; green, NkdGFPC. Note that 
each UAS-Nkd line rescues nearly all cuticles to wild type. (O) Percentage of nkd 
embryos that hatched into crawling first instar larvae as a function of UAS-Nkd rescue 
construct. w– and UAS-lacZ are controls. Above each bar is the number of embryos 
cultured. (P) Percentage of rescued nkd crawling first instar larvae that survived to 
indicated stage. w– is the control for culture conditions. Key shows the number of larvae 
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of each genotype that were cultured. Note that a lower percentage of NkdGFPC than 
NkdmycC-rescued embryos hatch and survive to later stages. (Q) UAS-NkdmycC;nkd7E89da-
Gal4/nkd7H16 hatched adult with wing-to-notum transformation (arrowhead). (R) Wild-
type anterior wing margin with evenly spaced stout bristles (blue arrowhead) and slender 
bristles (red arrowheads), each of the latter interspersed by four wing trichomes. (S and 
T) Wing margins from rescued nkd adult showing displaced stout bristle and decreased 
spacing between slender bristles (S) and ectopic sensory bristles near wing margin (T). 

 

Distributions of tagged Nkd and Dsh: 

Having established the functional equivalence of tagged and untagged Nkd in a rigorous 

rescue assay, we proceeded to investigate the distributions of tagged Nkd and Dsh. 

Unfortunately, when expressed in embryos, we were unable to detect NkdmycC with -myc 

by Western blot or immunofluorescence (not shown). Likewise, NkdGFPC was not visible 

with live fluorescence microscopy but was detectable with -GFP, the specificity of 

which was verified by expressing NkdGFPC with striped Gal4 drivers (Figure 2.1E; data 

not shown). To monitor Dsh, we used a myc-tagged Dsh transgene driven by the 

endogenous dsh promoter (cas-Dshmyc) that can rescue dsh mutants to adulthood (J. 

Axelrod, personal communication). Formalin-fixed nkd embryos ubiquitously expressing 

NkdGFPC carrying cas-Dshmyc revealed -myc- and -GFP-staining patterns similar to 

endogenous Dsh and Nkd (cf. Figure 2.2, A and B with C and D). da-Gal4-driven 

NkdGFPC accumulated during stage 7 in a diffuse and punctate cytoplasmic pattern that 

persisted through stages 10–11 to include diffuse nuclear staining (Figure 2.2, C and D; 

data not shown). Dshmyc and NkdGFPC accumulated uniformly across the segment, 

consistent with a lack of post-transcriptional control of steady-state Nkd or Dsh levels or 

distributions by physiologic levels of Wg signaling, an observation that we confirmed by 
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producing NkdGFPC in alternate segments of nkd mutants using prd-Gal4 (not shown). 

Western blots of embryo extracts revealed predominant bands with slightly retarded 

mobilities relative to the expected Mr of each fusion protein (NkdGFPC = 129 kDa; DshmycC 

= 79 kDa) (Figure 2.2, E and F), indicating that the distributions observed by microscopy 

likely correspond to that of full-length proteins as opposed to degradation products. 

In contrast to the segment-polarity protein Lines, which undergoes rapid nucleo-

cytoplasmic shuttling in response to Wg or Hh signaling, the observed embryonic 

distributions of NkdGFPC and Dshmyc were unaffected by pharmacologic inhibition of 

CRM1-dependent nuclear export following a 30-min exposure to leptomycin-B (Figure 

2.4) (Fornerod et al. 1997; Ossareh-Nazari et al. 1997; Hatini et al. 2000). 

With either fixation or staining method, Nkd and Dsh exhibited largely nonoverlapping 

subcellular distributions, with only rare Nkd/Dsh punctate cytoplasmic or nuclear 

colocalization (Figure 2.2, G–G''), observations consistent with our previous unsuccessful 

attempts to co-immunoprecipitate endogenous Nkd and Dsh from embryos or S2 cells 

(Rousset et al. 2001).  
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Fig. 2.4. NkdGFPC and Dshmyc do not undergo rapid CRM-1-dependent nuclear export. 
Each panel shows low- and high-power views of representative stage 11 embryos 
expressing the indicated construct via da-Gal4 (except cas-Dshmyc, which expresses 
Dshmyc at appropriate levels via the dsh promoter) stained with the appropriate antibody 
to reveal subcellular distributions ±30 min treatment with the CRM-1-dependent nuclear 
export inhibitor LMB. The positive control (A and B) is Linesmyc, which is nuclear in 
Wg-receiving cells and cytoplasmic in Hh-receiving cells of the dorsal ectoderm (Hatini 
et al. 2000). LMB treatment drives Linesmyc into the nucleus of most dorsal ectoderm and 
head (arrow) cells. Asterisks designate positions of nuclei. The negative control (C and 
D) is the myristoylated, N-terminal 89 amino acids of D. melanogaster Src (Simon et al. 
1985) fused to GFP. No change in the membrane-associated SrcGFP distribution is seen 
after LMB treatment. NkdGFPC (E) is cytoplasmic and nuclear, whereas Dshmyc (G) is 
predominantly cytoplasmic in the absence of LMB, and these distributions remain 
unchanged in LMB-treated embryos (F and H). 

In vivo requirements for Nkd/Dsh-interacting regions: 

Misexpressed Nkd can inhibit endogenous dsh during PCP signaling as well as Dsh-

overexpression-induced gain-of-Wg signaling phenotypes (Axelrod 2001; Rousset et al. 

2001). If Nkd/Dsh association is necessary for Nkd to antagonize Wnt signaling, then 

Nkd should not alter a gain-of-Wnt signaling phenotype induced by a Dsh protein that 

lacks Nkd-interacting sequences. Dsh consists of DIX, basic/PDZ, and DEP domains, of 

which Nkd binds to the central basic/PDZ region (Rousset et al. 2002). Misexpression of 
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full-length Dsh in the larval eye imaginal disc by GMR-Gal4 resulted in adult eye 

phenotypes similar to those caused by a dominant wg allele (wgGlazed) in which ectopic 

Wg causes expanded head cuticle and pigment cell fates, ommatidial apoptosis, and 

reduced or absent interommatidial bristles (Figure 2.5, A–C) (Cadigan and Nusse 1996; 

Ahmed et al. 1998; Brunner et al. 1999; Rousset et al. 2001; Cadigan et al. 2002; 

Tomlinson 2003; Lin et al. 2004). Nkd coexpression inhibited the Dsh-induced phenotype 

but had no effect on a similar phenotype induced by a mutant Dsh protein, Dsh bPDZ, that 

lacked Nkd-interacting regions (cf. Figure 2.5, D and E) (Axelrod et al. 1998; Rousset et 

al. 2001). Nkd also inhibited Dsh-induced, but not Dsh bPDZ-induced, ectopic wing-

margin bristles (not shown). 

 
Fig. 2.5. Nkd reverses Dsh- but not Dsh bPDZ-induced eye phenotype. (A) Wild-type eye. 
(B) wgGlazed eye. (C) GMR-Gal4/UAS-Dsh;UAS-lacZ eye. (D) GMR-Gal4/UAS-Dsh;UAS-
Nkd eye showing strong suppression of Dsh-induced phenotype. (E) GMR-Gal4/UAS-
Dsh bPDZ;UAS-lacZ eye (left) is identical to GMR-Gal4/UAS-Dsh bPDZ;UAS-Nkd eye 
(right), with no ommatidia or bristles. 

Next we made Nkd proteins with mutant Dsh-binding regions. NkdrecEF/mycC and 

NkdhEFX2/mycC replaced the Nkd EF hand with either the high-affinity Ca2+-binding EF 

hand of bovine recoverin (Flaherty et al. 1993) or the EFX of human Nkd2 (hNkd2) 

(Wharton et al. 2001). NkdD201A/mycC substituted an alanine for a conserved aspartate in the 

EF hand loop, a mutation that reduced the extent of Nkd/Dsh association by yeast two-

hybrid (Y2H) (Rousset et al. 2002). All three constructs rescued the nkd cuticle 
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phenotype and adult viability, although NkdrEF/mycC and NkdhEFX2/mycC cuticle resc

less efficient

ue was 

Surprisingly, Nkd

 than wild type (Figure 2.6B; data not shown). 

RB/mycC, which lacks the EFX, rescued nkd mutants to adulthood as 

y well as NkdmycC (Figure 2.6B; data not shown), but the mutant protein's residual activit

could be due to Dsh-association via adjacent Zn2+-binding sequence in fly Nkd (Rousset 

et al. 2002). We made Nkd–GFP constructs lacking the EFX (Nkd EFX/GFPC) or the Zn2+-

binding region (Nkd YS/GFPC) or both Dsh-binding regions (Nkd R1S/GFPC). Nkd EFX/GFPC 

rescued nkd cuticles as well as NkdGFPC or Nkd RB/mycC, but Nkd YS/GFPC or Nkd R1S/GFPC 

had a reduced but a still significant rescue activity (Figure 2.6, A and B). The Nkd 

proteins lacking Dsh-binding regions had reduced associations with Dsh or DshbPDZ

quantitative Y2H (Figure 2.6C). During

 by 

 stages 10–11 Nkd EFX/GFPC and Nkd R1S/GFPC, in

contrast

 

tion 

o 

 to NkdGFPC, accumulated predominantly in nuclei while retaining punctate 

cytoplasmic distribution and rare Dsh colocalization (Figure 2.6, A and D–D''), 

suggesting that the EFX domain and/or Dsh association opposes nuclear localiza

signals in Nkd. Consequently, NkdEFX/GFPC, consisting of only the EFX domain fused t

GFP, accumulated in the cytoplasm during germ-band extension but did not inhibit Wnt 

signaling or rescue the nkd cuticle (Rousset et al. 2002; data not shown).  

 



51 

 
Fig. 2.6. Properties of Nkd proteins with mutant Dsh-binding regions. (A) Dsh (purple) 
has DIX, PDZ, and DEP domains. Nkd (yellow) has EFX domain. Red bars indicate 
regions that mediate Nkd/Dsh association (Rousset et al. 2002). Nkd constructs lacking 
Dsh-binding regions (designated by spliced-out regions) are schematized at left, with 
representative images from activity assay (stage 11 -En and larval cuticle) and -GFP 
localization in stage 11 embryo, depicted from left to right. The top two constructs, 
lacking the EFX domain, each narrowed the En stripe to two to three cells and restored 
cuticle pattern, while the bottom two constructs, lacking the Zn2+-binding domain, 
partially narrowed the En stripe but also restored most of the cuticle pattern. Note that 
EFX deletion increased the ratio of nuclear-to-cytoplasmic GFP, with the exception of 
the two Nkd R1S/GFPC-expressing cells in the center of the field with condensed chromatin 
indicative of late telophase. ND, not done. (B) Distribution of wild-type and nkd cuticles 
in rescue cross for indicated Nkd construct. For crosses in which the UAS-Nkd insertion 
is lethal, the presence of the CyO balancer in the rescue cross results in 12.5% of 
cuticles remaining unrescued and hence "strong" (indicated by the black-topped bars). 
Note that constructs lacking Dsh-binding regions have a reduced ability to rescue relative 
to wild-type Nkd, as evidenced by a reduced proportion of wild-type cuticles and 
increased weak and moderate cuticles. (C) Y2H of strains expressing Nkd bait constructs 
(left) and Dsh (top) or DshbPDZ (middle) prey assayed for growth under double-dropout 
(2D) or quadruple-dropout (4D) media. Bar graphs on right show ONPG units for strains 
harboring indicated constructs in quantitative Y2H assay. (Bottom) Western blot of yeast 
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extracts expressing indicated Nkd-Gal4 DNA-binding domain (DBD) fusion proteins. 
Porin is loading control. (D) High power of stage 11 UAS-Nkd R1S/GFPC/cas-
Dshmyc;nkd7H16da-Gal4/nkd7H16 epidermis stained for -GFP (D, green), -my
and DNA (D'', blue); D''' is a merged image. Although the majority of Nkd

c (D', red), 
R1S/GFPC is 

nuclear, rare cytoplasmic Nkd/Dsh colocalization (yellow arrows) can be identified. 

Dsh-binding sequences in Nkd are important to reverse the consequences of Dsh 

overproduction, because Nkd R1S/GFPC  

 R1S/mycC

 

 2+  

EFX/GFPC 2+  

 

 

 restored few bristles or ommatidia to GMR-

Gal4/UAS-Dsh eyes (cf. Figure 2.7, B and C). Conversely, Nkd , composed of only 

sequences sufficient to bind Dsh, suppressed the Dsh-induced eye phenotype (Figure 

2.7D). Nkd's Zn -binding sequences are important for inhibiting Dsh, because 

Nkd , lacking the Zn -binding sequences, did not alter the Dsh-induced eye 

phenotype (not shown). In summary, Dsh-binding regions of Nkd are necessary for full 

nkd rescue activity and are largely sufficient to inhibit Dsh. 

AS-lac  

 
Fig. 2.7. Nkd's Dsh-binding regions are important for blocking Dsh-induced eye 
phenotype. (A–D) SEMs of representative wild type (A), GMR-Gal4/UAS-Dsh;U
(B), GMR-Gal4/UAS-Dsh;UAS-Nkd

Z
R1S/GFPC (C), or GMR-Gal4/UAS-Dsh;UAS-

NkdR1S/mycC (D) eyes. Note that Nkd R1S only weakly rescues the Dsh-induced phe
while Nkd

notype, 

A 30-amino-acid motif is necessary for Nkd activity and nuclear localization: 

Despite the ability of Nkd's Dsh-binding sequences to block Dsh in vivo, da-Gal4-

R1S, consisting of only Dsh-binding sequences, restored ommatidia and bristles. 
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expressed NkdR1S/mycC had no nkd rescue activity (Rousset et al. 2002). To identify regions 

of Nkd important for function, we made additional transgenes and sequenced nkd alleles. 

Nkd BBg/GFPC and Nkd RBg/GFPC, lacking amino acids 295–824 and 178–824, respectively, 

did not rescue, indicating deletion of critical region(s) (Figure 2.8A). The C-terminal 

truncations NkdNBg/GFPC (retaining aa 1–826), NkdNGA/GFPC (1–712), and NkdNIN4/GFPC (1–

572) restored cuticle pattern and narrowed the En stripe of nkd mutants (Figure 2.8, A and 

B). NkdNIN3/GFPC (1–447), which includes Dsh-association sequences, did not narrow the 

En stripe and only partially rescued the nkd cuticle (Figure 2.8A) (Rousset et al. 2002). 

The shorter constructs NkdNBam/GFPC (1–295), NkdNR1/mycC (1–178), or 

Nkd7H/GFPC/Nkd7H/mycC (1–59) did not affect the nkd phenotype (Figure 2.8A) (Rousset et 

al. 2002). The distributions of NkdNIN4/GFPC and longer constructs during stages 10–11 

resembled NkdGFPC, whereas the shorter constructs NkdNIN3/GFPC, NkdNBam/GFPC, Nkd

RBg/GFPC, and Nkd BBg/GFPC were excluded from nuclei during stages 10–11 (Figure 2.8A). 

Nkd7H/GFPC was detectable in nucleus and cytoplasm (Figure 2.8A), suggesting that the 

EFX retains Nkd in the cytoplasm, consistent with deletion of the EFX domain (as in 

constructs Nkd EFX/GFPC or Nkd R1S/GFPC) resulting in enhanced nuclear localization 

relative to NkdGFPC (cf. Figure 2.2G with Figure 2.6, A and D). Alternatively, the small 

size of Nkd7H/GFPC may allow free diffusion through nuclear pores. NkdNIN3/GFPC, 

NkdNIN4/GFPC, and longer constructs fully reversed the Dsh-induced eye phenotype, while 

NkdNBam/GFPC, retaining the EFX domain but lacking the Zn2+-binding region, restored 

ommatidia but few bristles (not shown). Thus Nkd aa 448–572 (the sequence in 

NkdNIN4/GFPC but not in NkdNIN3/GFPC) are crucial for both Nkd activity and nuclear 

localization but not for inhibiting overexpressed Dsh.  
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Fig. 2.8. A 30-aa motif is necessary for Nkd activity and nuclear localization. (A) Data 
from indicated UAS-Nkd constructs as described in Figure 2.6A. Note that constructs with 
the 30-aa motif (light blue box) narrowed the En stripe, restored cuticle pattern, and were 
detected in nuclei, whereas constructs lacking the 30-aa motif did not narrow the En 
stripe, did not restore or only partially restored cuticle pattern, and (with the exception of 
Nkd7H/GFPC) were excluded from nuclei. (B) Quantitation of cuticle phenotypes. Note that 
constructs with a 30-aa motif (blue bars) efficiently rescued, while those lacking the 30-
aa motif (white bars) partially rescued or did not rescue. (C) Y2H of Nkd or Nkd 30aa 
binding to Dsh or DshbPDZ. (Right) Western blot of yeast extracts expressing Nkd or 
Nkd 30aa. Note that deletion of the 30-aa motif did not affect Dsh binding. 
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Sequencing DNA from flies heterozygous for a panel of lethal EMS-induced nkd alleles 

(Jurgens et al. 1984; W. Zeng and M. P. Scott, unpublished data) revealed six nonsense 

mutations predicted to encode truncated proteins ranging from 399 to 516 aa (Figure 2.9A 

and Figure 2.10A). Each mutant develops a variable nkd cuticle phenotype—possibly due 

to variation in Wg-dependent nkd expression, nonsense-mediated mRNA decay, or 

stability or activity of each truncated protein—but stage 11 embryos exhibit a wide En 

stripe indicative of elevated Wg signaling (Figure 2.9A). As shown in Figure 2.9B, each 

allele exhibits a weaker nkd cuticle phenotype than the first allele that we molecularly 

characterized, nkd7H16, which harbors a nonsense codon at residue no. 60 (Zeng et al. 

2000). Since Nkd7H/GFPC and Nkd7H/mycC lacked rescue activity (Figure 2.8, A and B), we 

presume that nkd7H16 represents a null allele but a definitive determination awaits 

examination of nkd deficiency chromosomes.  

 
Fig. 2.9. Phenotypes and molecular lesions of nkd alleles. (A) Predicted truncated Nkd 
protein based on sequencing of indicated nkd allele, relative to full-length Nkd (top). 
Note that each predicted protein is truncated N-terminally of the 30-aa motif. Stage 11 
mutant embryos have a widened En stripe and a variable nkd phenotype. Right column 
shows DNA sequence trace from a heterozygote, indicating the codon number with 
mutation (arrow). (B) Mean number of complete (black bars) and partial (shaded bars) 
abdominal denticle belts (A1–A8) in each nkd allele (n = 25 mutant cuticles scored for 
each allele). The molecular lesion of nkd7H16 was reported in Zeng et al. (2000). 
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Next we assembled a putative nkd cDNA sequence from the Anopheles gambiae genome 

(GenBank BK005845) (Holt et al. 2002). Mosquito Nkd is predicted to be 886 aa and Mr 

= 96.7 kDa (Figure 2.10A). Fly and mosquito Nkd share 29% aa identity, with homology 

clustered in four blocks interspersed by mostly dissimilar sequence (Figure 2.10A). Fly 

and mosquito Nkd share 22/30 identical amino acids (fly aa 543–572) that lie precisely 

within the interval critical for nkd activity defined by transgenes and alleles. Mammalian 

nkd paralogs also share four sequence blocks interspersed by variable sequence (Figure 

2.10B) (Katoh 2001; Wharton et al. 2001). Strikingly, the third conserved sequence block 

in mammalian Nkds, like those of the two insect Nkds, is exactly 30 aa, but no homology 

exists between insect and mammalian 30-aa motifs (Wharton et al. 2001; data not shown). 

However, a secondary structure prediction algorithm (see section 2.2 MATERIALS AND 

METHODS) indicates that insect and mammalian motifs may adopt an amphipathic -

helical secondary structure (Figure 2.10B; data not shown). Nkd 30aa/GFPC, lacking the 30-

aa motif, only slightly narrowed the nkd mutant En stripe and partially rescued the nkd 

cuticle (Figure 2.8A). Nkd 30aa/GFPC and NkdNIN3/GFPC were also compromised in their 

ability to reduce Arm levels in stage 10 nkd mutants relative to NkdGFPC and NkdNIN4/GFPC 

(Figure 2.11, A–E). By Y2H, Nkd and Nkd 30aa each interacted to a comparable extent 

with Dsh or DshbPDZ (Figure 2.8C), and the fly 30-aa motif bound neither Dsh nor DshbPDZ 

(not shown). Like NkdNIN3/GFPC, Nkd 30aa/GFPC exhibited reduced nuclear staining in stage 

11 embryos relative to NkdGFPC (Figure 2.8A; also cf. Figure 2.13, A and B), indicating 

that the 30-aa motif is necessary for Nkd function and nuclear localization during 

segmentation. 
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Fig. 2.10. Nkd alignment and protein family. (A) ClustalW alignment of predicted An. 
gambiae (Ag, GenBank BK005845) and D. melanogaster (Dm, GenBank AF213376) 
Nkd proteins. Identities are in a black background, and similarities are shaded. EFX is 
designated by a red line and the 30-aa motif by light blue shading. Arrowheads designate 
the position of nonsense mutations in each nkd allele shown in Figure 2.9A as well as the 
C-terminal extent of constructs NkdNIN3/GFPC and NkdNIN4/GFPC (each named for the 
position of nkd intron 3 and 4, respectively). (B) Nkd protein family showing region of 
EF-hand similarity between Recoverin (Rec), consisting of four EF hands, and Nkd 
proteins. Vertical lines indicate sequence homology, whereas dashed lines indicate 
preserved motif order, but not sequence conservation, between recoverin, fly and 
mosquito Nkd, and Mus musculus (Mm) and Homo sapiens (Hs) Nkd1 (orange) and 
Nkd2 (green). Thirty-amino-acid motifs (light blue in insect, dark blue in mammal) are 
each predicted to be an amphipathic -helix, part of which is depicted in helical wheel 
format above the fly sequence (beginning with Nkd residue 552). Diagonal line separates 
charged (+ or –) residues on one face of the predicted helix from hydrophobic residues 
(H) that mostly lie on the opposite face. Residues: pink, acidic; blue, basic; orange, 
nonpolar; green, polar uncharged. 
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Fig. 2.11. The 30-aa motif is required for Nkd to reduce Arm/ß-catenin levels. Each panel 
shows four segmental anlagen of a representative stage 10 UAS-X;nkd7H16prd-
Gal4/nkd7H16 embryo, where X is each indicated Nkd construct, stained for Arm (green) 
and GFP (purple). Colored arrowheads indicate position of nkd mutant (green) and 
rescued (purple) segments. Right column shows mean grayscale intensity (ordinate range 
0–200) of Arm staining as a function of position along the anterior–posterior axis. To 
quantitate the extent of Arm reduction by each Nkd construct, we defined as the ratio of 
peak grayscale intensity in nkd mutant segments to that in adjacent segments expressing 
each construct. When GFP is used in the rescue assay, = 1.0 (i.e., no rescue), while for 
full-length Nkd, > 1.8. Both constructs that lacked the 30-aa motif had = 1.2, 
indicating a reduced ability to decrease Arm levels. 

The fly 30-aa motif increases activity and confers nuclear localization to mouse 

Nkd1: 

The distribution and activity of the fly 30-aa motif fused to GFP did not differ from that 

of GFP alone (not shown). As a test of sufficiency, we replaced the mouse Nkd1 30-aa 

motif with the fly motif (mNkd1f30aa). Previously, we reported that misexpression of 

mNkd1 during fly larval development induced weak wg loss-of-function adult phenotypes 

whose penetrance was sensitive to a reduced dose of wg (Wharton et al. 2001). When 

expressed by da-Gal4, neither mNkd1GFPC nor mNkd1f30aa/GFPC affected the nkd phenotype 

(not shown). However, mNkd1f30aa/GFPC caused a twofold greater reduction in sternite 
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bristle number than did mNkd1GPFC when driven by B119-Gal4 in a wg/+ background 

(Figure 12, A and B). In addition, the fly 30-aa motif conferred low-level nuclear 

localization to mNkd1 in stage 10 embryos but robust nuclear accumulation in third instar 

larval salivary glands (Figure 2.12, C–F).  

 
Fig. 2.12. Fly 30-aa motif increases mouse Nkd1 activity and confers nuclear 
localization. Schematic of mouse Nkd1GFPC (left) and chimeric construct with substitution 
of fly 30-aa domain (light blue, right). (A and B) Representative B119-Gal4 wg/UAS-
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mNkd1GFPC (A) or B119-Gal4 wg/UAS-mNkd1f30aa/GFPC (B) female abdomens showing 
segments with reduced numbers of sternite bristles (arrows). mNkd1f30aa/GFPC reduced 
sternite bristle counts approximately twofold relative to mNkd1GFPC (the mean ±SD of 
bristles for 10 flies from the indicated number of lines for each construct is shown). (C 
and D) Epidermal cells of stage 11 UAS-mNkd1GFPC;nkd7H16da-Gal4/nkd7H16 (C) or UAS-
mNkd1f30aa/GFPC;nkd7H16da-Gal4/nkd7H16 embryos (D) stained with -GFP (green). 
Magnified insets show low-level nuclear GFP in mNkd1f30aa/GFPC but not mNkd1GFPC 
(asterisks mark center of nuclei). C and D were stained in parallel and imaged under 
identical confocal settings. (E and F) Salivary gland expressing mNkd1 constructs driven 
by da-Gal4. Note absence of nuclear GFP in mNkd1GFPC-producing salivary gland cells 
(E) but abundant nuclear GFP (arrow) in mNkd1f30aa/GFPC-producing cells (F). DNA is 
purple. 

A heterologous nuclear localization sequence partially restores activity to Nkd

30aa/GFPC: 

If Nkd acts in the nucleus to antagonize Wg signaling, then a heterologous nuclear 

localization sequence (NLS) may restore the ability of Nkd 30aa/GFPC to enter the nucleus 

and rescue a nkd mutant. Nkd 30aaNLS/GFPC, in which the SV40 NLS replaced the 30-aa 

motif, narrowed the En stripe and restored cuticle pattern to nkd mutants to an extent 

intermediate between Nkd 30aa/GFPC and full-length Nkd (Figure 2.13, A–D). After stage 

10, Nkd 30aaNLS/GFPC was detectable in the nucleus and cytoplasm (Figure 2.13C), with 

rare punctate cytoplasmic Dsh colocalization but with no apparent effect on cas-Dshmyc 

distribution (not shown). One of three UAS-Nkd 30aaNLS/GFPC transgenic lines (no. 7A) 

produced rescued crawling first instar larvae, 1.6% (of 252) of which survived to 

adulthood (Figure 2.13E). In contrast, no rescued crawling first instar larvae emerged 

from rescue crosses with two independent UAS-Nkd 30aa/GFP transgenic lines (n > 1000 

progeny examined/line). Adults rescued by Nkd 30aaNLS/GFPC exhibited more severe wing-

margin bristle patterning abnormalities than those rescued by Nkd (cf. Figure 2.13F with 

3S), indicating that enhanced nuclear localization alters Nkd activity. 
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Fig. 2.13. A heterologous NLS partially restores Nkd 30aa activity. (A–C) Representative 
stage 11 nkd7H16 mutant embryos expressing NkdGFPC (A), Nkd 30aa/GFPC (B), or Nkd
30aaNLS/GFPC (C) stained for GFP (green) and En (red). The NLS promotes Nkd nuclear 
localization and narrows the En stripe of most segments (arrowheads). (D) Quantitation 
of nkd cuticle rescue. Note increased proportions of wild type and reduced moderate and 
weak nkd cuticles with rescue by Nkd 30aaNLS/GFPC (red bars) as compared to Nkd
30aa/GFPC (purple). (E) UAS-Nkd1 30aaNLS/GFPC;nkd7H16da-Gal4/nkd7H16 adult. (F) Anterior 
wing margin of animal in E with marked bristle disarray, including absent (x) and ectopic 
(blue arrowhead) stout bristles and mispatterned and ectopic slender bristles (red 
arrowhead). 
 
2.4 Discussion 

Here we report a structure–function analysis of D. melanogaster Nkd, a novel 

intracellular protein that acts in a feedback loop to limit Wnt/ß-catenin signaling during 

embryogenesis. Our finding that nkd mutants have elevated Arm/ß-catenin levels 

concomitant with broadened domains of Wg target gene expression is consistent with 
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prior reports of Nkd targeting Dsh, an enigmatic Wnt signal transducer that acts upstream 

of ß-catenin degradation. Although Wnt-signal-induced Dsh accumulation has been 

observed in cultured cells (Yanagawa et al. 1995), transgenic mice (Millar et al. 1999), 

and some cancers (Uematsu et al. 2003), and recent studies indicate that Dsh, like ß-

catenin, can be degraded by the ubiquitin–proteasome pathway (Simons et al. 2005; 

Angers et al. 2006; Zhang et al. 2006), our data show that Nkd does not attenuate Wnt 

signaling in the embryo by significantly altering steady-state Dsh levels or distribution. If 

Nkd promotes Dsh degradation in the fly embryo, as has recently been proposed on the 

basis of overexpression of mammalian Nkd in cultured cells (Creyghton et al. 2005), it 

must act only on a subset of Dsh, perhaps the fraction engaged in signaling. Consistent 

with this idea, we observed rare, punctate Nkd/Dsh colocalization in embryonic 

ectodermal cells. 

Several Nkd constructs with mutant or deleted Dsh-binding regions possessed a reduced 

but still substantial nkd rescue activity. Perhaps Nkd R1S/GFPC, lacking both Dsh-binding 

regions, is able to target Dsh in vivo (and hence rescue a nkd mutant) by virtue of 

overexpression, through other low-affinity Nkd/Dsh-binding regions, or by as yet 

uncharacterized proteins that bridge Nkd to Dsh. Consistent with these possibilities, we 

also observed some Nkd R1S/GFPC/Dsh colocalization. 

Three independent lines of investigation—evolutionary sequence comparisons, 

sequencing of lethal nkd alleles, and transgenic nkd rescue assays—pinpointed a 30-aa 

motif, separable from Dsh-binding regions, that is crucial for fly Nkd activity and nuclear 

localization. The comparable positions, identical sequence length, and similar predicted 
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structure of insect and mammalian 30-aa motifs suggests that the family of Nkd proteins 

may inhibit Wnt signaling through a common mechanism. Given the small size and 

presumably simple -helical structure of the 30-aa motif, it is unlikely to possess intrinsic 

catalytic activity but, in addition to its weak NLS activity, it could serve as a protein-

docking motif. 

In addition to several reports that have documented nucleo-cytoplasmic shuttling of ß-

catenin, Axin, and APC (Schneider et al. 1996; Arbesfeld et al. 2000; Cong and Varmus 

2004; Rosin-Wiechens et al. 2004; Xiong and Kotake 2006), it is noteworthy that two 

recent reports revealed a potential role for Fz and Dsh in the nucleus (Itoh et al. 2005; 

Mathew et al. 2005). In response to Wg signaling at the fly neuromuscular synapse, the 

Fz2 C terminus was detected in puncta of postsynaptic muscle nuclei although not in 

ectodermal nuclei (Mathew et al. 2005), so this report's significance to Nkd's action in 

ectoderm is unclear. Xenopus Dsh has a separable NLS and nuclear export sequence 

(NES), with the former required for "signaling activity" in gain-of-function assays (Itoh et 

al. 2005). However, a vertebrate Dsh construct with a mutant NES exhibited increased 

nuclear accumulation but no activity increase relative to that of wild-type Dsh, arguing 

against nuclear Dsh concentration—at least when it is overexpressed—being rate limiting 

for activity (Itoh et al. 2005). Intriguingly, Dsh NES and NLS motifs seem to be 

conserved in D. melanogaster Dsh, but their significance remains to be investigated. 

Our data extend our still rudimentary knowledge of Nkd action in the fly embryo. The 

epistatic relationship between wg and nkd suggests that, in the absence of Wg ligand, the 

low levels of Nkd in a wg mutant (because Wg normally upregulates nkd transcription) 
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inhibit spontaneous ligand-independent signaling through the Wnt receptor complex 

(Bejsovec and Wieschaus 1993; Zeng et al. 2000). Wg exposure promotes Arm 

accumulation and induction of target genes, including en, hh, and nkd. Nkd, synthesized 

in the cytoplasm, accumulates and targets an uncharacterized fraction of cytoplasmic Dsh. 

However, Nkd/Dsh binding alone is apparently insufficient to limit Wg signaling during 

stages 10–11, as Nkd uses its 30-aa motif to inhibit Arm accumulation, restrict Wg-

dependent gene expression, and access the nucleus. Although it is possible that the 30-aa 

motif is required in the cytoplasm, and that the ability of the 30-aa motif to confer nuclear 

access is a consequence rather than a cause of activity, three lines of evidence support a 

nuclear role for Nkd: (1) a subpool of Nkd normally accumulates in the embryonic nuclei 

after stage 10; (2) the 30-aa motif, distinct from the Dsh-binding sequence, was necessary 

for both nuclear localization and activity and was sufficient to increase the activity of 

mouse Nkd1 when expressed in the fly; and (3) a heterologous NLS increased nuclear 

localization and nkd rescue activity of Nkd 30aa. 

While our experiments strongly suggest a role for Nkd in the nucleus, they do not reveal 

the nature of that role. Likewise, lacking insight into how Dsh transmits Wnt signals into 

the nucleus, our experiments thus far reveal neither the relevant subcellular location(s) of 

Nkd action nor a molecular mechanism by which Nkd inhibits Dsh activity. The punctate 

Nkd/Dsh colocalization that we observe in embryonic cytoplasm, and rarely, in nuclei, is 

consistent with Nkd either affecting Dsh nucleo-cytoplasmic transport or impinging 

directly on the chromatin of Wnt-responsive genes. Our inability to observe increased 

nuclear Nkd or Dsh after treatment with a nuclear export inhibitor suggests that nuclear 
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export of Nkd (and possibly Dsh) in the fly embryo (1) does not occur (e.g., if each 

protein were degraded in the nucleus following import); (2) occurs over a longer time 

period relative to proteins such as Lines that can rapidly shuttle between nucleus and 

cytoplasm; (3) is independent of CRM-1; or (4) like the presumed Nkd/Dsh interaction, 

involves only a fraction of the total pool of each protein. Future experiments will be 

required to distinguish among these possibilities. 

The four-domain structure of both insect and vertebrate Nkd's argues that there once 

existed an ancient "core" mechanism by which Nkd engaged Dsh to inhibit Wnt 

signaling. However, given the sequence divergence between insect and mammalian Nkds, 

their current mechanisms may share little similarity beyond Dsh binding. Recently, PR72 

and PR130, two alternatively spliced B'' subunits of the multi-subunit enzyme protein 

phosphatase 2A (PP2A), were shown to associate with mammalian Nkd and to modulate 

its inhibitory effect on ectopic Wnt signaling (Creyghton et al. 2005, 2006). As Dsh is 

phosphorylated by kinases such as CK1, CK2, and Par1 following Wnt stimulation 

(Yanagawa et al. 1995; Willert et al. 1997; Peters et al. 1999; Sun et al. 2001), 

recruitment of phosphatases to Dsh by Nkd represents an attractive hypothesis to explain 

the inhibitory action of Nkd on Wnt signaling via Dsh. Consistent with this possibility, 

Nkd, PP2A, and Dsh kinases co-immunoprecipitated with vertebrate Dsh (Angers et al. 

2006). However, unlike the vertebrate Nkd/PR72 interaction, thus far we do not detect 

direct interactions by Y2H between the fly PR72 homolog (CG4733) and full-length fly 

Nkd or any of the regions in Nkd, in particular the 30-aa motif, that are crucial for activity 

(our unpublished observations). Thus, regulation of Nkd activity by PR72/PR130 may be 
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a derived, vertebrate-specific phenomenon—analogous in some ways to the effect of 

mammalian Nkd2 but not Nkd1 on intracellular TGF-  trafficking (Li et al. 2004)—that 

may be distinct from the mechanism by which Nkd regulates Wg signaling in Drosophila. 

In Drosophila, nkd is crucial for shaping gradients of Wnt activity, but is this role 

conserved in vertebrates? Mouse nkd genes are expressed during embryogenesis in 

dynamic patterns reminiscent of known Wnt gradients (Wharton et al. 2001; Ishikawa et 

al. 2004; Nakaya et al. 2005). A recent report described nkd1 mutant mice with a targeted 

deletion of exons 6 and 7 (encoding the EFX domain) but allowing in-frame splicing 

between exons 5 and 8, resulting in expression of a residual Nkd1 protein very much 

analogous to our Nkd R1S/GFPC construct that lacks Dsh-binding sequences but retains 

three conserved motifs (Li et al. 2005). Given that nkd1 is more broadly expressed than 

nkd2 during mouse development (Wharton et al. 2001), it was surprising that nkd1–/– 

mice were viable and fertile, even though mutant mouse embryo fibroblasts showed 

elevated Wnt reporter activity and homozygous male mice exhibited a sperm maturation 

defect (Li et al. 2005). Although genetic redundancy between nkd1 and nkd2 could 

account for these observations, our results suggest an alternative hypothesis, namely that 

the residual protein produced in the reported nkd1 mutant mice, like our EFX-deleted 

Nkd EFX/GFPC and Nkd R1S/GFPC constructs, has significant activity in vivo, despite the 

observation that a mutant mNkd1 protein lacking the EF hand is defective at blocking 

Wnt signaling in cultured cells (Yan et al. 2001). Resolution of this quandary awaits an 

investigation of strong loss-of-function mutations in each mammalian nkd gene. Given the 

broad involvement of Wnt/ß-catenin signaling in mammalian development and cancer, 
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coupled with the similar loss-of-function phenotypes of fly nkd, axin, and apc homologs, 

we hope that our studies guide future investigations of vertebrate Nkd proteins as 

regulators of Wnt signaling and candidate tumor suppressor genes. 

 

 

 



 

PREFACE TO CHAPTER THREE 
 

CHAPTER THREE describes how Nkd inhibits Wnt signaling in cell-autonomous, 

myristyl-independent manner in the embryo.  It is adapted from “Chan et al., 2007 C.C. 

Chan, S. Zhang, T. Cagatay, and K.A. Wharton Jr., Cell-autonomous, myristyl-

independent activity of thr Drosophila Wnt/Wingless antagonist Naked cuticle (Nkd). 

Developmental Biology, 311: 538-553 (2007)”.  

For this work, I generated UAS-Nkd∆N/GFPC, UAS-Nkdm1N∆N/GFPC, and UAS-

mNkd1fNf30aa/GFPC transgenic flies.  I also helped in cuticle preparations and embryo 

staining.  Keith Wharton did all the embryo staining and confocal imaging.  Tolga 

Cagatay and Shu Zhang performed the Kc cell culture transfections and western blots. 
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CHAPTER THREE 
 
 

CELL-AUTONOMOUS, MYRISTYL-INDEPENDENT ACTIVITY OF THE 

DROSOPHILA WNT/WINGLESS ANTAGONIST NAKED CUTICLE 

 
3.1 Introduction 

Secreted Wnt proteins regulate development, tissue homeostasis, and stem cell renewal 

throughout the animal kingdom. The ability of Wnts to regulate gene expression in a 

concentration-dependent fashion across fields of cells and/or layers of tissue embodies 

their designation as “morphogens” (Hoppler and Bienz, 1995, Immergluck et al., 1990 

and Zecca et al., 1996). The importance of precisely controlling Wnt signal transmission 

– from ligand production in signal-producing cells to signal reception and interpretation 

signal-receiving cells – is evidenced by the plethora of developmental defects and 

diseases – including cancer, osteoporosis, and diabetes – that arise as a consequence of 

altered signaling (Clevers, 2006). A thorough understanding of mechanisms that maintain 

Wnt signaling cascades within a physiological range will be a prerequisite to the effective 

manipulation of signaling for therapeutic purposes.  

One common consequence of Wnt receptor engagement in widely diverged animals is the 

accumulation of β-catenin, a bifunctional adaptor protein that regulates cell adhesion and 

acts as a transcriptional coactivator to regulate Wnt-dependent target gene expression 

(Brembeck et al., 2006, Molenaar et al., 1996, Peifer et al., 1994 and Riggleman et al., 

1990). Graded activity of the so-called “canonical Wnt/β-catenin” signaling axis, elicited 

69 
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by the Wnt protein Wingless (Wg), is crucial for segmentation in the embryo of the fruit 

fly Drosophila melanogaster (Baker, 1988, Bejsovec and Martinez Arias, 1991, DiNardo 

et al., 1994 and Noordermeer et al., 1992). Discrete phases of differential gene 

expression, cell–cell interactions, and cell morphogenesis are evident during 

segmentation: First, a hierarchy of gap, pair-rule, and segment-polarity genes specifies 

segmental primordia (Nüsslein-Volhard and Wieschaus, 1980). Next, Wg and Hedgehog 

(Hh) signals, expressed within each segmental anlage in adjacent, narrow stripes of cells, 

reinforce each other's expression through a  2½ h period during germ band extension 

(  3½–6 h after egg laying, stages 9–11) (DiNardo et al., 1994). Thereafter, a dynamic 

and unique combination of Wg, Hh, Notch, and EGF signals influences each cell's fate 

(Bejsovec and Martinez Arias, 1991, Bejsovec and Wieschaus, 1993, Colosimo and 

Tolwinski, 2006, Hatini and DiNardo, 2001, Payre et al., 1999, Price et al., 2006, Urban 

et al., 2004 and Wiellette and McGinnis, 1999). Upon differentiation, ventral epidermal 

cells distant from Wg-producing cells secrete a belt-like array of protrusions termed 

denticles, while cells close to the source of Wg – except those that will make the most 

anterior row of denticles – suppress denticle synthesis and secrete “naked” cuticle 

(Bejsovec and Martinez Arias, 1991 and Dougan and DiNardo, 1992).  

How Wnts and other morphogens transit through tissues to regulate target gene 

expression remains the subject of intense study and conjecture (Lander, 2007, Martinez 

Arias, 2003 and Sampedro et al., 1993), with important, early contributions made 

possible through the study of Wg signaling during Drosophila segmentation 

(Klingensmith and Nusse, 1994). While morphogens such as Wg may in principle freely 
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diffuse to distant cells (Lander et al., 2002), the facts that Wnts are glycosylated and 

lipid-modified (Smolich et al., 1993 and Willert et al., 2003), that there exists an 

extracellular jungle of proteoglycans that can bind Wnts and limit free diffusion (Baeg et 

al., 2004, Franch-Marro et al., 2005, Han et al., 2005 and Kirkpatrick et al., 2004), that 

Wg-producing and receiving cells may migrate away from the signal source prior to 

degrading Wg (Pfeiffer et al., 2000), and that Wg may be actively transported – 

“transcytosed” – through a field of cells (Greco et al., 2001 and Moline et al., 1999), 

indicates the existence of multiple regulatory mechanisms. In the stage 9 embryo, Wg is 

found in the endoplasmic reticulum and Golgi apparatus of signal-sending cells, and is 

symmetrically distributed in the extracelluar space and in endolysosomal vesicles in a 

few rows of adjacent signal-receiving cells; but, by stage 11, the gradient of Wg 

distribution and activity is asymmetric with an anterior bias due to Hh and EGF signal-

dependent Wg degradation in posterior signal-receiving cells (Dubois et al., 2001, 

Gonzalez et al., 1991, Sanson et al., 1999 and Van den Heuvel et al., 1989). Despite 

enhanced degradation of Wg in posterior cells during stages 10–12, genetic studies 

suggest that Wg influences the diversity of denticle morphologies synthesized by those 

cells (Bejsovec and Martinez Arias, 1991 and Bejsovec and Wieschaus, 1993), raising the 

question of how Wg reaches these cells to influence their fate.  

Embryos mutant in the naked cuticle (nkd) gene have been reported to develop sequential 

abnormalities in Wg target gene transcription, Wg protein distribution, and wg mRNA 

expression (Bejsovec and Wieschaus, 1993, Dougan and DiNardo, 1992, Jürgens et al., 

1984, Lee et al., 1992, Martinez Arias et al., 1988, Moline et al., 1999, Tabata et al., 

 



72 

1992, Waldrop et al., 2006 and Zeng et al., 2000). In nkd mutants, wg and hh expression 

initiates normally, but during stage 9, the Wg target genes hh and engrailed (en) are 

transcribed in additional, posterior cells distant from Wg-producing cells, which though 

stage 10–11 leads to the induction of a new stripe of wg just posterior to the expanded 

en/hh domain (Fig. 2.1A) (Martinez Arias et al., 1988). Since later Wg signaling directs 

“naked” cuticle differentiation, the ectopic Wg stripe creates mirror-image pattern 

duplications, extra naked cuticle, and increased cell death in embryos homozygous for 

strong nkd alleles, while weaker nkd alleles show replacement of denticle belts by naked 

cuticle in proportion to the number of cells that ectopically produce Wg (Bejsovec and 

Martinez Arias, 1991, Dougan and DiNardo, 1992, Jürgens et al., 1984, Pazdera et al., 

1998, Waldrop et al., 2006 and Zeng et al., 2000).  

Although the sequence of gene expression abnormalities in nkd mutants is well 

recognized, the causal relationships between the early and later abnormalities are not 

understood. Intact Wg and Hh signaling is required for induction of the ectopic wg stripe 

in nkd mutants (Bejsovec and Wieschaus, 1993 and Dougan and DiNardo, 1992), likely 

due in part to a requirement for wg in autoregulating its own transcription (Yoffe et al., 

1995), but the source of the initiating Wg signal – anterior vs. posterior to the incipient 

ectopic wg stripe – is not clear. Moreover, although Nkd can block responses to ectopic 

Wg in a cell-autonomous manner in eye imaginal disc (Rousset et al., 2001), whether 

Nkd acts cell-autonomously in the embryo has not been investigated. Previously, the 

observation that misexpression of shibireK44A (shiD), a dominant-negative version of the 

motor protein dynamin whose expression disrupts endocytosis, in en-expressing cells of 

 



73 

nkd embryos narrowed En stripes and prevented ectopic wg transcription was argued as 

evidence in support of the hypothesis that Nkd restricts the cell-to-cell transport of Wg 

posterior to wg-expressing cells (Damke et al., 1994 and Moline et al., 1999). Consistent 

with this possibility was an apparent increase in Wg immunoreactivity posterior to 

endogenous wg stripes in stage 10 nkd mutants (Moline et al., 1999). However, 

experiments showing that Wg signaling is not required for normal denticle synthesis in 

cells posterior to en-expressing cells (Sanson et al., 1999), coupled with the recent 

finding that misexpression of shiD may cause toxic and/or non-specific effects on Wg 

signaling or cell viability (Rives et al., 2006), demand a careful reappraisal of any 

conclusions derived from shiD misexpression.  

By what mechanism does Nkd inhibit Wnt signaling? As a first step to answer this 

question, our laboratory has developed in vivo assays – including a stringent nkd rescue 

assay – to study Nkd activity in Drosophila, and has tested the activities of mutant and 

chimeric Nkd proteins in these assays (Rousset et al., 2002 and Waldrop et al., 2006). 

Nkd is a novel intracellular protein that inhibits Wg signaling, in part, by binding to 

Dishevelled (Dsh), a scaffold protein that links – in a still mysterious fashion – Wnt 

receptor activation to β-catenin accumulation (Rousset et al., 2001, Wallingford and 

Habas, 2005, Wharton, 2003 and Zeng et al., 2000). The only sequence homology shared 

between fly Nkd and its two mammalian homologs – Nkd1 and Nkd2 – is an EF-hand-

containing domain (which we have termed “EFX,” but is a.k.a. “NH2” (Katoh, 2001) or 

“NHR1” (Li et al., 2004)) that binds Dsh or its mammalian counterparts, the Dvl proteins 

(Rousset et al., 2002 and Wharton et al., 2001). Nkd also has an unconventional nuclear 
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localizatin motif, separate from Dsh-binding regions, that is essential for activity 

(Waldrop et al., 2006). A consensus sequence (MGXXXS) that directs the post-

translational addition of a lipophilic myristoyl moiety is found at the N-terminus of 

mammalian Nkd1 and Nkd2, but no such sequence is found at the N-terminus of fly Nkd 

(Li et al., 2004, Resh, 2004, Wharton et al., 2001 and Zeng et al., 2000), raising the 

question of whether the fly and mammalian Nkd N-termini have homologous functions. 

Although possibly a coincidence, EF-hands in known Nkd proteins are most similar to 

EF-hand proteins of the recoverin family of “myristoyl-switch” proteins that undergo 

Ca2+-sensitive alteration in tertiary structure to expose a buried N-terminal myristate, 

thereby allowing reversible, stimulus-dependent membrane association (Flaherty et al., 

1993 and Zeng et al., 2000). The absence of a N-terminal myristoylation sequence in fly 

Nkd suggests either that Nkd does not associate with membranes, or that if it does engage 

membranes it might do so through protein–protein interactions as a peripheral membrane 

protein.  

In this paper, we show that Nkd acts cell-autonomously during segmentation, 

independently limiting Wg signaling in cells anterior and posterior to Wg-producing 

cells, a result inconsistent with models that invoke posterior, cell-to-cell transport of Wg 

as necessary for induction of ectopic wg stripes in nkd mutants (Moline et al., 1999). 

Additionally, we show that the N-terminus of Drosophila Nkd confers unique functional 

and membrane-association properties that cannot be mimicked by N-terminal 

myristoylation. Our results suggest that Nkd acts at multiple subcellular locations in 

signal-receiving cells to attenuate the response to Wg signaling. 
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Fig. 3.1. Nkd acts cell-autonomously to inhibit Wg-dependent En production. (A) 
Schematic of wg (light blue) and en/hh (red) gene expression in two segmental anlage of 
stage 10–11 wild type (top) and nkd-mutant (bottom) embryo. Anterior is to the left in all 
panels. prd domain (black bracket) is  5 cells wide, centered on the wg-expressing row 
of cells, and is not altered in a nkd mutant. en/hh and ptc domains are complementary, 
and each domain is shifted in nkd mutants as compared to wild type. Dashed lines 
indicate the positions of endogenous and ectopic parasegmental boundaries (PS). (B) 
Stage 11 prd > GFP embryo stained for GFP (green), En (red) and DNA (blue), with 
high-magnification inset of representative region around PS boundary. Note 2–3 cell 
wide En stripe (white arrowheads). PS boundary is marked by the white line in panels B–
D. Note occasional En-negative, GFP-positive cells (green arrowheads) just posterior to 
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En-producing cells. (C) nkd prd > GFP embryo, stained as in panel B. Note uniformly 
widened En stripe (white arrowheads), with 2–3 rows of En-producing cells (red 
arrowheads) posterior to the prd-Gal4 domain. (D–F) nkd prd > NkdGFPC embryo. (D) En 
stain. Note cells in the center of the widened En stripe with reduced to absent En 
immunoreactivity (green arrows) due to NkdGFPC production in those cells. In inset, note 
loss of En staining in NkdGFPC-producing cells (white arrowheads) at the center of the 
expanded En domain, with additional, En-producing cells more posterior to the prd-Gal4 
domain (red arrowhead). (E) Wg stain. Note endogenous Wg stripe with (green 
arrowhead) or without (white arrowhead) NkdGFPC staining, as well as variable ectopic 
Wg stripe (red arrowheads). (F–F′) High power view showing that Wg distribution is 
similar in NkdGFPC-expressing (green arrowhead) and non-expressing (white arrowhead) 
PS. Red arrowhead shows ectopic Wg stripe. (G) Ventral surface of wild type cuticle 
(top) consists of alternating denticle belts (arrow) and naked cuticle (arrowhead). nkd7H16 
mutant (middle) shows strong nkd phenotype consisting of uniform naked cuticle. nkd 
prd > NkdGFPC embryo (bottom) shows variable replacement of naked cuticle with 
denticle belts. 
 

3.2 Materials and methods 

3.2.1 DNA constructs 

All Nkd constructs were built in Bluescript-II-KS+ (Stratagene) and cloned into the P-

element vector pUAS-T for P-element transformation and misexpression using the 

Gal4/UAS system (Brand and Perrimon, 1993). NkdGFPC, NkdNBg/GFPC, Nkd7H/GFPC, 

mNkd1GFPC, mNkd1f30aa/GFPC, Src(1–89)GFP have been previously described (Waldrop et al., 

2006). DNA fragments were synthesized by Pfu PCR and then subcloned and sequenced. 

NkdGFPX/mycC has linker sequence plus enhanced green fluorescent protein (EGFP) 

(Clontech) amino acids (aa) 1–244 inserted after Nkd aa 294 (Nkd residues underlined: 

…GSIATMV…(EGFP)…GLRSGG…), with a C-terminal myc tag. NkdGFPN/mycC has 

EGFP residues 1–239 fused to Nkd aa 2–928, with a C-terminal myc tag. NkdSrcNBg/GFPC 

has Drosophila Src aa 1–89 (Simon et al., 1985) fused to NkdNBg/GFPC; NkdSrcG2ANBg/GFPC is 

identical to NkdSrcNBg/GFPC except Gly2 was mutated to Ala. NkdSrcR1Bg/GFCP fused Src aa 
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1–89 to NkdNBg/GFPC aa 177–928. Nkdm1N∆N/GFPC fused mouse Nkd1 aa 1–27 to Nkd aa 

79–928 to GFP. mNkd1fNf30aa/GFPC fused fly Nkd aa 1–78 to mNkd1f30aa/GFPC aa 28–end.  

3.2.2 Fly stocks and genetics 

Fly husbandry and P-element transformation were performed by standard methods. All 

crosses were performed at 25 °C. nkd7H16, which harbors a nonsense mutation at codon 

#60 and is the strongest known nkd allele (Jürgens et al., 1984, Waldrop et al., 2006 and 

Zeng et al., 2000), was used in all rescue assays. At least three independent transgenic 

lines were obtained for each UAS-Nkd construct, and two or more independent 

chromosome II inserts for each line were tested in each nkd rescue cross: UAS-Nkd/UAS-

Nkd or CyO; nkd7H16/TM3-Hb-lacZ X nkd7H16 da-Gal4/TM3-Hb-lacZ. For cases where the 

UAS-Nkd line used was a lethal insertion, 12.5% of cuticles are predicted to remain 

unrescued nkd mutants due to the persistence of the CyO balancer in the rescue cross. Fly 

stocks/chromosome: UAS-GFP (II) (Yeh et al., 1995), UAS-lacZ (II) (Brand and 

Perrimon, 1993), UAS-AxinGFP (II) (Cliffe et al., 2003), UAS-dTCF∆N (II) (van de 

Wetering et al., 1997), da-Gal4 (III) (Wodarz et al., 1995), prd-Gal4 (III) (Yoffe et al., 

1995), en-Gal4 (II) (Fietz et al., 1995), ptc-Gal4 (II) (Hinz et al., 1994), B119-Gal4 (II) 

(Zeng et al., 2000), 71B-Gal4 (III) (Brand and Perrimon, 1993).  

3.2.3 Cuticle preparations 

Cuticle preparations were performed, scored as wild type or weak, moderate or strong 

nkd, and selected for photography as previously described (Waldrop et al., 2006 and Zeng 

et al., 2000). Criteria for scoring nkd cuticles were based on the existing nkd allelic series 
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as well as the spectrum of nkd cuticle rescue observed when Nkd is expressed in a strong 

nkd mutant: “strong” class cuticles, exemplified by nkd7H16, nkd7E89, and nkd47K1, are 

< 75% of wild-type length, have two or fewer complete denticle bands and have a fully 

exteriorized head skeleton and non-everted, widely spaced posterior spiracles (Jürgens et 

al., 1984, Waldrop et al., 2006 and Zeng et al., 2000); “moderate” class cuticles, 

exemplified by nkd9G33, or nkd7H16 rescued by ubiquitous expression of a UAS-Nkd 

construct that lacks the 30 aa motif (Jürgens et al., 1984, Rousset et al., 2002 and 

Waldrop et al., 2006), have three or more complete denticle bands (usually in odd 

numbered abdominal segments), a partially internalized head skeleton, and partially to 

fully everted spiracles. “Weak” class cuticles, exemplified by nkd42J1, nkd71–72K1, and 

l(3)4869 (a lethal P element inserted in the 5′ end of nkd), have normal denticle bands in 

most segments but focal denticle band loss, and typically subtle or no head or tail defects 

(Jürgens et al., 1984, Waldrop et al., 2006 and Zeng et al., 2000). Rescue of the nkd head 

and tail defects was not as efficient with expression of the Wg antagonists dTCF∆N, 

AxinGFP, or mNkd1fNf30aa as compared to fly Nkd, so only denticle belt criteria were used 

to score nkd phenotypic classes in Fig. 3.3 and Fig. 3.6.  

3.2.4 Computer programs 

Figures were prepared in Photoshop (Adobe), drawings in Canvas (ACD Systems) and 

Powerpoint (Microsoft), and graphs in Deltagraph (Red Rock Software). Channel spectra 

were maximized below saturation for selected confocal images, with the exception that 

anti-Arm channels were not altered. ImageJ (NIH) was used to quantitate mean greyscale 

pixel intensity of raw confocal images of Arm-stained embryos as previously described 
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(Waldrop et al., 2006). Statistical calculations were performed using Prism (GraphPad 

Software) and Microsoft Excel.  

3.2.5 Immunocytochemistry and confocal microscopy 

All embryo collection, fixation, staining procedures including antibody dilutions, and 

confocal microscopy were performed as previously described (Waldrop et al., 2006). 

Mean ± S.D. of En stripe width was calculated by counting the number of En-positive 

cell diameters along the anterior–posterior axis in dorsomedian and ventral–median 

positions in parasegments 2–14 of five stage 11 nkd da > Nkd embryos for each construct 

(130 data points per construct).  

3.2.6 Kc cell culture and transfections 

pArm-GFP, or pArm-Gal4 with either pUAS-Src(1–89)GFP or pUAS-Nkd7H/GFPC plasmids 

were transfected into Drosophila Kc cells grown at 25 °C in Schneider medium with 10% 

fetal bovine serum. Lysates as follows were prepared 36 h post-transfection: Whole cell 

lysates were obtained by scraping and dispersion of cells into Drosophila cell lysis buffer 

(50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 1 mM 

PMSF and 1× protease inhibitor cocktail (Roche)) for 1 h on ice, then centrifuging at 

12,000×g for 10 min. Triton–soluble fractions from cultures transfected in parallel were 

obtained by gently adding MES buffer, pH 6.8 (2.5 mM EDTA, 5 mM MgCl2 and 0.5% 

Triton X-100) × 3 min. and then aspirating the liquid phase into a fresh tube. The 

remaining, triton-insoluble lysates were obtained by adding cell lysis buffer to the 

remaining material, and processing above as for whole cell lysate. Samples were 
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concentrated with Amicon filters, and equal amounts of lysate were resolved by 10% 

SDS-PAGE and transferred to Hybond membrane. Western blot was probed with rabbit 

polyclonal anti-GFP (Santa Cruz) at 1:3,000 followed by HRP-conjugated anti-rabbit 

(Pierce) at 1:1000. Equal loading was confirmed by probing all blots with anti-β-tubulin 

(Covance) (not shown). Signals were visualized by the SuperSignal West Dura 

Chemiluminscent Substrate kit (Pierce). Confocal images of Kc cells pre- and post-

Triton-X100 treatment were collected from transfected cells grown on coverslips and 

then subject to the extraction procedure described above, followed by fixation in 4% 

paraformaldehyde and counterstaining with DRAQ5 (Biostatus Limited). 

 

3.3 Results 

3.3.1 Nkd acts cell-autonomously in the embryo 

The abundance of the fly β-catenin homolog Armadillo (Arm) and the width of Engrailed 

(En) stripes are readouts of Wg activity during segmentation of the germ band-extended 

Drosophila embryo (DiNardo et al., 1988, Martinez Arias et al., 1988, Peifer et al., 1994 

and Riggleman et al., 1990). By stage 10, the markedly elevated Arm levels in nkd 

embryos are restored to wild-type levels in alternate segments when NkdGFPC (Nkd fused 

to a C-terminal GFP tag) is produced via prd-Gal4, a Gal4 driver whose expression in a 

 5–6 cell wide domain in alternate segmental anlagen is centered on the Wg stripe (Fig. 

3.1A) (Waldrop et al., 2006 and Yoffe et al., 1995). As a consequence of elevated Wg 

signaling in nkd mutants, En stripes approximately double in width along the anterior–
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posterior axis (2.7 ± 0.7 cell diameters for wild type vs. 5.9 ± 1.4 cell diameters for 

nkd7H16 mutants) (cf. Figs. 3.1B, C). If nkd has cell-nonautonomous effects in the embryo, 

perhaps due to its ability to limit posterior, cell-to-cell transport of Wg (Moline et al., 

1999), then we would expect to observe reduced or absent production of En in cells 

posterior to prd-expressing cells of nkd embryos in which NkdGFPC is driven by prd-Gal4 

(nkd prd > NkdGFPC) due to reduced delivery of Wg to those cells. Occasional En-

negative, prd-Gal4-expressing cells posterior to En-producing cells allowed us to test this 

hypothesis (Fig. 3.1B). As shown in Fig. 3.1C, En-positive cells are readily identified 

posterior to GFP-positive cells of nkd prd > GFP embryos. As expected, in nkd 

prd > NkdGFPC embryos, reduced to absent En was observed in ventral NkdGFPC-producing 

cells more than 2–3 cells posterior to the source of Wg, due to the normal role of nkd in 

repressing en in these cells (Martinez Arias et al., 1988). However, En-producing cells 

were consistently observed just posterior to the NkdGFPC-producing cells (Fig. 3.1D), 

indicating that those cells have received Wg input. The distribution of Wg protein around 

endogenous wg stripes did not appear different between mutant and rescued segments of 

stage 10–11 nkd prd > NkdGFPC embryos (Figs. 3.1E, F–F′), suggesting that the reduced 

Arm in NkdGFPC-rescued cells (Waldrop et al., 2006) is due to a restored ability of those 

cells to appropriately respond to Wg. Cuticles secreted by nkd prd > NkdGFPC embryos 

exhibited a partial restoration of ventral denticle bands, consistent with a slight reduction 

in the number of ectopic Wg stripes in stage 11 nkd prd > NkdGFPC vs. nkd prd > GFP 

embryos (Figs. 3.1E, G, and not shown). Complete denticle bands in nkd prd > NkdGFPC 

cuticles had a wild-type assortment of denticle morphologies but subtle patterning 

abnormalities (cf. Supplementary Figs. 3.1A, B), consistent with En production in 
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epidermal cells fated to give rise to denticles having no effect on denticle morphology 

(Bejsovec and Martinez Arias, 1991). These observations, coupled with a cell-

autonomous inverse relationship between NkdGFPC levels and Arm levels in nkd 

prd > NkdGFPC embryos (Waldrop et al., 2006), refute the hypothesis that nkd has 

essential cell non-autonomous roles in the embryo.  

3.3.2 Nkd limits Arm accumulation in cells anterior to En-producing cells 

Through stages 9–11, en transcription, whether in the presence or absence of nkd, 

requires Wg signaling (Bejsovec and Wieschaus, 1993, DiNardo et al., 1988, Dougan and 

DiNardo, 1992 and Martinez Arias et al., 1988), raising the question of whether Wg 

ligand that maintains En production in the posterior cells of nkd prd > NkdGFPC embryos 

originates from the endogenous wg stripe that is several cell diameters anterior to those 

cells, or – the more likely scenario – from an ectopic wg stripe just posterior to those 

cells. First, we confirmed that nkd limits Wg-dependent Arm accumulation in cells 

anterior to en-expressing cells by inhibiting Wg signaling (and Arm accumulation) within 

en-expressing cells through expression of either a GFP-tagged version of the Wnt 

antagonist Axin (AxinGFP) (Cliffe et al., 2003) or a dominant-negative version of 

Pangolin, the transcriptional effector of Wg signaling (dTCF∆N) (van de Wetering et al., 

1997) via en-Gal4 (Fietz et al., 1995); both gave similar results. (Because of the Wg-

dependent nature of the expanded En domain in a nkd mutant, en-Gal4 mediated 

expression of a Wg antagonist creates a negative feedback loop that variably reduces the 

width of the En stripe as well as that of en-Gal4 itself, leading by stage 11 to patchy 

narrowing of the En domain.) As shown in Figs. 3.2A and B, in nkd en > AxinGFP 
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embryos, cells anterior to each En domain retain high levels of Arm 4–5 cell diameters 

anterior to each wg/en boundary—evidence that nkd regulates Arm levels in cells anterior 

to En-producing cells.  
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Fig. 3.2. nkd limits Arm accumulation in cells anterior to En-producing cells (A) nkd
en > Axin

 
set 

boundary (white line), an observation quantitated in panel B as mean greyscale pixel 
erior axis. 

3.3.3 Nkd is independently required in En-positive and En-negative cells 

 in a 

in 

 

GFP 

. 

GFP embryo, stained for Arm (red) and GFP (green). In high-magnification in
below, note that Arm levels are markedly higher anterior to than posterior to the PS 

intensity for each channel as a function of position along the anterior–post

During stage 10, the segment-polarity gene patched (ptc) is expressed in epidermal cells 

that do not express en, with the normally broad domain of ptc expression narrowed

nkd mutant due to expanded en/hh expression and the repressive role of en on ptc 

transcription (Fig. 3.1A) (Hidalgo and Ingham, 1990, Hooper and Scott, 1989 and 

Nakano et al., 1989). Since en-Gal4 and ptc-Gal4 are expressed in complementary 

domains (Fietz et al., 1995 and Hinz et al., 1994), we investigated which abnormalities 

nkd embryos could be rescued by expressing NkdGFPC using each Gal4 driver. As with 

prd-Gal4, En is consistently reduced or absent in ventral epidermal cells in the middle of

each expanded en-Gal4 domain of nkd en > NkdGFPC embryos, but not of nkd en > GFP 

embryos (Figs. 3.3A, B). However, En continues to be produced in the most posterior en-

Gal4-producing cells of nkd en > NkdGFPC embryos, again suggesting that those cells are 

close to a source of Wg, which we confirmed by staining with an antibody against Wg 

(Figs. 3.3C, D). We observed little to no difference in the number of parasegments (PS) 

that produce Wg ectopically in nkd en > NkdGFPC embryos as compared to nkd en > 

or nkd ptc > GFP embryos (Figs. 3.3C, D, G), indicating that providing Nkd to en-

expressing cells in nkd mutants does not prevent the appearance of ectopic Wg stripes

Conversely, nkd ptc > NkdGFPC embryos show a dramatic reduction in the number of 

ectopic ventral Wg stripes but retain wide En stripes (Figs. 3.3E–G). Reduced to absent 
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En in cells in the middle of each expanded en domain in nkd en > NkdGFPC embryos is du

to Nkd's activity as a Wg antagonist, because a similar but more severe reduction in t

number of posterior cells that produce En can be observed in nkd en > Axin

e 

he 

 As with 

of 

ngth of misexpressed 

AxinGFP as a Wnt antagonist as compared to dTCF∆N or Nkd. 

GFP (Fig. 

3.3H) or nkd en > dTCF∆N embryos (not shown). Accordingly, we observed a more 

complete restoration of ventral denticle belts and body length in nkd mutant cuticles 

when Nkd or dTCF∆N was expressed by ptc-Gal4 than by en-Gal4 (Figs. 3.3I, J).

nkd prd > NkdGFPC cuticles, ventral denticle bands in nkd ptc > NkdGFPC and nkd 

ptc > dTCF∆N cuticles displayed mostly normal denticle morphology, but denticle bands 

of nkd ptc > dTCF∆N cuticles were markedly disarrayed (Supplementary Figs. 3.1C, D), 

likely due to the distinct mechanisms by which Nkd and dTCF∆N inhibit Wg signaling. 

As suggested by the near complete loss of ventral En in nkd en > AxinGFP embryos (Fig. 

3.3H), otherwise wild type en > AxinGFP embryos showed complete loss of ventral En in 

stage 11 embryos and developed cuticles with fused denticle belts and complete loss 

ventral naked cuticle (not shown), likely due to the greater stre
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Fig. 3.3. Nkd acts independently in En-positive and En-negative cells. Panels A–F and H 
show lateral view of stage 11 embryos. Anterior is to the left, with the PS boundary 
marked with a white line and dorsal {D} ectoderm so designated in selected magnified 
inset panels. (A) nkd en > GFP, stained for GFP (green), En (red) and DNA (blue), 
showing concordance between expanded populations of en > GFP cells and En-
producing cells. (B) nkd en > NkdGFPC stained as in panel A showing loss of ventral En 
(green arrows) in middle of each expanded en-Gal4 domain (white arrowheads). In inset, 
note En-producing cells at posterior boundary of en-Gal4 domain despite NkdGFPC 
expression in those cells. (C) nkd en > GFP stained as above except Wg protein is in red. 
Note endogenous (white arrowhead) and ectopic (red arrowhead) Wg stripes, with GFP-
expressing cells abutting each Wg stripe. In inset, note endogenous (white arrow) and 
ectopic (red arrow) Wg stripes. (D) nkd en > NkdGFPC stained as in panel C, showing 
numerous ectopic Wg stripes (red arrowheads and arrow in inset). (E) nkd ptc > NkdGFPC, 
stained as in panel C, showing a single ectopic Wg stripe (red arrowhead). (F) nkd 
ptc > NkdGFPC, stained as in panel B, showing expanded En stripe (arrowheads). (G) 
Mean ± S.D. number of PS with ectopic ventral Wg stripes in thoracic + abdominal (11 
total) segments as a function of indicated nkd rescue genotype (n = 20 mutant embryos 
per genotype). Note similarity between en > GFP, ptc > GFP, and en > NkdGFPC, but 
dramatic reduction in ptc > NkdGFPC. (H) nkd en > AxinGFP embryo stained as in panel A, 
showing marked overall reduction in number of ventral En-producing cells, but 
persistence of a few En-producing cells (red arrowheads) at posterior boundary of ventral 
en-Gal4 domain. (I) Representative nkd cuticles rescued by, from left to right, en > Nkd, 
en > TCF∆N, ptc > Nkd, ptc > TCF∆N. (J) Distribution of wild type and nkd cuticle 
phenotypes (weak, moderate, strong) for each nkd rescue cross with indicated construct. 
Cuticle phenotype class scoring criteria are described in Section 3.2 Materials and 
methods. w− (grey bars) is negative control, with 100% wild type. da > lacZ (violet) 
gives the expected Mendelian ratio of  75% wild type and  25% strong nkd mutant, 
while da > Nkd (yellow) rescues nearly all nkd mutants to wild type. Since en-Gal4 and 
ptc-Gal4 are each lethal inserts on chromosome II, the persistence of the CyO balancer in 
the rescue cross results in  12.5% of cuticles remaining unrescued and hence “strong” 
(indicated by the black-topped bars). Note that ptc-Gal4 (blue shade) when driving either 
Nkd or TCF∆N rescues nkd cuticles to a greater extent than en-Gal4 (red shade). 

3.3.4 Nkd N-terminus opposes nuclear localization and is required for function in vivo 

Previously we showed that fusion of a myc epitope tag or GFP to the Nkd C-terminus did 

not alter rescue activity during embryogenesis (Waldrop et al., 2006). In contrast, fusion 

of GFP to the Nkd N-terminus (NkdGFPN/mycC), but not internally just C-terminal of the 

EFX (NkdGFPX/mycC), eliminated Nkd activity in three assays: First, when ubiquitously 

expressed in nkd mutants by da-Gal4, NkdGFPX/mycC limited En stripes to a width 
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comparable to those of wild type embryos (2.9 ± 0.8 cells) and rescued the nkd cuticle 

phenotype like NkdGFPC, but NkdGFPN/mycC had little to no rescue activity (En 

stripe = 5.3 ± 1.4 cells) (Figs. 3.4A, B) (Waldrop et al., 2006). Second, when expressed 

by prd-Gal4, NkdGFPX/mycC but not NkdGFPN/mycC reduced Arm levels of stage 10 nkd 

mutants (Fig. 3.4C). Third, B119-Gal4-driven expression of NkdGFPX/mycC in pupal 

abdomen prevented the appearance of nearly all of the sternite bristles whose induction 

requires Wg signaling (Shirras and Couso, 1996), but NkdGFPN/mycC had no effect on 

sternite bristle quantity or pattern (Figs. 3.4D–G). Like endogenous Nkd and 

misexpressed NkdGFPC, NkdGFPX/mycC localized in a punctate, predominantly cytoplasmic 

and diffuse nuclear pattern in embryonic epidermal cells when detected by anti-GFP 

immunocytochemistry (Waldrop et al., 2006), but NkdGFPN/mycC was predominantly 

nuclear by stage 10 (Fig. 3.4A), indicating that Nkd N-terminal sequence is required to 

reside at the N-terminus in order for Nkd to function and to prevent Nkd from 

accumulating in the nucleus. Similarly, Nkd∆N/GFPC, which lacks N-terminal sequence 

conserved in mosquito Nkd (Waldrop et al., 2006), was unable to rescue nkd mutant 

phenotypes (En stripe = 5.0 ± 1.2 cells) and showed increased nuclear localization 

relative to NkdGFPC when examined either in embryos or in third instar larval salivary 

glands (Figs. 3.4A–C; cf. Supplementary Figs. 2A, B) (Waldrop et al., 2006).  
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Fig. 3.4. Nkd N-terminus is required for activity. (A) Schematic of Drosophila Nkd 
protein (yellow box with indicated sequence motifs) above each UAS-Nkd construct in 
left column. From N- to C-terminal, Nkd has four regions conserved in mosquito Nkd, 
including an N-terminal motif (N), the Dsh-binding EFX, a 30 aa NLS motif (light blue 
box), and histidine-rich (H) C-terminus (Waldrop et al., 2006). Positions of GFP (G) and 
myc (m) epitope tags are indicated. For each construct is shown, from left to right, a 
representative stage 11 nkd da > NkdGFP embryo stained for GFP (green), En (red) and 
DNA (blue), with higher power images showing En in two segments as well as GFP 
subcellular localization as revealed by anti-GFP staining. Right column shows 
representative rescued nkd cuticle. Note that NkdGFPX/mycC narrows the En stripe and 
accumulates predominantly in the cytoplasm but also weakly in the nucleus like NkdGFPC 
(Waldrop et al., 2006), but NkdGFPN/mycC and Nkd∆N/GFPC have no rescue activity and 
increased nuclear GFP. (B) Distribution of cuticle phenotypes using da-Gal4 to rescue a 
strong nkd7H16 mutant embryo as described in Fig. 3.3.J. The difference in the ratio of 
wild type/nkd-mutant cuticles for NkdGFPX/mycC (110/15) vs. NkdGFPN/mycC (119/42) rescue 
crosses, despite the presence of the CyO balancer in each cross, was statistically 
significant (p = 0.004; Fisher's exact test). (C) Four segmental anlagen of indicated stage 
10 nkd prd > NkdGFP embryo stained for GFP (green), Arm (red) and DNA (blue). Middle 
column shows Arm channel only, and right panel is mean greyscale pixel intensity as a 
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function of position along anterior/posterior axis. Green arrowheads indicate segments 
with prd-Gal4 expression, white arrowheads alternate segments. Previously, we defined γ 
as the ratio of peak Arm pixel intensity in non-rescued to rescued segments, with γ = 
 1.0 indicating no rescue, and for NkdGFPC γ =  1.8 (Waldrop et al., 2006). Note that 
NkdGFPX/mycC reduces Arm levels to a greater extent than NkdGFPN/mycC or Nkd∆N/GFPC. (D–
G) Ventral view of adult female abdomens showing array of sternite bristles in segments 
A3–A6. Wild type (D) has segmentally repeated sternite bristle clusters. B119-Gal4 
driving ectopic production of NkdGFPC (E) or NkdGFPX/mycC (F) results in few bristles, 
while NkdGFPN/mycC (G) or Nkd∆N/GFPC (not shown) have wild type bristle pattern. 

3.3.5 Myristoylation reduces Nkd activity 

Although fly Nkd does not have a N-terminal myristoylation consensus sequence, like the 

mammalian Nkd proteins it could act, in part, by associating with membranes. If so, then 

increased association of fly Nkd with the plasma membrane may enhance its ability to 

rescue a nkd mutant. To test this possibility, we fused the N-terminal 89 amino acids of 

Drosophila Src – which encodes a myristoylation consensus sequence and is sufficient to 

direct GFP to the plasma membrane – to a partially truncated but fully functional Nkd 

construct, NkdNBg/GFPC, to form NkdSrcNBg/GFPC (Fig. 3.5A) (Simon et al., 1985 and 

Waldrop et al., 2006). As shown in Fig. 3.5A, nkd da > NkdNBg/GFPC embryos have En 

stripes of 1.9 ± 0.8 cells wide, with rare, focal loss of En production, consistent with a 

slight enhancement of NkdNBg/GFPC potency relative to NkdGFPC or NkdGFPX/mycC (Waldrop 

et al., 2006). Consequently, 3.7% of cuticles in the NkdNBg/GFPC rescue cross had one or 

more fused denticle belts due to loss of the parasegmental boundary caused by focal En 

repression (Martinez Arias et al., 1988). However, nkd da > NkdSrcNBg/GFPC embryos had 

En stripes 3.7 ± 1.0 cells wide and gave rise to weak to moderate nkd cuticles, while nkd 

prd > NkdSrcNBg/GFPC embryos retained higher Arm levels relative to nkd prd > NkdNBg/GFPC 

(Figs. 3.5A–C). Similarly, B119 > NkdNBg/GFPC adults had no sternite bristles, but 
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B119 > NkdSrcNBg/GFPC adults retained an intermediate number of sternite bristles (Figs. 

3.5E, H). While the localization of NkdNBg/GFPC, like NkdGFPC, was predominantly 

punctate and cytoplasmic, NkdSrcNBg/GFPC also localized in intracellular aggregates (Fig. 

3.5A), indicating that Nkd sequences counteract Src(1–89)GFP's ability to localize at the 

plasma membrane.  

NkdSrcG2ANBg/GFPC, in which myristoylation was inhibited by mutation of the myristoylated 

glycine to an alanine (G2A) (Kamps et al., 1985), showed very weak to absent nkd rescue 

(En stripe = 4.4 ± 1.7 cells wide) and misexpression activity, but the fusion protein was 

undetectable by anti-GFP antibody in embryos or in transfected cells (Figs. 3.5A–C, F, H, 

and not shown), indicating that myristoylation also facilitates NkdSrcNBg/GFPC protein 

stability. Like Nkd∆N/GPFC, NkdSrcG2ANBg/GFPC was localized predominantly in the nucleus 

when produced in larval salivary gland (Supplementary Fig. 3.2C), consistent with the N-

terminal region of Nkd promoting protein stability and opposing nuclear localization.  

We attribute the residual nkd rescue activity of NkdSrcNBg/GFPC and NkdSrcG2ANBg/GFPC to 

endogenous Nkd N-terminal sequences in the two constructs, because replacement of 

sequence N-terminal of the EFX motif with the Src(1–89) tag (NkdSrcRBg/GFPC) further 

reduced nkd rescue activity relative to NkdSrcNBg/GFPC (En stripe = 4.9 ± 1.2 cells) but 

restored predominant localization to the plasma membrane (Figs. 3.5A–C). Replacement 

of the fly Nkd N-terminus with the myristoylation consensus sequence of mouse Nkd1 

(to make Nkdm1N∆N/GFPC) also reduced nkd rescue activity relative to NkdGFPC (En 

stripe = 4.7 ± 1.3 cells) and conferred localization to the plasma membrane (Figs. 3.5A–

C). NkdSrcRBg/GFPC may have dominant-negative properties, because B119 > NkdSrcRBg/GFPC 
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adults had increased numbers of sternite bristles relative to B119 > GFP adults (Figs. 

3.5G, H) (Rousset et al., 2002). These experiments demonstrate that fly Nkd and mouse 

Nkd1 N-termini, as well as a heterologous myristoyl tag, oppose Nkd nuclear 

localization, but that the fly Nkd N-terminus possesses unique activity that cannot be 

mimicked by myristoylation.  

 
Fig. 3.5. N-terminal myristoylation inhibits Nkd activity. (A) Nkd constructs and nkd 
da > Nkd rescue as in Fig. 3.4A. NkdNBg/GFPC results in narrow En stripes (1–2 cells) with 
focal loss of En stain (arrowhead), and is distributed similar to NkdGFPC (Waldrop et al., 
2006). Fusion of the myristoylated N-terminal 89 amino acids of Drosophila Src (red 
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rectangle) to the N-terminus of NkdNBg/GFPC weakens rescue activity as evidenced by the 
3–4 cell wide En stripe and focal naked cuticle. NkdSrcNBg/GFPC accumulates additionally 
in large cytoplasmic puncta. NkdSrcG2ANBg/GFPC, lacking the myristoyl modification (*), has 
weak rescue activity but was not detected (ND) with anti-GFP. NkdSrcRBg/GFPC and 
Nkdm1N∆N/GFPC, myristoylated constructs that lack the fly Nkd N-terminus, have little to no 
rescue activity and are predominantly plasma membrane-associated. (B) Distribution of 
cuticle phenotypes using da-Gal4 as in Fig. 3.3J. (C) Stage 10 nkd prd > NkdGFP embryos 
stained for Arm as in Fig. 3.4C. NkdNBg/GFPC reduces Arm levels as well as NkdGFPC, 
NkdSrcNBg/GFPC has partial activity, while the two constructs that are membrane-anchored 
but lack the Nkd N-terminus have weak to absent activity. (D) B119 > NkdNBg/GFPC 
females lack sternite bristles. (E) B119 > NkdSrcNBg/GFPC have reduced numbers of sternite 
bristles. (F) B119 > NkdSrcG2ANBg/GFPC have slight reduction in bristle numbers and 
abnormal bristle pattern. (G) B119 > NkdRBg/GFPC have normal sternite bristle polarity and 
morphology but increased numbers of bristles. (H) Mean ± S.D. of sternite bristle number 
(n = 10–20 adult females each) in B119-Gal4 driving indicated construct and transgenic 
line number (#). 

3.3.6 Fly Nkd N-term and 30 amino acid motifs confer embryonic Nkd activity to mouse 

Nkd1 

Mouse Nkd1, when misexpressed in otherwise wild-type flies, can induce weak loss-of-

Wg signaling adult phenotypes (Wharton et al., 2001). Fly Nkd has a 30 amino acid (aa) 

motif, conserved in mosquito Nkd, that is crucial for function, and is sufficient, when 

substituted for the 30 aa motif in mouse Nkd1 (to form mNkd1f30aa/GFPC), to confer 

increased Wg antagonist activity and nuclear localization (Waldrop et al., 2006 and 

Wharton et al., 2001). However, neither mNkd1GFPC nor mNkd1f30aa/GFPC had significant 

activity in nkd embryo rescue assays (En stripe = 5.1 ± 1.2 and 4.7 ± 1.2 cells, 

respectively) (Figs. 3.6A–C) (Waldrop et al., 2006). Importantly, replacement of mouse 

Nkd1 N-terminal sequence in mNkd1f30aa/GFPC with the fly Nkd N-terminus (to form 

mNkd1fNf30aa/GFPC) conferred partial embryonic nkd rescue activity when the double-

chimeric protein was expressed by da-Gal4 or prd-Gal4 (Figs. 3.6A–C). 

mNkd1fNf30aa/GFPC effectively reduced Arm levels in nkd mutants, but it only partially 
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narrowed En stripes to 3.6 ± 1.0 cells, predominantly in the ventral region of most 

segments (Figs. 3.6A–C), indicating that sequences in fly Nkd that are not in 

mNkd1fNf30aa/GFPC are required for full En repression. 

 
Fig. 3.6. Drosophila Nkd N-terminus confers activity as Wg signal antagonist. (A) Mouse 
Nkd1 constructs and nkd da > mNkd1GFP rescue as in Fig. 3.4A. Mouse Nkd1 shares 
sequence similarity with fly Nkd in the EFX and histidine-rich (H) regions, but has 
distinct N-termini (with myristoylation consensus) and 30 amino acid motifs (dark blue). 
Neither mNkd1GFPC nor mNkd1f30aa/GFPC (Waldrop et al., 2006) have any activity in nkd 
rescue, but the double chimera mNkd1fNf30aa/GFPC partially narrows the ventral En stripe 
(A) and results in weak (shown) and moderate class nkd cuticles. In addition, the fly N-
terminus confers on mNkd1f30aa/GFPC a more diffuse localization with plasma membrane 
enhancement (arrowheads). (B) Distribution of nkd cuticle phenotypes as a function of 
each mNkd1GFP construct when driven by da-Gal4. (C) Stage 10 nkd prd > mNkdGFP 
embryos stained for Arm as in Fig. 3.4C. Neither mNkd1GFPC nor mNkd1f30aa/GFPC affect 
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Arm levels, but mNkd1fNf30aa/GFPC reduced Arm levels as well as fly Nkd. (D–F) Sternite 
bristle array from B119>mNkd1GFPC (D), mNkd1f30aa/GFPC (E), or mNkd1fNf30aa/GFPC (F) 
females, showing the mean ± S.D. number of bristles from a representative transgenic 
line of each construct (n = 10 adults each). Note severe loss of bristles induced by the 
double chimeric mNkd1 construct in panel F. 

3.3.7 The N-terminal region of fly Nkd confers partial membrane association 

Given the importance of Nkd's N-terminal region, we compared the subcellular 

localization and detergent solubility of the N-terminal 59 aa – a conserved block of 

sequence that is 75% identical and 86% similar to the mosquito Nkd N-terminus – fused 

to GFP (Nkd7H/GFPC) with GFP and Src(1–89)GFP (Waldrop et al., 2006). When expressed in 

third instar salivary glands via 71B-Gal4, GFP was diffusely cytoplasmic with some 

enrichment in the nucleus, while Src(1–89)GFP localized exclusively to the plasma 

membrane (Figs. 3.7A, B). In contrast to GFP, Nkd7H/GFPC was enriched at plasma and 

nuclear membranes, with the remainder diffusely distributed (Fig. 3.7C). Next, we 

expressed each protein in cultured Drosophila Kc cells and inferred their lipid solubility 

by determining the extent to which each protein could be extracted by brief, gentle 

exposure to the non-ionic detergent Triton X-100 (see Materials and methods). As shown 

in Fig. 3.7D, under the extraction conditions employed, all of the GFP but little to no 

Src(1–89)GFP was Triton-extractable. Consistent with the observed localizations in salivary 

gland cells, most Nkd7H/GFPC was Triton X-100-extractable and – despite the presence of 

protease inhibitor cocktail during extraction – degradation-sensitive, but we consistently 

detected some Nkd7H/GFPC that was insoluble and degradation-resistant (Fig. 3.7D). The 

subcellular distributions of each protein in Kc cells was similar to that observed in 

salivary glands (Figs. 3.7E–G). Examination of Kc cells post-Triton X-100 treatment 
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revealed residual Nkd7H/GFPC and Src(1–89)GFP in both plasma and internal membranes, 

whereas nearly all GFP was extracted from GFP-expressing cells (cf. Fig. 3.7H vs. I, J). 

Thus, like the mammalian Nkd proteins, the N-terminus of fly Nkd confers membrane 

association.  

 
Fig. 3.7. Drosophila Nkd N-terminus confers membrane localization. (A–C) Confocal 
images of salivary gland from 71B > GFP (A), 71B > Src(1–89)GFP (B), and 
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71B > Nkd7H/GFPC (C) third instar larvae visualized for GFP (green) and DNA (blue). GFP 
is predominantly nuclear (arrowhead) but also cytoplasmic, while Src(1–89)GFP localizes 
exclusively to the plasma membrane (arrowhead). Nkd7H/GFPC adopts a distribution 
distinct from GFP that includes enrichment at plasma (large arrowhead) and nuclear 
(small arrowhead) membranes. (D) Western blots of whole-cell extracts (left) and Triton 
X-100-soluble (middle) and -insoluble (right) extracts from Drosophila Kc cells 
expressing indicated GFP-fusion protein. Note that all GFP (small arrowhead) and none 
of the Src(1–89)GFP (arrow) is soluble; some Nkd7H/GFPC is soluble and degradation-
sensitive, while the remainder is insoluble and degradation-resistant (large arrowhead). 
(E–J) Representative Kc cells transfected with GFP (E, H), Src(1–89)GFP (F, I), or 
Nkd7H/GFPC (G, J) prior to (E–G) or 3 min. post (H–J) exposure to 0.5% Triton X-100 as 
described in Section 3.2 Materials and methods. Panels E–J are the GFP channel (green), 
panels E′–J′ are DRAQ5 staining of nucleic acids (blue), and panels E –J  are the merged 
images. Note that nearly all of the GFP but little to no Src(1–89)GFP is extracted by Triton 
X-100 (arrowheads), and that residual Nkd7H/GFPC is present at plasma and nuclear 
membranes (large and small arrowheads, respectively, in panel J). DRAQ5 stains 
cytoplasmic RNA weakly and nuclear DNA strongly; the effect of Triton X-100 on the 
cells is confirmed by Triton X-100 extraction of cytoplasmic RNA in panels H′–J′. 
 

3.4 Discussion 

In this paper, we investigate the requirements for Nkd activity in each developing 

segment of the fly embryo, as well as demonstrate critical functional and membrane-

anchoring roles for fly Nkd's unique N-terminus. Our studies provide further support for 

the hypothesis that Nkd limits the intracellular response to Wg signaling. In contrast to a 

prior report (Moline et al., 1999), we observe neither consistent nor dramatic differences 

in the distribution of Wg protein that originates from endogenous wg stripes in stage 10–

11 nkd-mutant vs. rescued segments. In this regard, it should be noted that in nkd 

embryos by stage 11 endogenous stripes of Wg protein exhibit an anterior bias just as in 

wild type, whereas ectopic Wg stripes adopt a mirror-image posterior bias (see Fig. 

3.3C), with the diminution of Wg immunoreactivity in wide en domains likely due to En 
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and/or Hh signal-dependent enhancement of Wg degradation as observed in wild type 

embryos (Sanson et al., 1999).  

During stages 10–11, the expression pattern of nkd mRNA and Nkd protein resolves into 

a complex, Wg-dependent striped pattern repeated across each segmental anlagen 

(schematized in Fig. 3.8A) (Zeng et al., 2000). There, nkd acts via a negative feedback 

mechanism to limit signaling across each segment (Fang et al., 2006; Zeng et al., 2000). 

Consequently, in a wg mutant, nkd mRNA decays, while in a nkd mutant, the defective 

nkd transcript accumulates to higher levels and more broadly across each segment (Zeng 

et al., 2000). That ubiquitously produced Nkd can rescue a nkd mutant to adulthood 

suggested that striped nkd expression is not essential for activity, although the efficiency 

of rescue past embryogenesis was reduced relative to wild type (Waldrop et al., 2006). In 

this paper we demonstrate, by driving Nkd production in defined domains of each 

segmental anlagen of nkd mutants, that the early expansion of en and the later induction 

of the ectopic wg stripe are separable events. Because we observe neither any cell-

nonautonomous effects on Wg-dependent Arm accumulation or En production in nkd 

mutants, nor any obvious differences in Wg distribution in nkd mutant vs. rescued 

segments, we conclude that the action of Nkd can be explained by its cell-autonomous 

ability to attenuate responses to Wg. The observed patterns, summarized in Fig. 3.8A, are 

as follows.  

In nkd prd > NkdGFPC and nkd en > NkdGFPC embryos, we observed En-positive cells at 

the posterior of each “en-competent” domain (defined as the population of epidermal 

cells that express en in a nkd mutant (Martinez Arias et al., 1988), which in the latter 
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genotype were in close proximity to an ectopic Wg stripe a few cells anterior to the 

endogenous Wg stripe. With prd-Gal4, Nkd was not expressed in the most posterior cells 

of alternate en-competent domains, so En production in posterior cells was likely 

maintained by Wg produced by an ectopic wg stripe just posterior to those cells. The 

production of Nkd in posterior cells of each en-competent domain in nkd mutants, as in 

nkd en > NkdGFPC embryos, was not sufficient to reduce En levels in those posterior cells, 

indicating – as is observed with the endogenous 2–3 cell wide En stripe – that the 

relatively weak Wg-antagonist activity of Nkd is not sufficient to overcome the levels of 

signaling induced by the high levels of Wg ligand to which those cells are exposed. 

Expression of Axin, a more potent antagonist, via en-Gal4 in nkd mutants led to a more 

extensive yet still incomplete suppression of endogenous and ectopic En, particularly in 

ventral epidermal cells.  

In contrast, nkd ptc > NkdGFPC embryos retained wide En stripes but developed far fewer 

ectopic ventral Wg stripes than nkd embryos. In contrast to nkd prd > NkdGFPC and nkd 

en > NkdGFPC, in nkd ptc > NkdGFPC embryos the most posterior En-positive cells are 

likely receiving Wg input, at least initially, from the endogenous Wg stripe that is just to 

the anterior, although our experiments do not allow us to rule out the possibility that later 

on those cells are also sensing Wg from the further posterior source, as previously 

hypothesized to occur in similarly staged nkd mutants (Moline et al., 1999). Embryos 

homozygous for some weaker nkd alleles show a phenotype similar to nkd ptc > Nkd 

embryos: posterior expansion of En but rare to absent ectopic Wg, a further indication 

that nkd-mutant cells at the posterior of each en-competent domain receive Wg input 
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from the anterior, endogenous source of Wg. In addition to wg expression requiring input 

from Hh signaling, wg also autoregulates its own expression during germ band extension 

(Bejsovec and Martinez Arias, 1991 and Yoffe et al., 1995). Perhaps in nkd ptc > NkdGFPC 

embryos the presence of Nkd in cells anterior to each endogenous wg stripe – cells that 

are competent to express wg but only do so when exposed to high levels of Hh signaling 

– raises the threshold for activation of wg transcription by Wg and Hh, even though those 

cells are exposed to high levels of Hh. Nkd expression in the anterior ptc-expressing cells 

of nkd mutants was not 100% effective at preventing ectopic wg transcription, as 1–3 

ectopic wg stripes per embryo were observed.  

The distinct N-terminal sequences of fly and mammalian Nkd have raised the question of 

whether the Nkd N-termini have homologous functions in vivo. Previously, it was 

reported that mammalian Nkd2 is myristoylated and localizes to cell membranes, whereas 

Drosophila Nkd, lacking a myristoyl modification, was diffusely localized in the 

cytoplasm when misexpressed in cultured mammalian cells (Li et al., 2004). In this work, 

we show that the fly Nkd N-terminus confers membrane localization and in vivo activity 

that cannot be mimicked by heterologous membrane-targeting sequences. Taken together 

with our previous studies that have probed relationships between structure and function 

of Drosophila Nkd (Rousset et al., 2002 and Waldrop et al., 2006), here we show that 

four regions of Nkd – N-terminus, EFX, 30 aa nuclear localization sequence, and 

histidine-rich C-terminus, each conserved between fly and mosquito Nkd through 

 250 million years – are sufficient for significant in vivo Nkd function. These data suggest 

that the four conserved regions constitute a minimal platform upon which additional 
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domains and/or activities may have been acquired during evolution. Consistent with this 

idea, Nkd2 but not Nkd1 binds to the intracellular tail of TGF-α precursor, using a motif 

that is between the 30 aa motif and histidine-rich regions of Nkd2 (Li et al., 2004); and, 

by yeast two hybrid assay the B” protein phosphatase 2A (PP2A) subunit PR72 binds to 

sequences in Nkd1 between the conserved EFX and 30 aa motifs, that are not conserved 

in Nkd2 (C.-C.C. and K.A.W., unpublished observation) (Creyghton et al., 2005). Since 

the EFX – the only motif conserved in primary sequence between fly and mammalian 

Nkd proteins – binds Dsh or its three mammalian homologs (Wharton et al., 2001), we 

surmise that regulation of Dsh activity constitutes Nkd's most ancient function.  

Our data suggest that the action of Nkd at the plasma membrane in flies may be very 

similar to the presumed mechanism by which mammalian Nkd proteins inhibit Wnt 

signaling, but the means by which membrane association is achieved appears distinct in 

flies and mammals; for mammalian Nkd, a myristoyl anchor facilitates membrane 

association, while in the fly it is mediated by a N-terminal  60 aa motif, possibly via 

protein–protein interactions. That each functionally important region of fly Nkd promotes 

localization to different subcellular regions – the N-terminus promoting membrane 

association, the EFX retaining Nkd in the cytoplasm, possibly via associations with Dsh, 

and the 30 aa motif promoting nuclear localization (Waldrop et al., 2006) – supports the 

hypothesis that Nkd acts at multiple subcellular locations to attenuate Wg signaling. 

However, our experiments do not distinguish between models whereby separate pools of 

Nkd act in concert to inhibit signaling (Fig. 3.8B, Model 1), or whether Nkd action 

requires intracellular transport between cytoplasm, intracellular membranes, and the 
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nucleus (Fig. 3.8B, Model 2). Yet a third possibility, suggested by recent studies, is that 

Nkd impinges on the ability of Dsh to oligomerize and promote Wnt-receptor complex 

“signalosomes” that have been proposed to trigger intracellular signaling (Bilic et al., 

2007 and Schwarz-Romond et al., 2007), but such a model does not readily account for 

Nkd's apparent activity in the nucleus. Future investigations that probe the subcellular 

dynamics of Nkd trafficking and identify additional Nkd-associated proteins will be 

required to generate additional clues about the mechanism by which Nkd attenuates 

Wnt/β-catenin signaling. 

 

 



103 

Fig. 3.8. Summary of nkd rescue experiments and working models of Nkd function. (A) 
Depicted are two schematic segments of a stage 10–11 embryo as in Fig. 3.1A. Top row: 
Wild type embryos have one Wg/Hh interface per segment, with mutual reinforcement of 
signal production by Wg (blue arrow) and Hh (red arrow). Nkd accumulates in a 
complex, Wg-dependent striped pattern (Zeng et al., 2000), with abundance proportional 
to green shade. Second row: nkd mutants have expanded En and Hh production (red 
circles) flanked by endogenous and ectopic Wg stripes (blue circles). Third row: nkd 
en > NkdGFPC embryos lose En production in the middle of the expanded en-competent 
domain, but retain ectopic Wg which stimulates the production of En in posterior cells of 
each en-competent domain. Fourth row: nkd ptc > NkdGFPC embryos retain an expanded 
region of En production, but fewer ectopic Wg stripes are induced due to Nkd production 
in cells competent to make Wg (Martinez Arias et al., 1988). (B) Models of Nkd action in 
Drosophila. A highly simplified model for activation of Wnt/β-catenin signaling by Wg 
(blue) is shown in each panel (see http://www.stanford.edu/~rnusse/pathways/cell2.html). 
Components that promote signal transmission (Arr—Arrow/Lrp5–6 receptor; Fz—
Frizzled and Frizzled2 receptor; Dsh scaffold; Arm—β-catenin) are green, while 
components that repress signal transduction (Axin, Apc, Nkd) are red. Components with 
positive and negative roles (Pan—Pangolin/TCF; GSK3) are depicted in red/green stripe. 
In Model 1 (left), separate pools of Nkd (designated a, b, c) act at the plasma membrane 
(a), in a cytoplasmic complex with Dsh (b), and in the nucleus (c) to inhibit signaling, but 
it is not known (?) whether Nkd affects nuclear transport of a critical signaling 
component or whether it acts on the chromatin of Wg-responsive genes. In model 2 
(right), the movement of Nkd between cytoplasm and plasma membrane and/or the 
nucleus (blue arrows) is required for inhibition of Wg signaling. 
 

 

 



 

PREFACE TO CHAPTER FOUR 
 
 

CHAPTER FOUR describes the requirement of the nuclear import adaptor Importin-α3 

for Nkd function in attenuating Wnt signaling.  It is adapted from “Chan et al., C.C. 

Chan, S. Zhang, R. Rousset, and K.A. Wharton Jr., Drosophila Naked cuticle engages the 

nuclear import adaptor Importin-α3 to antagonize Wnt/β-catenin signaling, 

Developmental Biology, in press, 2008.”.   

For this work I contributed in several ways.  I examined the interaction between Nkd and 

Importin-α3 in both Y2H and GST pulldown assays.  I showed that D6 motif is sufficient 

and required for binding to Importin-α3.  I generated 10 of the 14 internal deletions, 

domain substitutions, and point mutant UAS-Nkd constructs used in this paper.  I also 

generated the importin-α3 germ line clones.  In addition, I also performed importin-α3 

RNAi experiments in Kc cell cultures and in salivary gland.  Keith Wharton did all the 

confocal imaging.  Raphael Rousset discovered Importin-α3 as a Nkd-interacting protein 

in Y2H screens while a postdoctoral fellow in Matthew Scott’s lab at Stanford.  Shu 

Zhang participated in Kc cell culture experiments. 
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CHAPTER FOUR 
 
 

DROSOPHILA NAKED CUTICLE ENGAGES THE NUCLEAR IMPORT 

ADAPTOR IMPORTIN-α3 TO ANTAGONIZE WNT/β-CATENIN SIGNALING 

 
4.1 Introduction 

Wnts comprise a family of protein signals that govern morphogenesis and cell inductive 

events throughout the animal life cycle (Clevers, 2006).  Depending on the organism, 

tissue, and type of cell, a Wnt signal can act locally to regulate binary cell fate decisions 

or over longer distances as a morphogen to orchestrate differential gene expression.  

Many Wnts elicit a well-conserved chain of intracellular events termed the canonical 

Wnt/β-catenin pathway (see http://www.stanford.edu/~rnusse/wntwindow.html and 

references therein).  In the absence of Wnt, phosphorylation of β-catenin by a 

“destruction complex” consisting of the Axin and Apc proteins as well as the CK1 and 

GSK3 kinases triggers ubiquitin-dependent proteasomal degradation of β-catenin.  

Association of Wnt with Lrp5-6/Arrow (Arr) and Frizzled (Fz) family co-receptors 

promotes Axin-Lrp5/6 interactions and inhibits β-catenin degradation via linkages with 

the Dishevelled (Dsh) family of scaffold proteins (Bilic et al., 2007; Wallingford and 

Habas, 2005).  β-catenin then binds transcription factors of the TCF/Lef family to 

regulate Wnt target genes {reviewed in (Willert and Jones, 2006)}.  Altered canonical 

Wnt signaling is associated with a growing list of human diseases, including cancer, 
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osteoporosis, and type 2 diabetes (Clevers, 2006).  Therefore, understanding the 

mechanisms by which human cells and tissues normally control Wnt signaling has 

become an urgent priority of biomedical science and the biopharmaceutical industry 

alike. 

 Although much effort has been expended to understand how Wnt/β-catenin 

signals are activated, much less is known about how signals are normally terminated.  

Naked cuticle (Nkd) is a family of intracellular proteins that antagonize Wnt signaling 

(Van Raay et al., 2007; Wharton et al., 2001; Zeng et al., 2000).  In the fruit fly 

Drosophila melanogaster, transcription of the sole nkd gene is Wnt inducible, suggesting 

that Nkd acts in a feedback loop (Zeng et al., 2000).  Known vertebrate genomes encode 

two dynamically expressed nkd paralogs, nkd1 and nkd2 (Katoh, 2001; Van Raay et al., 

2007; Wharton et al., 2001).  Our current understanding of how Nkd proteins inhibit Wnt 

signaling derives largely from studies in Drosophila.  Fly and mammalian Nkd proteins 

use an EF-hand motif (“EFX”) to associate with Dsh (Rousset et al., 2002; Wharton et 

al., 2001), but conserved motifs that confer membrane association and - at least in 

Drosophila - mediate nuclear entry are also important for function (Chan et al., 2007; 

Waldrop et al., 2006).  How each motif in Nkd acts in concert within a single protein to 

inhibit signaling in vivo remains unclear.  A recent report suggests that vertebrate Dsh 

proteins act in the nucleus (Itoh et al., 2005), but what Dsh does in the nucleus, whether 

fly Dsh acts in the nucleus, or whether the action of Nkd in the nucleus requires Dsh 

association is not known. 
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 Nkd attenuates signaling by the Wnt ligand Wingless (Wg) during early 

segmentation of the Drosophila embryo (Jürgens et al., 1984; Zeng et al., 2000).  In the 

cellular blastoderm embryo, Wg is produced by a single transverse row of cells per 

segmental anlage.  As the germ band extends, Wg-dependent accumulation of the β-

catenin homolog Armadillo (Arm) in nearby cells activates the localized transcription of 

target genes including hedgehog (hh), engrailed (en), and nkd (Baker, 1988; DiNardo et 

al., 1988; Lee et al., 1992; Martinez Arias et al., 1988; Riggleman et al., 1990; Tabata et 

al., 1992; Zeng et al., 2000).  In nkd-mutant embryos, the quantity and distribution of Wg 

is initially similar to wild type, but Arm accumulates to higher levels and genes activated 

by Wg are expressed in broader domains than in wild type, indicating that nkd mutant 

cells are hypersensitive to Wg (Bejsovec and Wieschaus, 1993; Dougan and DiNardo, 

1992; Martinez Arias et al., 1988; Waldrop et al., 2006; Zeng et al., 2000).  Later, Wg 

signaling instructs epidermal cell fate: cells beyond the influence of Wg secrete ventral 

cuticle with actin-based apical cell processes termed denticles, whereas most cells in 

close proximity to Wg producers suppress denticle synthesis and remain “naked” 

(Bejsovec and Martinez Arias, 1991; Dougan and DiNardo, 1992).  In embryos 

homozygous for null or strongly hypomorphic nkd alleles, an ectopic stripe of Wg is 

induced in most segments, creating mirror-image pattern duplications, increased cell 

death, and extra naked cuticle, whereas weaker nkd alleles give rise to milder (yet still 

lethal) cuticle phenotypes due to variable ectopic Wg (Bejsovec and Wieschaus, 1993; 

Dougan and DiNardo, 1992; Pazdera et al., 1998; Waldrop et al., 2006).  
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 In order for signals to impinge upon gene transcription in the nucleus, key signal 

transducers engage a nuclear transport machinery that is shared by a myriad of 

intracellular proteins.  In the canonical nuclear import paradigm, the adaptor protein 

Importin-α links nuclear localization sequence (NLS)-containing cargo proteins to the 

nuclear import receptor Importin-β1 {reviewed in (Chook and Blobel, 2001; Goldfarb et 

al., 2004)}.  {A notable exception is β-catenin itself, which, due to its structural similarity 

to Importin-α is able to translocate to the nucleus in an Importin-α/β- and NLS-

independent fashion (Fagotto et al., 1998).}  D. melanogaster has three Importin-α 

paralogs: Importin-α1 (Kap-α1) (Mason et al., 2002), Importin-α2 (Pendulin/Kap-α2) 

(Kussel and Frasch, 1995; Torok et al., 1995), and Importin-α3 (Kap-α3) (Dockendorff et 

al., 1999; Mason et al., 2003; Mathe et al., 2000); and a single Importin-β1 paralog: 

Fs(2)Ketel (Ket) (Lippai et al., 2000).  We previously identified a 30 amino acid (aa) 

NLS in Drosophila Nkd (Waldrop et al., 2006), but how Nkd enters the nucleus is not 

known.  Here we identify an additional NLS in Nkd and show that its interaction with 

Importin-α3 is crucial for nuclear localization and function of Nkd.  Our findings provide 

further support for the hypothesis that Nkd acts, in part, within the nucleus to inhibit Wnt 

signaling, and broaden our understanding of signaling pathways that engage the nuclear 

import machinery. 

 

4.2 Materials and methods 

4.2.1 DNA constructs 
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Nkd constructs were built in pBSII-KS+ (Stratagene) with C-terminal enhanced-GFP 

(Clontech).  NkdGFPC, Nkd∆30aa/GFPC, Nkd∆30aaNLS/GFPC, and Nkd∆R1S/GFPC have been 

described (Waldrop et al., 2006).  Mutant/junctional regions were synthesized by Pfu-

PCR, subcloned/sequenced, then cloned into pUAS-T (Brand and Perrimon, 1993).  

Residues deleted: Nkd∆D6/GFPC 424-466; Nkd∆R1S∆30aa/GFPC 179-370, 543-572; 

Nkd∆R1S∆D6∆30aa/GFPC 179-370, 424-466, and 543-572; Nkd∆D6∆30aa/GFPC 424-466, 543-572.  

Point mutations: NkdR441A/GFPC Arg441 to Ala; NkdK445A/GFPC Lys445 to Ala; NkdRAKA/GFPC 

Arg441 and Lys445 to Ala.  Nkd∆D6-HSFNLS/GFPC substituted Nkd aa 424-466 with dHSF aa 

392-435 (Genbank AAA28642); Nkd∆R1S∆30aaNLS/GFPC deleted aa 179-370 and replaced aa 

543-572 with the SV40-NLS (APKKKRKVGST) (Kalderon et al., 1984).  NkdD6/GFPC 

consisted of aa 424-466 fused to GFP.  For Y2H, Importin-α1/-α2/-α3 cDNAs (Genbank 

AAC26055, AAA85260, and AAD37442) were amplified by PCR from a fly embryo 

cDNA library, sequenced, and cloned into the pAS2-1 bait and pAct2 prey plasmids 

(Clontech).  pAS2-Nkd and pAct-Dsh constructs have been described (Rousset et al., 

2001).  For GST-pulldown, the following residues of each Importin-α lacking its N-

terminal auto-inhibitory Importin-β-binding (IBB) domain (Harreman et al., 2003) 

(∆IBB) were cloned into pGEX-4T-1 (Amersham): Importin-α1∆IBB 118-543; Importin-

α2∆IBB 93-522; Importin-α3∆IBB 65-514.  Nkd or Nkd∆D6 cDNAs were cloned into pBS-

KS(-) (Stratagene) for in vitro transcription/translation.  For Drosophila Kc cell 

transfections, the D6 motif (aa 424-466), as well as NkdD6-R441A, NkdD6-K445A, and NkdD6-

R441A,K445A(RAKA) point mutant constructs fused to GFP were cloned into pAc5 (Invitrogen). 

4.2.2 Yeast two-hybrid 
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The pAS2-Nkd bait plasmid was transformed into the yeast strain PJ69-4A (Rousset et 

al., 2001).  A 0-24 hour Drosophila embryo cDNA library fused to the GAL4 

transcriptional activation domain was transformed into the pAS2-Nkd-carrying yeast 

using a variation of the lithium acetate method (Clontech).  Sequencing of one of the 

clones whose growth on minimal medium lacking Leu, Trp, His and Ade (4D) required 

the presence of pAS2-Nkd plasmid revealed the complete open reading frame of 

Importin-α3.  To confirm the interaction, competent yeast strain AH109 was transformed 

using the EZ Yeast Transformation II kit (ZymoResearch).  Co-transformed yeast was 

grown under 2D (double dropout: -Leu-Trp) and, for stringent selection, 4D conditions.  

Western blot of yeast lysates showed that lack of growth of yeast strains under 4D were 

not due to bait or prey protein instability {data not shown and (Waldrop et al., 2006)}. 

4.2.3 GST pulldown 

Lysates containing each GST-fusion protein were prepared from E. coli strain BL21pLys 

as described by Amersham Biosciences, except that MTPBS buffer (Rousset et al., 2002) 

was used for washing.  Each lysate was incubated with glutathione-Sepharose 4B beads 

for 1 hour at 4°C, and then washed 3X with DT80 buffer (Rousset et al., 2002).  Nkd 

proteins were labeled with 35S-Methionine using the TNT T7 coupled reticulocyte lysate 

system (Promega) and incubated with the beads for 2 hours at 4°C in DT80 buffer.  

Beads were washed 4X with DT300 buffer, and labeled proteins were eluted in SDS-

PAGE sample buffer, boiled for 5 minutes, and then separated by 8% SDS-PAGE.  Gels 

were vacuum dried, and protein bands were detected using a Typhoon phosphorimager 

with ImageQuant software (Molecular Dynamics). 
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4.2.4 Fly stocks and genetics 

Fly culture and P-element transformation were performed according to standard 

procedures.  All fly crosses were performed at 25°C.  In rescue assays, the strongest 

known nkd allele, nkd7H16, which encodes a predicted truncated 59 aa protein with no nkd 

activity (Jürgens et al., 1984; Zeng et al., 2000; Waldrop et al., 2006), was used in the 

following cross: UAS-Nkd/UAS-Nkd or CyO;nkd7H16/TM3-hb-lacZ X nkd7H16da-

Gal4/TM3-hb-lacZ.  In immunofluorescence experiments, all nkd mutant embryos were 

unambiguously identified by the absence of head-specific β-galactosidase staining from 

hb-lacZ on the balancer chromosome.  Number of independent UAS lines of each 

construct that were examined in nkd rescue assays are as follows:  GFP 1; NkdGFPC 2; 

Nkd∆R1S/GFPC 2; Nkd∆30aa/GFPC 3; Nkd∆30aa∆R1S/GFPC 2; Nkd∆30aaNLS/GFPC 3; Nkd∆R1S∆30aaNLS/GFPC 

3; Nkd∆D6/GFPC 3; Nkd∆D6∆30aa/GFPC 2; Nkd∆R1S∆D6/GFPC 2; Nkd∆R1S∆D6∆30aa/GFPC 2; 

NkdR441A/GFPC 2; NkdK445A/GFPC 2; NkdR441A,K445A/GFPC 2; Nkd∆D6-HSFNLS/GFPC 3.  FRT82B 

importin-a3D93 was provided by Robert Fleming and David Goldfarb (Mason et al., 

2003).  FRT82B D-axinP was provided by Jin Jiang (Hamada et al., 1999).  UAS-

importin-α3 RNAi flies (ID#36103 and #36104) were provided by the Vienna Drosophila 

RNAi Center (VDRC) (Dietzl et al., 2007).  Fly stocks/chromosome: UAS-lacZ (II) 

(Brand and Perrimon, 1993), da-Gal4 (III) (Wodarz et al., 1995), prd-Gal4 (III) (Yoffe et 

al., 1995), 71B-Gal4 (III) (Brand and Perrimon, 1993). 

4.2.5 Cuticle preparations 
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Cuticles were prepared and scored as described (Chan et al., 2007; Waldrop et al., 2006; 

Zeng et al., 2000).  Briefly, each nkd cuticle was scored as “strong” if it had two or fewer 

complete denticle bands and severe head involution and tail defects, “moderate” if it had 

partial head involution and three or more complete denticle bands, or “weak” if it had 

denticle bands in every segment, complete or nearly complete head involution and tail 

morphogenesis, but patchy naked cuticle due to focal ectopic Wg production.  125-600 

cuticles were scored for each rescue experiment. 

4.2.6 Germ line clones  

Females with germlines mutant for importin-α3D93 were generated by heat-shock of hs-

FLP;FRT82B ovoD/FRT82B α3D93 larvae twice a day for 1.5 hours on three consecutive 

days at 37°C during early larval stages (Chou et al., 1993).  Female progeny were crossed 

to α3D93/TM3-GFP males.  The recovery of stage 11 embryos with uniformly elevated 

Arm and wide En stripes from females with germlines mutant for the Wg antagonist D-

axin (Hamada et al., 1999), which lies on the same chromosomal arm as importin-α3, 

indicated that our procedure for making germline clones was successful (data not shown).  

D-axin clones were generated by heat-shock in hs-FLP; FRT82B ovoD/FRT82B D-axinP 

larvae.  The resulting adult females were then crossed to D-axinP/TM6B males. 

4.2.7 Computer programs 

Drawings were prepared in Canvas (ACD Systems) and Powerpoint (Microsoft), and 

composite figures were prepared in Photoshop (Adobe).  Graphs were made in 
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Deltagraph (Red Rock Software).  Selected confocal image channel spectra were 

maximized below saturation, with the exception that anti-Arm channels were not altered.  

ImageJ (NIH) was used to quantitate mean greyscale pixel intensity of raw confocal 

images of Arm-stained embryos as described (Waldrop et al., 2006).  Statistical 

calculations were performed using Prism (GraphPad Software).  ClustalW analysis and 

linked boxshade output were obtained at http://dot.imgen.bcm.tmc.edu:9331/multi-

align/multi-align.html.   

4.2.8 Immunocytochemistry and Microscopy 

All embryo collection, salivary gland dissection, fixation, staining procedures (including 

antibodies and their dilutions), and confocal microscopy were performed as described 

(Chan et al., 2007; Waldrop et al., 2006).  Mouse monoclonal anti-Importin-α3 5E3 

(Fang et al., 2001) was kindly provided by Carl Parker.  

4.2.9 Cell culture, dsRNA feeding, and transfections 

Drosophila Kc167 (Kc) cells were grown in Schneider's Drosophila medium (Invitrogen) 

supplemented with 10% FBS.  Wild type or point mutant pAc-NkdD6 or pArm-GFP were 

transfected with Effectene (Qiagen) into cells grown on coverslips.  Forty-eight hours 

post-transfection, coverslips were fixed in 4% paraformaldehyde and counterstained with 

DRAQ5 (Biostatus Limited).  GFP/DRAQ5 were imaged by confocal microscopy as 

previously described (Chan et al., 2007).   
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 To deplete Importin-α3 in Kc cells with RNAi, 37 nM double-stranded RNA 

(dsRNA) – synthesized according to the manufacturer’s instructions using the 

MEGAscript in vitro transcription kit (Ambion) – was fed to Kc cells once per day (6 

hour feeding in serum-free medium, followed by 18 hours with 10% FBS) for three 

consecutive days prior to transfection (Clemens et al., 2000).  To synthesize dsRNA, the 

following primer pairs were used to PCR-amplify two independent importin-α3 DNA 

templates with flanking T7 polymerase promoter sequences (5’-

TAATACGACTCACTATAGGG): dsRNA#1 (520 bp): 5’-

(T7)TCATCACACCGACACGAACATCCT and 5’-

(T7)ATCCTGGCATGAAAGGAGGTCACA; dsRNA#2 (429 bp): 5’-

(T7)AGGATGAAATGCGACGTCGGAGAA and 5’-

(T7)TGAGAAGTTGAAGGAAGAGCGGCA.  Each importin-α3 dsRNA reduced 

Importin-α3 protein levels and resulted in uniform distribution of NkdD6/GFPC (Fig. 4. 5C 

and data not shown).   

4.2.10 Western blots 

Yeast lysates were prepared following the manufacturer’s protocol (Clontech), and Kc 

cell lysates were prepared as described (Chan et al., 2007), with 10 µg supernatant 

resolved per lane.  Antibodies/dilutions were as follows: Anti-Gal4 DNA-BD sc510 

(Santa Cruz Biotechnology) 1:1000; Anti-Porin (Molecular Probes) 1:1000; Anti-

Importin-α3 5E3 1:1,000); Anti-βtubulin (Covance) TU27 1:2,500.  Signals were 
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visualized with SuperSignal West Dura Extended Duration Substrate (Pierce 

Biotechnology) followed by autoradiography. 

4.3 Results 

4.3.1 Requirement of Nkd’s Dsh binding sequences for function of a nuclear localized 

Nkd.  

In the germband-extended Drosophila embryo, Wg signaling promotes en transcription in 

the 2-3 adjacent rows of epidermal cells posterior to Wg-producing cells (DiNardo et al., 

1988; Martinez Arias et al., 1988).  In nkd mutant embryos, Wg activates en during stage 

9 in further posterior cells, such that by stage 10-11 approximately half of the cells in 

each segment express en (Fig. 4.1A) (Martinez Arias et al., 1988).  Production of Nkd 

fused to a C-terminal GFP (NkdGFPC), but not GFP alone, via the ubiquitous da-Gal4 

driver in a strong nkd7H16 mutant (nkd da>NkdGFPC) narrowed the width of the En stripes - 

revealed by a monoclonal antibody against En - to 2-3 cells by stage 10-11, restored wild 

type cuticle pattern, and rescued some mutants to adulthood (Fig. 4.1A) (Waldrop et al., 

2006; Zeng et al., 2000).  Misexpression of NkdGFPC in otherwise wild type embryos had 

no effect on Wg signaling or segmentation, but overexpression during larval development 

produced adult phenotypes characteristic of wg loss-of-function (Waldrop et al., 2006; 

Zeng et al., 2000).  The subcellular localization of NkdGFPC – as revealed by an antibody 

against GFP - was very similar to that of endogenous Nkd: diffuse and punctate 

cytoplasmic staining as well as a lower level of nuclear staining (Fig. 4.1A) (Waldrop et 

al., 2006; Zeng et al., 2000). 
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 We previously showed that Nkd∆R1S/GFPC, which lacks the two adjacent Dsh-

binding regions (termed “R1S”), retained a significant amount of nkd rescue activity but 

was mostly nuclear (Fig. 4.1A,B) (see Materials and methods for nkd cuticle scoring 

system) (Rousset et al., 2002; Waldrop et al., 2006).  In contrast, Nkd∆30aa/GFPC, with a 

deleted 30aa NLS, had substantially reduced rescue activity and was predominantly 

cytoplasmic (Fig. 4.1A,B) (Waldrop et al., 2006).  To determine whether the 30aa NLS is 

responsible for the nuclear localization of Nkd∆R1S/GFPC, we deleted both regions in 

construct Nkd∆R1S∆30aa/GFPC.  nkd da>Nkd∆R1S∆30aa/GFPC embryos retained wide En stripes 

(Fig. 4.1A) and developed a moderate to strong nkd cuticle phenotype more severe than 

nkd da>Nkd∆30aa/GFPC embryos (Fig. 4.1B) (Waldrop et al., 2006; Zeng et al., 2000).  In 

embryos, Nkd∆R1S∆30aa/GFPC accessed the nucleus (Fig. 4.1A), indicating that the 30aa NLS 

is not necessary for nuclear localization in the absence of Nkd’s Dsh-binding sequences.  

 In nkd prd>NkdGFPC embryos, in which Nkd was expressed by the pair-rule gene 

driver prd-Gal4 in alternate segments, Arm protein was reduced to wild-type levels in 

rescued segments by stage 10 (Waldrop et al., 2006).  Nkd∆R1S/GFPC lowered Arm levels in 

nkd mutants (Fig. 4.1C) as well as did NkdGFPC (Waldrop et al., 2006), but, like the latter 

construct, did not reduce Arm levels in otherwise wild-type embryos (data not shown).  

Despite the inability of Nkd∆R1S∆30aa/GFPC to narrow nkd-mutant En stripes, nkd 

prd>Nkd∆R1S∆30aa/GFPC embryos had partially reduced Arm levels in alternate segments 

(Fig. 4.1C), indicating that Nkd∆R1S∆30aa/GFPC retains a low but detectable level of Nkd 

activity. 

 



117 

 In embryos, Dsh is predominantly cytoplasmic but can also be observed in 

nuclear puncta, and Nkd/Dsh colocalization can be observed in cytoplasm, and rarely, in 

the nucleus (Waldrop et al., 2006; Yanagawa et al., 1995).  In support of the hypothesis 

that Nkd acts, in part, within the nucleus, Nkd∆30aaNLS/GFPC – in which the 30aa NLS was 

replaced by a strong SV40 NLS – rescued nkd embryos to a greater extent than did 

Nkd∆30aa/GFPC (Fig. 4.1A,B) (Waldrop et al., 2006).  If Nkd/Dsh association is important 

for Nkd∆30aaNLS/GFPC to antagonize Wg signaling, then deletion of Dsh binding regions (to 

make Nkd∆R1S∆30aaNLS/GFPC) might eliminate Nkd activity.  Conversely, if Nkd∆30aaNLS/GFPC 

activity is Dsh-independent, then Nkd∆R1S∆30aaNLS/GFPC might retain activity.  As shown in 

Fig. 4.1A-C, Nkd∆R1S∆30aaNLS/GFPC was exclusively nuclear yet had no ability to reduce 

Arm, narrow En stripes, or rescue nkd cuticles (Fig. 4.1A-C), in further support of the 

hypothesis that Nkd/Dsh interactions contribute to Nkd’s ability to inhibit Wg signaling.  
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F ig. 4.1.  Requirement of Nkd’s Dsh-binding sequences for activity of nuclear-localized 
Nkd.  (A) nkd rescue via ubiquitous expression of UAS-Nkd constructs via da-Gal4 (nkd 
da>).  Nkd (yellow) has N-terminal (N), EFX, 30aa NLS (“30aa” - light blue), and 
histidine-rich (H) motifs; Dsh (purple) has DIX, PDZ, and DEP domains.  Dsh basic/PDZ 
region binds EFX and adjacent region of Nkd (“R1S” - interacting regions in red bars).  
For each rescue construct is shown, from left to right, a representative stage 11 rescued 
embryo stained for GFP (green), En (red) and DNA (blue), with higher power images 
showing En stripes in two segments and GFP subcellular localization.  Rescued nkd 
cuticle is in right column, and anterior is to the left in all columns.  GFP has no rescue 
activity, resulting in nkd embryos with wide En stripes that occupy half of each 
segmental anlage, and near uniform naked cuticle (arrowhead).  NkdGFPC {Nkd with C-
terminal GFP (G)} restored En stripes to 2-3 cells, localized predominantly to the 
cytoplasm but also in epidermal nuclei (asterisk), and restored wild type denticle bands in 
each abdominal segment (arrow).   Nkd∆30aa/GFPC only slightly narrowed nkd-mutant En 
stripes, was predominantly cytoplasmic during stage 11, and partly rescued the nkd 
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cuticle phenotype, whereas Nkd∆R1S/GFPC narrowed En stripes, localized predominantly to 
the nucleus, and restored mostly wild type cuticle pattern (Waldrop et al., 2006).  
Nkd∆R1S∆30aa/GFPC accessed the nucleus and did not narrow En stripes but restored some 
denticle bands.  Nkd∆R1S∆30aaNLS/GFPC, lacking R1S and replacing the 30aa NLS with the 
SV40 NLS (red box), localized to the nucleus but had no rescue activity.  (B) Percent of 
wild type and nkd cuticle phenotypes {weak, moderate, strong - described in Materials 
and methods)} for each nkd rescue cross with indicated UAS-Nkd construct.  For lethal 
UAS-Nkd inserts on chromosome II, the persistence of the CyO balancer in the rescue 
cross results in ~12.5% of cuticles remaining unrescued and hence “strong” (black-
topped bar in “strong” column).  w- is negative control, with 100% wild type.  da>lacZ 
rescue gives the expected Mendelian ratio of 75%/25% wild type/strong nkd mutant, 
while da>Nkd rescued nearly all nkd mutants to wild type.  Nkd∆R1S∆30aaNLS/GFPC had no 
activity, but Nkd∆R1S∆30aa/GFPC produced some moderate-class cuticles indicating weak 
Nkd activity.  (C) Rescue of elevated Arm in alternate segments of nkd mutants via 
expression of UAS-Nkd via prd-Gal4 (nkd prd>).  Four segmental anlagen of indicated 
stage 10 nkd prd>Nkd embryo stained for GFP (green), Arm (red) and DNA (blue) are 
shown.  Since Arm/β-catenin also links E-cadherin to the actin cytoskeleton, Arm 
staining is a composite of plasma membrane-associated Arm and Wg-dependent 
accumulation of cytoplasmic and nuclear Arm.  Middle column shows Arm channel, and 
right panel is mean greyscale pixel intensity of Arm channel along anterior/posterior axis 
(ordinate axis 0-200).  Green arrowheads indicate segments with prd-Gal4 expression, 
white arrowheads alternate unrescued segments.  Previously, we defined γ as the ratio of 
peak Arm intensity in non-rescued to rescued segments, with γ=~1.0 indicating no rescue, 
and for NkdGFPC γ=~1.8 (Waldrop et al., 2006).  While the activity of Nkd∆R1S/GFPC was 
comparable to NkdGFPC, the activities of Nkd∆30aa/GFPC or Nkd∆R1S∆30aa/GFPC (γ=~1.4) were 
reduced relative to NkdGFPC {NkdGFPC and Nkd∆30aa/GFPC are not pictured but γ values are 
from (Waldrop et al., 2006)}.  Nkd∆R1S∆30aaNLS/GFPC had nearly absent activity (γ=1.1) as 
compared to Nkd∆30aaNLS/GFPC (γ=1.5) (Waldrop et al., 2006).  Images of embryos and 
cuticles rescued by NkdGFPC, Nkd∆30aa/GFPC, and Nkd∆30aaNLS/GFPC in panel A, as well as the 
nkd rescue data in panel B for Nkd∆R1S/GFPC, Nkd∆30aa/GFPC, and Nkd∆30aaNLS/GFPC have been 
previously published (Waldrop et al., 2006). 

4.3.2 Nkd associates with the nuclear import adaptor Importin-α3 via a motif conserved 

in D. pseudoobscura 

 Since Nkd∆R1S∆30aa/GFPC is partly nuclear, Nkd must have NLS(s) in addition to the 

30aa NLS.  In a yeast-two-hybrid (Y2H) screen we recovered the nuclear import adaptor 

Importin-α3 as a Nkd-binding protein (see Materials and methods).  The Nkd/Importin-

α3 interaction is specific, because Nkd did not bind to the other two Drosophila 
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Importins, -α1 or -α2 (Fig. 4.2A,B).  To identify the Importin-α3-binding region of Nkd, 

we first assembled a putative nkd cDNA sequence from the genome of D. pseudoobscura 

(Dp) (Richards et al., 2005), a Drosophilid whose common ancestor with D. 

melanogaster (Dm) lived ~25-50 Myr ago.  DpNkd is predicted to be 1009aa and 

Mr=111.8x103 (Fig. 4.2D).  Dm/Dp Nkd alignment revealed nine regions of sequence 

similarity that included the four regions we previously noted to be conserved in mosquito 

Nkd (Fig. 4.2C,D) (Waldrop et al., 2006).  Region #6 (designated “D6”) of conservation 

was necessary and sufficient for Importin-α3 interaction (Fig. 4.2E,F).  The 30aa NLS - 

part of conserved region #7 - did not bind any of the three Importin-αs by Y2H (data not 

shown).  

 To investigate whether Importin-α3 is required for Nkd activity, we attempted to 

generate embryos that lacked Importin-α3.  Importin-α3 mRNA and protein have been 

detected during oogenesis (Dockendorff et al., 1999; Mason et al., 2003; Mathe et al., 

2000), but Importin-α3 protein only becomes detectable in the embryo after cell division 

cycle 12 (stage 4), correlating with the onset of responsiveness to heat shock-dependent 

transcription by dHSF (Fang et al., 2001).  importin-α3 mRNA is also synthesized 

zygotically, as mutants homozygous for the null importin-α3 allele α3D93 survive until the 

transition between first and second larval instars (Mason et al., 2003).  Stage 11 

homozygous α3D93 embryos (n > 50) had En stripes indistinguishable from wild type and 

produced wild type cuticles (n > 50; data not shown), consistent with Importin-α3 protein 

translated from maternally deposited mRNA being responsible for postembryonic 

survival of the zygotic α3D93 mutants (Mason et al., 2003).  To eliminate the maternal 
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importin-α3 contribution, we used the ovoD technique to generate germ-line clones of the 

α3D93 allele (Chou et al., 1993) (see Materials and Methods); unfortunately, α3D93-mutant 

females (n > 30) did not lay eggs when mated with either wild type or α3D93/TM3 males, 

and examination of their ovarioles revealed only the ovoD phenotype.  Our results suggest 

that importin-α3 has essential roles in oogenesis (Mathe et al., 2000), thereby precluding 

examination of embryos that lack maternal and zygotic importin-α3.  

 
Fig. 4.2.  Drosophila Nkd binds Importin-α3.  (A) Y2H of strains expressing indicated 
bait (left) and prey (top) constructs under double (2D) or quadruple (4D) dropout 
conditions.  Only strains with Nkd+Importin-α3 plasmids grew under 4D.  (B) GST-
pulldown assay showing that in vitro translated Nkd was retained on Glutathione agarose 
bound to GST-Importin-α3∆IBB (Importin-α3 residues 118-543 lacking the N-terminal 
Importin-β-binding (IBB) domain; see Materials and methods) in lane 6 but not to GST 
(lane 3), GST-Importin-α1∆IBB (lane 4) or GST-Importin-α2∆IBB (lane 5).  Coomassie 
stained gel below confirmed that each recombinant protein (arrowheads) was bound to 
glutathione agarose.  Size markers are in lane 1, and 35S-Methionine labeled Nkd input is 
in lane 2.  (C) Schematic of D. melanogaster Nkd (DmNkd), D. pseudoobscura Nkd 
(DpNkd), and A. gambiae Nkd (AgNkd).  Grey bars show sequence similarity.  
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DmNkd/DpNkd have nine regions of similarity, numbered 1-9.  Region #6 (D6; magenta) 
binds Importin-α3.  (D) ClustalW alignment of insect Nkd proteins.  Amino acid 
identities are dark-shaded, similarities light-shaded.  Grey bars indicate regions of 
Dm/Dp sequence similarity (numbered).  EFX–red; 30aa NLS-light blue; D6-magenta.  
Asterisks designate basic residues mutated in this work.  (E) NkdD6 (residues #424-466) 
binds Importin-α3 by Y2H.  Yeast expressing indicated Nkd deletion constructs were 
assayed for growth as in panel A.  (F) GST-pulldown assay showing that in vitro 
translated Nkd (lanes 2-4), but not Nkd∆D6 (lanes 6-8), bound to glutathione agarose to 
which GST-Importin-α3∆IBB but not GST was bound.  Coomassie-stained gel shows that 
equal amounts of each GST fusion protein were bound to the glutathione agarose.  Size 
markers are in lanes 1 and 5, and Nkd or Nkd∆D6 inputs are in lanes 2 and 6, respectively. 
 
4.3.3 Importin-α3 is required for Nkd nuclear localization 

Next we used RNA-interference (RNAi) to deplete Importin-α3.  Expression of either of 

two UAS-importin-α3 RNAi lines (Dietzl et al., 2007) with da-Gal4 resulted in larval 

lethality, but no obvious cuticle abnormalities were observed (data not shown).  

Similarly, prd-Gal4-driven expression of UAS-importin-α3 RNAi did not affect En, Arm, 

or Importin-α3 staining in stage 10-11 embryos (data not shown), the latter perhaps due 

to an inability of zygotically synthesized double-stranded RNA produced by the snap-

back construct to fully deplete maternal and zygotic importin-α3 mRNA stores.  We 

therefore examined the effect of Importin-α3 depletion on NkdGFPC distribution in post-

embryonic cells.  When synthesized in larval salivary gland, NkdGFPC is detected at low 

levels at the plasma membrane and cytoplasm and at higher levels in 

cytoplasmic/perinuclear puncta and in the nucleus (Fig. 4.3A).  Importin-α3 is also 

enriched in salivary gland nuclei, in the presence or absence of NkdGFPC (Fig. 4.3A’ and 

data not shown).  However, co-expression of NkdGFPC and UAS-importin-α3 RNAi in 

salivary gland (see Materials and methods) dramatically reduced Importin-α3 

immunoreactivity and resulted in complete exclusion of NkdGFPC from the nucleus (Fig. 
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4.3B-B”).  These data demonstrate that Importin-α3 is required for nuclear localization of 

Nkd. 

 
Fig. 4.3.  Nkd requires importin-α3 for nuclear localization.  (A-A”) 71B>NkdGFPC third 
instar salivary gland stained with Importin-α3 antibody (red channel in panel A’) and 
imaged for GFP (green channel in panel A) and DNA (blue in merged image of panel 
A”).  NkdGFPC localizes to the plasma membrane, in cytoplasmic/perinuclear puncta 
(arrowhead), and diffusely in the nucleus (arrow), whereas Importin-α3 is enriched in the 
nucleus.   (B-B”) 71B>NkdGFPC+importin-α3 RNAi salivary gland stained as in A.  Note 
that NkdGFPC is completely excluded from nuclei (arrow) but cytoplasmic puncta 
(arrowhead) remain, and that Importin-α3 immunoreactivity is reduced to absent in 
nuclei.  Scale bar in B”: 30 µm in A-A”; 18 µm in B-B”   
 
4.3.4 D6 motif is required for nuclear localization and function of Nkd 

Next we examined the rescue activity of Nkd∆D6/GFPC, a mutant construct that lacks the 

Importin-α3-binding motif.  Stage 11 nkd da>Nkd∆D6/GFPC embryos had En stripes of 

intermediate width (~3-5 cells) and produced weak and moderate-class nkd cuticles (Fig. 
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4.4A,B), indicating that D6 motif is required for full Nkd activity.  The subcellular 

localization of Nkd∆D6/GFPC was very similar to NkdGFPC, likely due to the intact 30aa NLS 

in the latter construct (Fig. 4.4A).  However, in contrast to NkdGFPC, Nkd∆D6/GFPC was 

predominantly cytoplasmic in larval salivary glands (cf. Fig. 4.3A and 4.4D).  

Nkd∆D6/GFPC reduced Arm levels in nkd mutants as well as did NkdGFPC (Fig. 4.4C), which 

is perhaps not surprising given the sufficiency of Nkd N-terminal and 30aa motifs, when 

substituted for the homologous regions of mouse Nkd1, for significant Nkd rescue 

activity (Chan et al., 2007).   

 Next we deleted both NLSs (Nkd∆D6∆30aa/GFPC).  Although embryos rescued with 

either Nkd∆30aa/GFPC or Nkd∆D6∆30aa/GFPC had wide En stripes and intermediate levels of 

Arm, cuticles rescued by the former construct were mostly weak and moderate nkd, while 

the majority of cuticles rescued by the latter construct were strong nkd, indicating that 

each NLS contributes to Nkd function (Fig. 4.4A-C) (Waldrop et al., 2006).  In contrast 

to the marked difference in NkdGFPC vs. Nkd∆30aa/GFPC localizations during embryonic 

stage 11 {Fig. 4.1A and (Waldrop et al., 2006)}, Nkd∆30aa/GFPC localized to larval salivary 

gland nuclei to the same extent as did NkdGFPC (cf. Fig. 4.1A and 4.4E).  In contrast, 

Nkd∆D6∆30aa/GFPC was excluded from embryonic and salivary gland nuclei (Fig. 4.4A,F), 

indicating that each NLS makes distinct contributions to nuclear localization in 

embryonic vs. postembryonic stages.   

 We previously showed that two constructs that lack the EFX motif (Nkd∆EFX/GFPC 

and Nkd∆R1S/GFPC) had substantial nkd rescue activity but localized predominantly to 

embryonic nuclei, consistent with Dsh or other EFX-binding proteins anchoring Nkd in 
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the cytoplasm (Waldrop et al., 2006).  We assessed the requirement of the D6 motif for 

Nkd∆R1S/GFPC activity/localization by deleting D6 to make Nkd∆R1S∆D6/GFPC.  As shown in 

Fig. 4.4A-C, Nkd∆R1S∆D6/GFPC reduced Arm levels but did not narrow En stripes and gave 

rise to moderate and strong nkd cuticles.  As in the embryo, Nkd∆R1S/GFPC was 

predominantly nuclear in salivary gland (Fig. 4.4G), but Nkd∆R1S∆D6/GFPC localized at the 

cell membrane and in the cytoplasm, with low levels in the nucleus (Fig. 4.4H), 

indicating that the D6 motif contributes to Nkd∆R1S/GFPC nuclear localization.  

Nkd∆R1S∆D6∆30aa/GFPC, lacking Dsh-binding sequences and both NLSs, had no Nkd activity 

in any of the assays and was cytoplasmic in embryos and in salivary gland, indicating that 

the D6 motif is necessary for both the nuclear localization and weak activity of 

Nkd∆R1S∆30aa/GFPC (Fig. 4.4A-C,I).   
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Fig. 4.4.  D6 is required for Nkd function and nuclear localization.  (A) nkd da>NkdGFP 
rescue and localization as in Fig. 4.1A.  (B) Distribution of wild type and nkd cuticle 
phenotypes for rescue by indicated constructs as in Fig. 4.1B.  (C) Rescue of elevated 
Arm in alternate segments of nkd mutants via prd-Gal4 (nkd prd>) as in Fig. 4.1C 
(ordinate axis 0-250 pixels).  (D-I) 71B>NkdGFP third instar salivary gland imaged for 
GFP.  Nkd∆D6/GFPC (D) is in perinuclear aggregates (arrowhead) but has reduced nuclear 
localization (arrow) compared to NkdGPFC in Fig. 4.3A.  Nkd∆30aa/GFPC (E) localizes to 
cytoplasm and nucleus in a distribution very similar to NkdGFPC, but Nkd∆D6∆30aa/GFPC (F) 
is excluded from nuclei. Nkd∆R1S/GFPC (G) is almost exclusively nuclear, with enrichment 
at the nuclear membrane (arrow).  Nkd∆R1S∆D6/GFPC (H) exhibits reduced nuclear 
localization relative to Nkd∆R1S/GFPC, while Nkd∆R1S∆D6∆30aa/GFPC (I) is excluded from the 
nucleus. 
 
4.3.5 The Nkd D6 NLS is similar to the dHSF Importin-α3-binding NLS 
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 The three Drosophila Importin-αs serve both unique and shared roles in 

development {reviewed by (Goldfarb et al., 2004)}, but sequence features that confer 

specificity between NLSs and each Importin-α are not known.  In Drosophila, Importin-

α3 has been shown to bind DNA polymerase-α 180 (DNApol-α180) (Mathe et al., 2000), 

the transcriptional regulator Germ-cell-less (Gcl) (Dockendorff et al., 1999), and Heat-

Shock Transcription Factor (dHSF) (Fang et al., 2001).  We observed no obvious 

sequence similarity between the Nkd D6 motif and DNApol-α180 or Gcl, with the 

exception of a few basic residues characteristic of NLSs (data not shown), but sequence 

alignment with dHSF-NLS revealed 33% (13/39 amino acids) similarity (Fig. 4.5A).  

Importantly, basic residues critical for dHSF/Importin-α3 binding and dHSF nuclear 

localization are also basic in similar positions of the Nkd-D6 motif (Fang et al., 2001; 

Zandi et al., 1997).  Mutation of either or both of the Nkd-D6 basic residues to alanine 

(R441A, K445A) eliminated the D6/Importin-α3 interaction by Y2H (Fig. 4.5B).  D6 is 

also sufficient to function as a NLS: when transiently produced in Drosophila Kc cells, 

the D6 motif fused to GFP (NkdD6/GFPC) was exclusively nuclear, in contrast to GFP 

which was uniformly distributed in nucleus and cytoplasm {cf. Fig. 4.5D,E; at 27 kDa, 

GFP is smaller than the size – typically ~60 kDa or less - at which protein diffusion 

between nucleus and cytoplasm is restricted by the nuclear pore (Wang and Brattain, 

2007)}.  RNAi-mediated depletion of Importin-α3 (Fig. 4.5C; see Materials and 

methods) resulted in a uniform distribution of NkdD6/GFPC similar to GFP or each D6 point 

mutant construct fused to GFP (Fig. 4.5F,G and data not shown).  Thus, D6 basic 

residues required for Importin-α3 interaction are also required for the exclusive nuclear 

localization of NkdD6/GFPC.  
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 To test the biological significance of the basic residues required for 

Nkd/Importin-α3 interaction, we introduced the point mutations into NkdGFPC.  Point 

mutation of either or both conserved D6 basic residues eliminated the Nkd/Importin-α3 

interaction, and D6 deletion did not affect Nkd/Dsh interactions by Y2H (Fig. 4.6A).  As 

shown in Fig. 4.6B, En stripes in embryos rescued by each point mutant construct were 

~1-3 cells wider than those rescued by wild type Nkd, with focal areas of extreme 

widening indicative of ectopic Wg synthesized by further posterior cells (Chan et al., 

2007).  Consequently, the majority of nkd embryos rescued by each point mutant 

construct developed a moderate nkd cuticle phenotype similar to that of several lethal nkd 

alleles with nonsense mutations in the vicinity of the D6 motif (Fig. 4.6B,C) (Waldrop et 

al., 2006).  Although the subcellular distributions of each point mutant construct appeared 

similar to that of NkdGFPC in stage 10-11 embryos (Fig. 4.6B; like Nkd∆D6/GFPC presumably 

due to an intact 30 aa NLS), each point mutant construct was excluded from third instar 

salivary gland nuclei to the same extent as Nkd∆D6/GFPC (data not shown).  The inability of 

the point mutant constructs to rescue nkd mutants was not due to their reduced expression 

levels relative to NkdGFPC or to an early defect each construct’s ability to lower Arm 

levels, because each of the three point mutant constructs lowered Arm levels during stage 

10 to an extent comparable to NkdGFPC (Fig. 4.6D).  
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Fig. 4.5.  The Nkd D6 motif is an importin-α3-dependent NLS.  (A) Alignment of Nkd 

D6 motif (magenta) and HSF-NLS (red).  dHSF has a DNA binding domain (DBD) and 
two oligomerization domains (cross-hatch).  Asterisks mark Nkd basic residues 
R441/K445.  (B) Y2H showing that D6 motif with R441A and/or K445A mutations 
eliminated D6/Importin-α3 binding.  (C) Western blots of Drosophila Kc cells minus (left 
lane) or plus (right lane) two independent importin-α3 dsRNAs (right lane) probed with 
anti-Importin-α3 antibody (top) or anti-βtubulin (bottom) (see Materials and methods).  
Quantitation of Importin-α3 bands, normalized to the βtubulin loading control, indicates 
a 92.5% reduction in Importin-α3 protein relative to the control.  (D-G) Kc cells 
expressing GFP (D), NkdD6/GFPC (E,F) or NkdD6-K445A/GFPC (G), and imaged for GFP 
(green) and nucleic acids (blue).  D’-G’ shows DNA channel, and D”-G” shows GFP 
channel, with cell outlines indicated by the white line.  Peripheral nucleic acid staining 
corresponds to RNA in cytoplasm (arrow), while central staining (DNA) is the nucleus 
(arrowhead).  GFP - at 27 kDa small enough to freely diffuse through nuclear pores - is 
uniformly distributed in nucleus and cytoplasm, while NkdD6/GFP (32 kDa – also below 
the nuclear pore diffusion limit of ~60 kDa) is exclusively nuclear (E-E”).  Feeding either 
or both independent importin-α3 dsRNAs resulted in uniform localization of NkdD6/GFPC 
(e.g. F-F”), similar to the uniform localization of NkdD6-K445A/GFPC (G-G”).  NkdD6-

R441A/GFPC and NkdD6-R441A,K445A/GFPC were also uniformly localized (data not shown). 
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Fig. 4. 6.  D6 NLS basic residues are required for Nkd function.  (A) Y2H showing that 
Nkd R441A and/or K445A mutations disrupted Nkd/Importin-α3 interactions, but unlike 
EFX deletion, D6 deletion did not affect the Nkd/Dsh interaction.  Quantitative Y2H 
assay is depicted in bar graphs on the right.  (B) nkd da>NkdGFP rescue and localization 
as in Fig. 4.5A.  Note that rescue by each point mutant construct results in En stripes 
widened by 1-3 cells relative to embryos rescued by NkdGPFC (cf. Fig. 4.1A), with focally 
ectopic En indicative of ectopic Wg production in cells just posterior to the En+ cells 
(arrow) (Chan et al., 2007), and moderate-class rescued nkd cuticle with deleted denticle 
bands (arrowheads).  Each point mutant protein localized in a pattern – cytoplasmic and 
weakly nuclear – similar to wild type NkdGFPC (cf. Fig. 4.1A).  (C) Distribution of wild 
type and nkd cuticle phenotypes for rescue by indicated NkdGFPC point mutant constructs 
as in Fig. 4.1B.  (D) Representative stage 10 nkd prd>NkdGFP (point mutant) embryos 
stained for Arm as in Fig. 4.1C (ordinate axis=0–250 pixels).  Note that each construct 
lowered Arm to an extent comparable to NkdGFPC (γ=~1.8) (Waldrop et al., 2006). 
 
4.3.6 dHSF NLS restores Importin-α3 binding and nuclear localization but not function 

to Nkd 

If Importin-α3-dependent nuclear import is necessary for Nkd function, then replacing 

the D6-NLS with the dHSF-NLS (to make the construct Nkd∆D6-HSFNLS/GFPC) might restore 

nuclear localization and function to Nkd∆D6/GFPC.  The dHSF-NLS, either by itself or when 

placed in Nkd∆D6, bound to Importin-α3, and replacement of the Nkd D6 motif with the 
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dHSF-NLS did not affect Nkd/Dsh interactions by Y2H (Fig. 4.7A).  Although Nkd∆D6-

HSFNLS/GFPC entered the nucleus and reduced Arm levels of stage 10 nkd mutants, by stage 

11 the rescued embryos had wide En stripes and gave rise to moderate-strong nkd cuticles 

(Fig. 4.7B-E), indicating that Importin-α3-dependent nuclear localization is not sufficient 

to restore Nkd∆D6/GFPC activity.  We hypothesize that the dHSF-NLS compromises 

Nkd∆D6/GFPC activity through its mislocalization in the nucleus, perhaps similar to that 

observed when Nkd’s N-terminal membrane-anchoring motif was deleted (Chan et al., 

2007). 

 
Fig. 4.7.  Restoration of Importin-α3-association by the dHSF-NLS does not restore Nkd 
function.  (A) Y2H showing that replacement of the D6-NLS (magenta) with the dHSF-
NLS (red) restored the Nkd/Importin-α3 interaction.  (B) Stage 11 nkd da>Nkd∆D6-

HSFNLS/GFPC stained for GFP (green), En (red), and DNA (blue) with wide En stripes 
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(arrowheads).  (C) nkd da>Nkd∆D6-HSFNLS/GFPC cuticle, with 3 complete denticle belts 
indicative of moderate-class nkd cuticle.  (D) Distribution of nkd cuticle phenotypes for 
Nkd∆D6-HSFNLS/GFPC rescue cross (n=number of cuticles scored).  (E) Stage 10 nkd 
prd>Nkd∆D6-HSFNLS/GFPC embryo stained for GFP (green), Arm (red), and DNA (blue) in 
top panel, with Arm-only channel and Arm greyscale intensity profile (ordinate axis 0-
200 pixels) in middle and lower panels, similar to Fig. 4.1C.  (F) Model for fly Nkd 
function.  Wg signaling at the plasma membrane (PM) leads to Arm/Pan-dependent 
transcription of target genes, including nkd (see Introduction for details).  Nkd targets 
Dsh in the cytoplasm and/or plasma membrane, and binds Importin-α3 to traverse the 
nuclear membrane (NM).  In the nucleus, whether Nkd inhibits nucleocytoplasmic 
transport of Arm or another molecule, or whether Nkd directly regulates target gene 
transcription, remains unknown. 
 

4.4 Discussion 

 

A growing body of evidence indicates that the traditionally “cytoplasmic” Wnt signal 

transducers Axin, Apc, and Dsh also act in the nucleus {reviewed by (Willert and Jones, 

2006)}.  In the cytoplasm, Apc promotes β-catenin degradation and regulates the 

cytoskeleton, but nuclear Apc can recruit transcriptional corepressors to Wnt target genes 

and, like Axin, escort β-catenin from the nucleus {(Cong and Varmus, 2004; Sierra et al., 

2006; Wiechens et al., 2004); reviewed in (Aoki and Taketo, 2007)}.  In light of recent 

evidence that Axin/Dsh oligomers crosslink Wnt-bound receptors at the plasma 

membrane during signal activation (Bilic et al., 2007), it remains unclear whether any 

nuclear roles for Axin or Dsh are similar to their cytoplasmic functions or whether they, 

like Apc, have novel nuclear functions.   

 Nkd is also a conserved Wnt signal regulator whose subcellular localization 

initially suggested a cytoplasmic site of action (Zeng et al., 2000).  Our studies have 

shown that fly Nkd is composed of discrete motifs that confer membrane localization and 
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binding to Dsh, as well as two NLSs {(Chan et al., 2007) and this work}.  In addition to 

Nkd targeting an uncharacterized fraction of Dsh in the cytoplasm and/or at the plasma 

membrane, our data strongly support a nuclear role for Nkd, but whether Nkd inhibits 

Wnt signaling by altering nucleo-cytoplasmic transport of critical signaling components, 

such as Dsh or Arm, or by acting on the chromatin of Wnt target genes remains to be 

elucidated (Fig. 4.7F).   

 Epistasis can be a powerful means to infer the regulatory logic of signal 

transduction cascades.  Because Nkd is a “side-regulator” whose loss-of-function 

phenotype is dependent on intact Wg signaling, double-mutants between nkd and dsh or 

arm did not help us to discern at which level Nkd inhibits the linear Wg signaling 

pathway (Rousset et al., 2001).  However, Nkd overexpression suppressed the gain-of-

Wg signaling phenotype caused by overexpression of Dsh but not that caused by 

overexpression of an N-terminally deleted and hence degradation-resistant Arm/β-catenin 

(Pai et al., 1997; Rousset et al., 2001; Waldrop et al., 2006); taken together with the 

observation that Nkd binds Dsh, our previous epistasis experiments allowed us to 

conclude that Nkd acted at the level of Dsh and not “downstream” of Arm/β-catenin in 

Wg signaling (Rousset et al., 2001).  However, in view of the present data, Nkd might 

also act in the nucleus at or above the level of Arm/β-catenin.  Unfortunately, 

overproduction of wild type Arm is without phenotypic consequence (Pai et al., 1997), 

presumably because of an excess capacity of the β-catenin “destruction complex” to 

degrade ectopic Arm, thus preventing us from making further conclusions at present 
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about the epistatic relationship between Nkd and endogenous, degradation-sensitive 

Arm/β-catenin. 

 Despite the deletion of Dsh-binding sequences in otherwise wild type Nkd 

having only a minor effect on cuticle rescue activity (Waldrop et al., 2006), the present 

experiments further support the hypothesis that the Nkd/Dsh interaction is important for 

Nkd to inhibit Wg signaling.  However, our experiments thus far do not clarify how the 

interaction is regulated in vivo or whether it occurs in the cytoplasm, nucleus, or both 

locations.  Nevertheless, several lines of evidence indicate that a Nkd/Dsh interaction in 

the cytoplasm and/or near the plasma membrane is important for Nkd function:  First, 

both proteins are predominantly cytoplasmic and/or membrane-associated (Axelrod, 

2001; Chan et al., 2007; Waldrop et al., 2006; Yanagawa et al., 1995).  Second, punctate 

cytoplasmic Nkd/Dsh colocalization can be observed in embryos and in salivary gland 

(Rousset et al., 2001; Waldrop et al., 2006).  Third, the Dsh-binding EFX motif fused to 

GFP was predominantly cytoplasmic (Waldrop et al., 2006).  Fourth, deletion of Dsh-

binding sequences in Nkd promoted nuclear localization, consistent with Dsh anchoring 

Nkd in the cytoplasm (Waldrop et al., 2006).  Fifth, deletion of both Nkd NLSs 

eliminated nuclear localization whether or not Dsh-binding sequences were present, but 

Dsh-binding sequences were required for Nkd activity.   

 How Nkd acts on Dsh in the cytoplasm to inhibit Wg signaling is not known.  

One possibility is that Nkd sequesters Dsh away from Fz and/or Axin during signal 

activation, freeing Axin to regenerate β-catenin destruction complexes.  Alternatively, 

Nkd might target “activated” Dsh, possibly the pool of Dsh bound to the Wnt receptor 
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complex, for degradation; consistent with Nkd targeting only a fraction of Dsh is the 

minimal colocalization of the two proteins in embryos as well as the lack of any obvious 

changes in Dsh levels in nkd mutants (Waldrop et al., 2006).  Since Nkd can block the 

gain-of-Wg signaling phenotypes caused by overexpression of the Dsh kinase CK1 

(Zhang et al., 2006), a third possibility is that Nkd blocks CK1-dependent 

phosphorylation of Dsh via a steric mechanism, although the relationship between Dsh 

phosphorylation status and activity remains unclear.  Future experiments should clarify 

this issue, because each of these hypotheses makes distinct predictions about the 

phosphorylation status and associated proteins in a Nkd/Dsh complex. 

 Our studies also provide several lines of evidence that Nkd/Dsh is not sufficient 

for Nkd to inhibit Wg signaling (Rousset et al., 2001; Waldrop et al., 2006), and that a 

Nkd/Dsh binding event in the nucleus might also be required to fully antagonize Wg 

signaling.  First, the Dsh-binding regions of Nkd when overexpressed blocked 

phenotypes induced by Dsh overexpression but had no nkd rescue activity (Waldrop et 

al., 2006).  Second, (fly) Nkd and (vertebrate) Dsh have NLSs, although it is not yet 

known whether fly Dsh acts in the nucleus.  Third, rare punctate Nkd/Dsh nuclear 

colocalization can be observed by confocal microscopy in fly embryos (Waldrop et al., 

2006).  Fourth, the SV40-NLS increased Nkd∆30aa/GFPC activity when Dsh-binding 

sequences were intact but reduced activity when Dsh-binding sequences were deleted 

{(Waldrop et al., 2006) and this study}.  We cannot rule out the possibility that the 

activity of Nkd∆30aaNLS/GFPC, some of which remains outside the nucleus despite the strong 

heterologous NLS, is due to cytoplasmic Nkd/Dsh interactions.  Similarly, 
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Nkd∆R1S∆30aaNLS/GFPC, which was exclusively nuclear in embryos, might lack activity 

because of its inability to bind and be retained by Dsh in the cytoplasm.  While one must 

be cautious when inferring site(s) of protein action from subcellular localizations, our 

studies collectively suggest that fly Nkd is required at multiple locations in Wg-receiving 

cells. 

 The Nkd-D6 motif has been subject to intense selection pressure, as it is identical 

in Nkd from D. pseudoobscura, a fly species that diverged from D. melanogaster 

approximately one billion generations ago.  Similarly, the 30aa NLS is part of a 58 aa 

motif, and the EFX is part of a 91 aa motif, which are also identical in the two 

Drosophila species.  Using Y2H, we have identified Nkd-EFX residues that are either 

dispensable or critical for NkdEFX/DshbPDZ interactions (K.W. and C.-C. C., unpublished 

data), suggesting that interactions between the EFX motif and proteins other than Dsh 

might enforce strict motif conservation.  Although each NLS contributes to Nkd activity 

and nuclear localization, heterologous NLSs did not fully replace the function of each 

Nkd NLS in rescue assays, and in both cases in this work a heterologous NLS was 

deleterious to protein function.  Absolute conservation of each of these motifs implies 

that both the tertiary structure and every square angstrom of each motif’s surface are 

necessary for species survival.  Taken together with our previous work (Chan et al., 2007; 

Waldrop et al., 2006), our experiments also suggest that each Nkd motif is required for 

distinct thresholds and/or duration of Wg signal inhibition: the N-terminal and 30 aa 

motifs were required for reduction of Arm levels by stage 10, whereas the Dsh-binding 

EFX and Importin-α3-binding D6 motifs were dispensable for Arm reduction but were 
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required, either directly or indirectly, to fully repress en and/or wg transcription by stage 

11.  Since the deletion of two highly conserved motifs (EFX and D6) preserved the 

mutant Nkd protein’s ability to reduce Arm levels during stage 10, it seems unlikely that 

these motifs will be shown to possess an intrinsic catalytic activity.  We therefore favor 

the hypothesis that Nkd acts as an inducible protein scaffold, with each of the conserved 

motifs able to bind additional protein(s).  Perhaps there exist distinct Nkd-complexes 

depending on the subcellular compartment, state of signal activation, or time following 

signal initiation. 

 Alignment of the Importin-α3-binding NLSs in Nkd and dHSF revealed several 

conserved residues.  Interestingly, the dHSF-NLS has been shown to be bifunctional, 

suppressing dHSF trimerization in the absence of heat shock, and in response to heat or 

other stresses conferring Importin-α3-dependent dHSF nuclear translocation and 

transcriptional induction of heat-responsive genes such as hsp70 (Voellmy, 2004; Wu, 

1995; Zandi et al., 1997).  Our data suggest that the Nkd D6-NLS is also bifunctional, 

conferring Importin-α3-dependent nuclear localization as well as possibly binding 

nuclear protein(s) that repress Wg target gene transcription in some cells through stages 

10-11.  While non-import – presumably scaffolding - functions for Importin-αs have 

been inferred from phenotypes observed with importin-α deficiency in flies and worms 

{reviewed in (Goldfarb et al., 2004)}, all of our experiments support the hypothesis that 

the Nkd/Importin-α3 interaction promotes nuclear localization.  The central region of 

Importin-α consists of ten alpha-helical “Arm” repeats  - so named because they were 

first identified in the Drosophila Arm protein (Peifer et al., 1994) - stacked to form a 
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banana-shaped molecule, the concave side of which harbors a groove that binds basic 

residues within NLSs {reviewed in (Lange et al., 2007)}.  At present, it is not possible 

based on primary sequence to predict which Importin-α a given NLS will bind, although 

both the NLS and its three dimensional context (i.e. adjacent sequence) have been 

demonstrated to contribute to NLS/Importin-α specificity (Friedrich et al., 2006).  Future 

experiments will determine whether the residues conserved between Nkd and dHSF 

represent a consensus Importin-α3-specific binding motif. 

 Vertebrate Nkds have a conserved 30aa motif between the EFX and C-terminal 

histidine-rich regions (Waldrop et al., 2006), but whether the vertebrate proteins act in the 

nucleus like fly Nkd is not known.  In this regard, we observed no obvious difference 

between the subcellular localizations of mouse Nkd1 fused to C-terminal GFP 

(mNkd1GFPC) vs. a similar construct that lacks the 30aa motif (mNkd1∆30aa/GFPC) when 

either protein was produced in cultured mammalian cells (T. Cagatay and K. W., 

unpublished data) (Waldrop et al., 2006).  However, we also observed no obvious 

difference between fly Nkd vs. Nkd∆30aa localizations in Drosophila S2 cells (T. Cagatay 

and K. W., unpublished data), but the differences in localization and function of these 

two constructs when produced in nkd mutant embryos were dramatic.  Our findings 

illustrate the importance of investigating the subcellular localizations of mutant proteins 

in a native environment that lacks the endogenous wild-type protein.  It might therefore 

be interesting to examine the subcellular localization of vertebrate Nkds in nkd-mutant 

mice or zebrafish just as we have done in Drosophila.  More importantly, future 
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experiments must address the critical question of how Nkd antagonizes Wnt/β-catenin 

signaling in each of the compartments to which it localizes. 

 

 

 

 



 

CHAPTER FIVE 
 
 

EXPERIMENTS IN PROGRESS TO INVESTIGATE NKD FUNCTION 

 
 

5.1. nkd loss-of-function by RNAi causes post-embryonic phenotypes 

5.1.1 nkd knockdown mimics Wg gain-of-function phenotype 

Wg signaling is required for several developmental processes including embryo 

development, head development, and imaginal disc development {reviewed in 

(Klingensmith and Nusse, 1994)}. However, nkd is only known to antagonize Wg 

signaling during early embryogenesis (Zeng et al., 2000).  It is not clear whether Nkd 

plays a role in post-embryonic stages.  nkd mRNA can be induced by Wg in the imaginal 

disc (Zeng et al., 2000), although whether or how Nkd functions in wing disc 

development remains to be elucidated.  nkd was found to genetically interact with 

misexpressed arm in wing imaginal discs, suggesting that nkd might regulate Wg 

signaling in the developing wing (Greaves et al., 1999).  nkd was also found to 

genetically interact with the cadherin dachsous to regulate Wg signaling during leg 

development (Rodriguez 2004).  Wg signaling suppresses the bristle formation in the eye 

margin, and nkd7E89 clones exhibited similar phenotypes of bristle inhibition as does 

activated arm (Cadigan et al., 2002; Rousset et al., 2001).  However, previous clonal 

analysis of two nkd hypomorphic alleles, nkd9G33 and nkd7E89, did not produce significant 

phenotypes in the Drosophila legs and wing margin (Zeng et al., 2000).  The explanation 

for the lack of clonal phenotype is that both alleles encode for truncated Nkd proteins that 

140 
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retain functional domains (e.g. the R1S region) that contributes to Nkd’s ability to 

antagonize Wg signaling, such that the clonal phenotype is too subtle to be observed.  

One strong allele, nkd7H16, which encodes the N-terminal 59aa, gives rise to clones that 

have loss of wing margin bristles and rough eyes (Zeng et al., 2000; Keith Wharton, 

unpublished data).  However the chromosome on which nkd7H16 resides also has a 

mutation (h1) in the pair rule gene hairy (h) - a pair-rule gene that genetically interacts 

with nkd (Zeng et al., 2000), raising the possibility that the nkd7H16 clonal phenotype 

might be caused by hairy1-nkd interactions.  UAS-Nkd7H16, which encodes for the 59aa 

protein predicted to accumulate in the homozygous nkd7H16 mutant, showed no rescue 

activity in nkd rescue assay, suggesting that nkd7H16 is a null allele.  However, the 

phenotype of nkd7H16 cuticles is not as “naked” as zw3 mutant cuticles, indicating that the 

encoded 59aa protein might have remaining activity.  Alternatively, the null mutant zw3 

phenotype might simply be more severe than the null nkd phenotype.  Therefore, the 

complete loss-of-function phenotype of nkd in post-embryonic stages remains an 

interesting question.  

It has been shown that nkd can be knocked down effectively by dsRNA injection in the 

embryo (Rousset et al., 2001).  Recently, I utilized two transgenic flies bearing different 

UAS-RNAi constructs (NR1 and NR2) targeting different regions of nkd to knockdown 

Nkd with various Gal4 drivers in a tissue-specific manner (Kalidas et al., 2002) (Fig 5.1).  

Wg is required for the specification of wing margin (Blair 1994).  By using C96-Gal4 

driver (Axelrod et al., 1996) to express nkd RNAi in the wing margin, ectopic bristles 

near the wing margin were observed (Keith Wharton, unpublished data); supporting the 

 



142 

role of nkd in repressing Wg signaling in the developing wing.  By using 71B-Gal4 driver 

to express both nkd RNAi constructs in the dorsal part of the leg imaginal disc, a gain-of-

sternopleural bristles phenotype was observed that mimics a wg gain-of-function 

phenotype similar to the previously reported wgSp allele (Fig 5.2) (Neumann et al., 1996).  

The fact that both nkd-RNAi constructs give rise to similar results to wgSp allele suggests 

that the phenotype may be either nkd-specific or RNAi-specific.   

 

Fig 5.1. Generation of an inducible 
Nkd “knock-down” using RNA 
interference.  nkd snapback 
sequence is constructed into UAS-
vecter for subsequent expression 
driven by tissue specific Gal4 
drivers.  2 constructs (NR1) and 
(NR2) are generated targeting 
different regions of nkd. 
  

 
Fig 5.2 Nkd knockdown mimics Wg gain-of-function phenotype. (A) wild type 
Drosophila adult sternopleural bristles. (B) wgSp allele causes gain of sternopleural 
bristle. (C) Knockdown of nkd by RNAi resembles wgSp phenotype (Neumann et al., 
1996). 
  
 
5.1.2 Experiments to verify specificity of nkd knockdown effect 
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To determine whether nkd RNAi construct knocks down Nkd specifically, I will perform 

in situ hybridization experiments using en-gal4 to express nkd RNAi in the posterior 

compartment of the wing imaginal disc, wherein Wg functions and nkd mRNA is Wg-

inducible.  The predicted result would be that nkd mRNA is decreased where nkd-RNAi 

construct is expressed in the posterior compartment.  However, since nkd itself is the 

target of Wg signaling, knocking down Nkd by RNAi may result in increased Wg 

signaling activity that may eventually increase nkd mRNA.  In chapter 3, 

mNkd1fNf30aa/GFPC - consisting of the fly N-terminus and fly 30-aa in the mouse Nkd1 

backbone - antagonized Wnt signaling effectively in the embryo (Chan et al., 2007).  

mNkd1fNf30aa/GFPC is predicted to be targeted by NR2, which targets the 30-aa motif and 

adjacent regions (Fig 5.1).  The GFP intensity of mNkd1fNf30aa/GFPC should only be 

decreased when NR2 is cooverexpressed, but not with the co-overexpression of NR1, 

which only targets fly Nkd regions between the N-terminus and 30-aa.  Also, the ability 

of mNkd1fNf30aa/GFPC to inhibit Wg signaling should only be affected by RNA interference 

induced by NR2, but not by NR1.  Therefore the downstream readouts such as restricted 

Arm levels caused by mNkd1fNf30aa/GFPC should only be affected by construct NR2, but not 

by NR1.  

5.1.3 Experiments to discover the function of nkd in post-embryonic stages  

To answer the question “Does Nkd inhibit Wg signaling in post-embryonic stages?”, nkd 

loss-of-function phenotypes will need to be more carefully examined in the wing and eye 

imaginal discs, where we know Wg signaling functions.  Several Gal4 drivers will be 

utilized to induce RNAi to knockdown Nkd in a tissue-specific manner.  For example, en-
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gal4 will drive the expression of nkd RNAi in the posterior compartment, where one can 

examine whether loss-of-nkd affects Wg distribution, or Arm levels, or the expression of 

downstream target genes.  By examination of loss-of-nkd phenotypes, we shall be able to 

address whether nkd functions in the wing.  More specifically, by inducing nkd RNAi 

clones in the wing disc, we shall be able to examine whether nkd affects Wg transport in 

the developing wing; hence validating whether the cell-autonomous function of Nkd in 

the embryo is specific to the embryo and the eye, or is true in all tissues (Chan et al., 

2007).  Furthermore, as clones of different nkd mutant alleles give distinct clonal 

phenotypes in the eye, to generate nkd RNAi clones in the eye disc should help us verify 

whether Nkd inhibit Wg signaling in the developing eye.  The predicted phenotype of eye 

clones of nkd RNAi is the suppression of interommatidial bristles in the eye margin, 

which mimics the nkd7E89 clonal phenotype. 

As an ultimate test of nkd function, clonal analysis of nkd null alleles needs be performed 

to validate the findings from nkd RNAi experiments.  As a first step, the h1 mutation will 

be removed form the chromosome where nkd7H16 resides by recombination.  nkd7H16 

clones will be generated in the developing wing discs.  Readouts such as Arm levels or 

expression of downstream targets will be compared to test whether results from nkd 

RNAi or nkd7H clones give similar results.  Nonetheless, the assumption that nkd7H16 is a 

null allele may not be true, and so to generate a nkd null allele by homologous 

recombination and to analyze the clonal phenotype of the null allele will complement the 

findings of nkd RNAi clones. 
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5.2 α-Actinin negatively regulates Nkd activity 

5.2.1 Introduction to α-Actinin 

α-Actinin is an actin-crosslinking protein that is associated with a variety of actin-based 

structures including lamellopodia or filopodia.  α-Actinin is an ancient protein conserved 

from fission yeast to humans (Virel and Backman, 2004).  The protein structure of α-

Actinin consists of an N-terminal actin-binding domain, a middle region of four spectrin 

repeats, and a C-terminal calmodulin-like domain with two EF-hand motifs (Djinovic-

Carugo et al., 1999).  The native form is an antiparallel dimer (Fig 5.3) (Winkler et al., 

1997).  α-Actinin belongs to the spectrin protein superfamily, which is characterized by 

the presence of spectrin repeats, actin binding domains, and EF hands {reviewed in 

(Roper et al., 2002)}.  A recent report suggest that another membrane of the spectrin 

super family MACF1 - microtubule actin cross-linking factor 1- functions as positive 

regulator in Wnt signaling (Chen et al., 2006).  Decreased level of MACF1 resulted in a 

decrease in nuclear β-catenin, and resulted in an inhibition of Wnt-induced β-catenin-

dependent transcriptional activation (Chen et al., 2006).  MACF1 binds to Axin, and 

appeared to translocate Axin from cytoplasm to the plasma membrane when Wnt ligand 

was present (Chen et al., 2006).  This report associates Wnt signaling with the spectrin 

superfamily, which mainly functions to link cytoskeleton to membrane-associated 

junctions (Roper and Brown, 2003).      
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Fig 5.3 Schematic drawing of an α-Actinin dimer.  Each molecule consists of an N-
terminal actin-binding domain composed of two calponin-homology domains (CH), a 
central region with four α-spectrin repeats (1-4) and a C-terminal Calmodulin domain 
with two EF-hand motifs (EF).  The molecules in a dimer are aligned in antiparallel 
fashion. 

α-Actinin is expressed in both muscle and non-muscle cells (Clark and Hirst, 2002; 

Lazarides and Burridge, 1975).  In muscle, α-Actinin is localized in the Z-disc to 

crosslink actin filaments from adjacent sarcomeres.  Besides Actin-cross linking, α-

Actinin also plays a role in the regulation of cell migration (Honda et al., 1998; Knudsen 

et al., 1995) and vesicle trafficking (Kato et al., 1996; Yan et al., 2005).  Mammals have 

four α-Actinin genes, which give rise to at least 6 isoforms by alternative splicing 

(MacArthur and North, 2004).  The most intensively investigated α-Actinins are ACTN3 

and ACTN4 (MacArthur et al., 2008; Henderson et al., 2008).  A common nonsense 

polymorphism (R577X) in the ACTN3 gene encodes a truncated α-Actinin3 protein 

which is unstable (MacArthur et al., 2008).  ACTN3 knockout mice showed enhanced 

recovery from fatigue and improved athletic endurance (MacArthur et al., 2008).  On the 

other hand, an inherited, late-onset form of kidney failure is caused by point mutations in 

the actin-binding domain of α-Actinin4 (Weins et al., 2007).  Mutations in ACTN4 which 

result in increased actin-binding are associated with proteinuric renal disease such as 

segmental glomerulosclerosis (Henderson et al., 2008; Weins et al., 2007). 

In non-muscle cells, α-Actinin is found in multiple subcellular compartments such as 

cell-cell and cell-matrix contact sites and cellular protrusions (Otey and Carpen, 2004).  

 



147 

Recent studies found that besides binding to Actin, α-Actinin can also associate with ~29 

different proteins (Otey and Carpen, 2004).  The interaction between α-Actinin and 

various proteins are cell-type-dependent.  The α-Actinin-interacting proteins range from 

adhesion molecules, such as the β subunit of integrin and intracellular adhesion 

molecule-1 (ICAM-1) (Otey et al., 1990; Carpen et al., 1992), to signal transduction 

molecules, such as PI3-kinase (Shibasaki et al., 1994) and MEKK1- a MAP kinase kinase 

that regulates cell migration (Christerson et al., 1999).  Therefore α-Actinin might link 

the cytoskeleton to many different proteins in multiple subcellular regions where α-

Actinin exists.  α-Actinin may also serve as a platform for the many signaling proteins 

that have been found associated with it, or it may link the cytoskeleton to signal 

transduction pathways.   

While humans have four α-Actinin homologs, Drosophila has only a single gene.  

Drosophila α-Actinin (Actn) is ~ 70% identical in amino acid levels to vertebrate α-

Actinins (Beggs et al., 1992).  Drosophila has three isoforms of α-Actinins - non-muscle, 

larval muscle-specific, and adult muscle-specific - that are created by alternative splicing 

of a single gene (Fyrberg et al., 1990; Roulier et al., 1992).  The non-muscle isoform is 

the only isoform detected in the embryos (Wahlstrom et al., 2004).  Null mutations in the 

Drosophila Actn are lethal at larval stages, with only muscle defects being reported 

(Fyrberg et al., 1990).  One reason that Actn mutant flies do not show significant defects 

during embryogenesis is that the maternally loaded Actn mRNA might be sufficient for 

Drosophila to survive embryonic development.  Germline clone analysis of one Actn 

inversion allele EA82HC207 (inverted between chromosomal bands 2C3-7B1) showed that 
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in 5% of the embryos, each segment appears to be duplicated in a mirror-image pattern, 

suggesting that Actn may be required for segmentation (Perrimon et al., 1985).  Since the 

inversion is close to the arm loci (2B15-17), the authors hypothesized that the embryo 

patterning defect was due to position-effect dependent alteration in the function of the to 

arm gene (Perrimon et al., 1985).  Nonetheless, one cannot rule out the possibility that it 

is Actn that causes the arm-like phenotype, which would be consistent with Actn’s role as 

a inhibitor of the Wg signaling inhibitor (nkd). 

5.2.2 Nkd uses a conserved 30aa motif, previously reported to be critical for function, to 

interact with α-Actinin 

Actn was identified as a Nkd-binding protein from Y2H screens by Raphael Rousset 

(University of Nice, France).  I have mapped the Actn-interacting domain on Nkd to the 

30aa motif by Y2H assay.  This motif is necessary and sufficient to bind Actn (Fig 5.3).  

More binding assays, such as GST pulldown or co-IP, are required to validate the 

interaction.  However, since we know this 30 aa motif is critical for Nkd function, 

identifying Actn as a Nkd-binding protein should help elucidate how Nkd function is 

regulated.   
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Fig 5.4. Nkd uses its 30-aa motif to interact with α-Actinin in Y2H assay. Deep blue box 
is the 30-aa motif. While 30-aa motif by itself binds to α-Actinin, Nkd lacking 30-aa 
motif fail to bind α-Actinin. 

 

5.2.3 The mechanism by which α-Actinin regulates Nkd activity 

Does Actn modify Nkd activity?  To examine the genetic interaction between Nkd and 

Actn, I generated UAS-Actn non muscle isoform transgenic flies.  UAS-Actn-RNAi flies 

were also requested from the Vienna RNAi collection (Dietzl et al., 2007) as a means to 

knockdown Actn.  Overexpression or RNAi knockdown of Actn using GMR-Gal4 did 

not cause morphological change of the eye (Fig 5.4 A’, B’, C’).  Then, Actn was either 

overexpressed or knocked down in the eye under the genetic background of 

overexpressed Nkd and Dsh.  While Actn overexpression decreased the eye size, 

knockdown of Actn gave rise to increased eye size (Fig 5.4 A, B, C).  One explanation 

for Actn’s ability to modify the eye phenotype is that Actn negatively regulates Nkd 
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activity.  However the reverse can be true in that Actn positively regulates Dsh activity.  

Further studies will be required to dissect the function of α-Actinin on Nkd.   

 
Fig 5.5.  α-Actinin inhibits Nkd activity.  (cf. A, A’) cooverexpression of Nkd and Dsh in 
the eye causes glazed eye phenotype.  (cf. A, B) cooverexpression of α-Actinin, Nkd, and 
Dsh causes even smaller eye.  (cf. A, C) knockdown of α-Actinin increase the ommatidial 
number.  

What is the biological significance of interactions between a signal antagonist (Nkd) and 

a cytoskeletal protein (α-Actinin)? The interaction between Nkd and α-Actinin raises 

several interesting questions:  

The first question is “Does Nkd-Actn interaction happen in vivo?”  To assess the 

Nkd/Actn interaction, the subcellular distribution of Actn in the rescued nkd embryos will 

be examined.  The distribution of Actn in either Nkd- or Nkd∆30aa- rescued embryos will 

be compared.  Since Nkd functions in the membrane, cytoplasm, and nucleus, Nkd and 

Actn will also be co-stained to examine where inside the cell they colocalize.  Since Actn 

is associated with adherens junctions, the markers for adherens junctions will also be co-
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stained.  Furthermore, to test whether Nkd-Actn interaction is Wg-dependent, the 

intracellular localization of both proteins will be examined in each row of cells in a 

segment.  If Nkd-Actn interaction is regulated by Wg signaling, then the intracellular 

localization of both proteins should be different in cells far away from Wg source vs. in 

Wg-synthesizing cells.   

Does Actn regulate Wnt signaling?  If so, by what mechanism?  The data (Fig 5.4) 

suggest that Actn negatively regulates Nkd activity in the eye.  If this is also true in the 

embryo, loss of function of Actn, such as in Actn mutant, may cause Nkd over-activation; 

hence decreased Wg activity.  However, since Nkd’s expression is Wg-dependent, one 

may not be able to observe abnormal Wg signaling in Actn mutant.  Nonetheless, careful 

examination of Wg-signaling readouts such as Arm levels or en stripes in Actn mutant 

embryos should reveal whether Actn regulates Wnt signaling.    

Moreover, since Actn and Nkd physically interact, one model would be Actn sequesters 

Nkd from its site of function.  If Actn sequesters Nkd in the cytoskeleton, then one may 

be able to observe Actn-Nkd colocalization, possibly in the cytoskeleton.  Moreover, 

when Actn is overexpressed, more Nkd should be sequestered, assuming excess Actn is 

incorporated into the cytoskeleton.  Therefore in nkd rescue experiment, 

cooverexpression of Nkd and Actn may impair Nkd’s ability to rescue nkd mutants; 

hence one may see increased Arm levels and widened En stripes in the rescued mutant 

embryos. 
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The novel Wnt component MACF1 has a single Drosophila homolog short stop (shot) 

(Lee and Kolodziej, 2002, Roper et al., 2002).  Like Actn, Shot has an N-terminal actin-

binding domain and a C-terminal calmodulin-like domain with two EF-hand motifs, but 

the middle region consists of more than 30 spectrin repeats (Roper et al., 2002).  To 

examine if Nkd/Actn interaction can be generally applied to the spectrin superfamily, the 

first step would be to map the Nkd-binding domain on Actn.  For example, if Nkd binds 

to the C-terminus of Actn, then we can examine whether Nkd also bind to the C-termini 

of other members of the superfamily.  Given that MACF1 is a positive regulator of Wnt 

signaling, it will be interesting to examine the interaction between Nkd and MACF1’s 

Drosophila homolog- Shot. 

  
 

 



 

CHAPTER SIX 
 
 

 DISCUSSION AND CONCLUSIONS 
 

6.1 The domain functions of Nkd protein 

By what mechanism does Nkd inhibit Wnt signaling?  As a first step to assess Nkd 

function, our lab began with an in vivo structure-function study.  The Nkd family of 

proteins is conserved through evolution, with 9 regions of sequence similarity between D. 

melanogaster and D. pseudoobscura; 4 of the 9 regions are shared between Drosophila 

and mosquito.  Based on the results from chapters 2 to 4, the characterized functions of 

each domain and its known binding partners are summarized below. 

6.1.1 N-terminus confers membrane association and is required for function 

Mammalian Nkd1 and Nkd2 have sequence in their N-termini for post-translational lipid 

modification and membrane anchoring (Li et al., 2004; Wharton et al., 2001).  

Drosophila Nkd’s N-terminus, unlike its mammalian counterparts, does not possess a 

myristoylation consensus sequence.  Nonetheless an N-terminal block of sequence is 

conserved between Drosophila and mosquito Nkds.  The N-terminal homology region of 

fly Nkd was sufficient for partial membrane association in a cell culture system and in 

larval salivary gland (Chan et al., 2008).  N-terminal deletion or GFP addition (possibly 

masking the N-terminus) resulted in defective nkd rescue activity, indicating a 

requirement of the N-terminus for function (Chan et al., 2007).  Replacing the fly N-

terminus with mouse Nkd1 N-terminus restored membrane localization of Nkd, but not 

153 
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rescue activity (Chan et al., 2007).  This suggests that although the N-terminus of both 

Drosophila and mammals perform a similar biochemical function - membrane 

association - the underlying molecular mechanisms for fly vs. vertebrate N-terminus to 

associate with the membrane may be different.  Unlike mammalian Nkds, Drosophila 

Nkd associates with plasma membrane via its N-terminus possibly through other modes 

of lipid modification, such as palmitoylation (Bijlmakers and Marsh, 2003) or 

octanoylation (Yang et al, 2008), or through protein-protein interaction.  To elucidate the 

molecular mechanism by which Drosophila Nkd associates with the membrane, it is 

required to discover additional protein(s) that interact with the N-terminus. 

6.1.2 The Dsh-interacting domain (“R1S” region) is required for cytoplasmic 

localization of Nkd, and is required for the full activity of Nkd 

Nkd uses a region we have termed “R1S”, which includes EFX domain and adjacent 

regions, to interact with Dsh (Rousset et al., 2002).  EFX is the only region conserved 

between Drosophila and mammals; cross species interactions between NkdEFX/DshbPDZ 

suggest that Nkd/Dsh interaction is ancient (Wharton et al., 2001).  Several lines of 

evidence suggest that Nkd/Dsh interaction is critical for Nkd to antagonize Wnt signaling 

in Drosophila (see chapter 2 and Rousset et al., 2002), and protein binding data suggest 

that R1S is sufficient and necessary for Nkd/Dsh interaction (Rousset et al., 2002; 

Waldrop et al., 2006).  However, the ultimate test - the nkd rescue assay - clearly 

demonstrated that this region contributes little to Nkd function, although this assay 

assumes that Nkd∆R1S wouldn’t interact with Dsh when overexpressed in vivo (Waldrop et 

al., 2006).  Another explanation for the rescue potent activity of Nkd∆R1S is that there 
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might be an intermediate protein that bridges Nkd and Dsh.  Nonetheless, Nkd lacking 

R1S region is mostly nuclear, indicating that the R1S region may be required for 

cytoplasmic localization of Nkd.  Therefore, in this region there might be nuclear export 

signals or binding sites for cytoplasmic proteins.  Dsh could be the responsible protein for 

the cytoplasmic retention of Nkd.  However, in the embryo the subcellular distributions 

of Dsh and Nkd are largely non-overlapping. Nkd may use its R1S region to bind to 

cytoplasmic proteins other than Dsh (Waldrop et al., 2006).  The EFX motif is part of a 

91 aa motif conserved between D. melanogaster and D. pseudoobscura.  By examining 

the interaction between NkdEFX and DshbPDZ in Y2H, several highly conserved residues in 

EFX are dispensable for the interaction (Rousset et al., 2002; C. -C. Chan and K. A. 

Wharton, unpublished data), suggesting that other as yet unidentified proteins enforce 

motif conservation.  Therefore, identification of more Nkd-interacting proteins that 

specifically binds to Nkd R1S region will help to address this question. 

6.1.3 The 30 aa motif, most critical for function, is a NLS 

The Drosophila and mammalian Nkd proteins each have a 30aa motif that is unrelated by 

sequence alignment. The Drosophila Nkd 30aa motif is conserved within insects, and is 

predicted to form an amphipathic α-helix.  Therefore, the 30aa motif is not likely to 

possess enzymatic activity based on its small size and the predicted simple structure 

(Waldrop et al., 2006).  Perhaps this domain functions as a protein-protein interaction 

site.  All of the known nkd alleles that display defective rescue activity encode proteins 

truncated N-terminal of this motif (Waldrop et al., 2006).  Internal deletion of this motif 

resulted in severely disrupted rescue activity, indicating that it is critical for Nkd function 
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(Waldrop et al., 2006).  Deletion of this region also caused increased cytoplasmic 

localization of Nkd, and replacement of this motif with a heterologous NLS restored 

nuclear localization and increased nkd rescue activity, indicating this motif may function 

as a nuclear localization sequence (Waldrop et al., 2006).  Substitution of 30aa of the 

mouse Nkd1 with Drosophila 30aa enhanced the nuclear localization of mNkd1 when 

overexpressed in the salivary gland, suggesting that this motif is a NLS.  However, this 

motif did not interact with any of the Importin-αs by Y2H, indicating the mechanism of 

nuclear entry mediated by this motif is different than the D6 motif (Chan et al., 2008).  

My preliminary data suggests that 30aa motif is sufficient and required for interaction 

with α-Actinin, a cytoskeletal protein that negatively regulates Nkd activity (See Section 

5.1).  This finding supports the role of the 30aa motif as a possible docking site for 

protein-protein interactions.  It is possible that additional proteins that positively regulate 

Nkd function also bind to the 30aa motif, and it is possible that discovering more 30aa-

binding proteins may reveal the function of this motif.  Furthermore, more experiments 

will be required to discern the relationship between nuclear targeting and α-Actinin 

binding. 

6.1.4 The D6 region, interacting with importin-alpha3, is a second NLS 

The D6 region is conserved between D. melanogaster and D. pseudoobscura (Chan et al., 

2008).  Neither mosquito nor mammalian Nkds possess sequence similar to the D6 motif.  

The D6 motif is sufficient and required for Nkd to interact with Importin-α3.  The D6 

motif is thought to be a NLS for Nkd because: 1) basic residues characteristic of a NLS 
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are conserved between Nkd and dHSF (previously described in chapter 4) in similar 

positions, and were required for Nkd function and nuclear localization (Fang et al., 2001; 

Chan et al., 2008); 2) D6-GFP was nuclear when transfected into Kc cells, but became 

ubiquitous when Importin-α3 was depleted by dsRNA treatment targeting importin--α3.  

Point mutants of the basic residues in D6 also resulted in D6-GFP observed in the 

cytoplasm and nucleus, possibly through free diffusion through nuclear pore because of 

the small size (Chan et al., 2008); 3) Full length Nkd-GFP failed to enter the nucleus in 

salivary gland when Importin-α3 was knocked down, indicating the necessity of 

Importin-α3 for Nkd nuclear entry (Chan et al., 2008).  Heterologous substitution of D6 

with dHSF-NLS restored the Nkd/Importin-α3 interaction and Nkd nuclear localization, 

but did not restore Nkd function.  It is possible that dHSF-NLS mislocalized Nkd from its 

normal site of action.  The region of Nkd from EFX motif to the 30aa motif, was found to 

associate with itself in a Y2H assay (C.-C. Chan and K. A. Wharton, unpublished data), 

although the biological significance of the dimerization is not known.  Since dHSF-NLS 

can also prevent oligomer formation (Zandi et al., 1997), it is also possible that, by 

replacing D6 with dHSF-NLS and thus potentially prevent the oligomerization, Nkd∆D6-

dHSFNLS impaired Nkd function.  Furthermore, the kinetics of dHSF-NLS-mediated and D6 

motif-mediated nuclear import may be completely different such that Nkd∆D6-dHSFNLS 

might not enter the nucleus at the same time as wild type Nkd time even though in 

confocal imaging showed a high level of Nkd∆D6-dHSFNLS in the nucleus.  Most notably, the 

intra-nuclear localization of Nkd-GFP and Nkd∆D6-dHSFNLS-GFP in salivary are different 

(data not shown), suggesting that dHSF-NLS directs Nkd to the incorrect subnuclear-

compartments.  More detailed biochemical characterization, such as time-lapse 
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comparison of the localizations between Nkd-GFP and Nkd∆D6-dHSFNLS-GFP, might 

provide further clues about the molecular function of D6 motif. 

6.2 Working models of Nkd function 

Chapters 2 to 4 demonstrate that Nkd is found in several intracellular compartments, 

including the membrane (Chan et al., 2007), cytoplasm (Zeng et al., 2000; Waldrop et al., 

2006), and the nucleus (Waldrop et al., 2006; Chan et al., 2008), and that the presence of 

Nkd in each compartment is critical for Nkd function.  This observation raises an 

interesting question: do different pools of Nkd function in different compartments, or 

does Nkd cycle intracellularly in order to function?  Two models for Nkd function have 

proposed (see Fig 3.8B), and experimental strategies to distinguish the two models are 

suggested below.  

6.2.1 Model1: Separate pools of Nkd proteins antagonize Wingless signaling in different 

compartments: membrane, cytoplasm, and nucleus. 

In this model, separate pools of Nkd function at different sites, with each pool of Nkd 

functioning independently.  Chapter 2 and other papers (Rousset et al., 2002; Wharton et 

al., 2001) demonstrate that both Drosophila and mammalian Nkds targets Dsh in the 

cytoplasm.  Chapter 3 and other papers (Li et al., 2004; Wharton et al., 2001) indicate 

that the membrane association mediated by N-terminus is a property of Nkd both in 

Drosophila and in mammals.  Based on results from chapter 4, the nuclear import 

complex including Importin-α3 is involved in the nuclear entry of Nkd.  However it is not 

clear by which mechanism Nkd functions in the nucleus.  Several questions arise:  Does 
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Nkd regulate the nucleo-cytoplasmic shuttling of Wg signaling components?  Does Nkd 

target Wnt components that functions in the nucleus?  Does Nkd associate with 

chromatin in Wnt-responsive genes?  More investigations of Nkd in the nucleus will be 

required to answer this question.  Nonetheless, model 1 assumes that Nkd need not to 

circulate in subcellular regions, thus if different forms of Nkd that are exclusively 

localized to distinct subcellular locations are coexpressed, then one should see a rescued 

nkd embryo.  However, if co-expression of these mutant proteins do not rescue, then it 

supports the hypothesis that cycling between the sites must occur for Nkd to function. 

6.2.2 Model 2: Nkd circulates intracellularly among membrane, cytoplasm and nucleus. 

The cycling is required for Nkd to inhibit Wingless signaling 

In this model, the movement of Nkd between cytoplasm, plasma membrane, and nucleus 

is required for attenuating Wnt signaling.  Model 2 suggests that Nkd functions in a 

sequential fashion; however the sequence whether it starts from nucleus to the membrane 

or membrane to the nucleus is not examined in this model.  Therefore, when Nkd is 

completely localized in certain compartments, Nkd fails to function.  Due to the labile 

nature of Nkd proteins it has been difficult to monitor the dynamic intracellular 

movement of Nkd during embryogenesis.  Recent studies have shown that Dsh mediates 

oligomerization of the Wnt receptor complex in the membrane (Schwarz-Romond et al., 

2007; Bilic et al., 2007).  Xenopus Dsh also possesses NLS required for its activity in a 

gain-of-function assay (Itoh et al., 2005), although it is not clear whether Drosophila Dsh 

possesses a nuclear function.  Dsh itself may be cycling among the membrane, 

cytoplasm, and nucleus for function, or different pools of Dsh might function 

 



160 

independently to transmit the Wnt signal.  If the sole function of Nkd is to target Dsh, one 

would imagine that Nkd and Dsh colocalization should be observed in several subcellular 

compartments.  However Nkd/Dsh association was only observed in a punctuate fashion 

in the cytoplasm and rarely in the nucleus, suggesting that only a subset of Nkd targets 

Dsh.  Overexpressed Nkd was capable of relocalizing Dsh in the salivary gland 

cytoplasm but not the nucleus (Keith Wharton, unpublished data), however no bulk Dsh 

movement was observed in the nkd mutant embryos when several nkd transgenes were 

overexpressed that encode for Nkd proteins of different intracellular distribution 

(Waldrop et al, 2006).  

6.2.3 Experimental strategies to discern the above two models 

To distinguish the above 2 models, one approach would be to analyze the separated and 

combined activities of multiple nkd transgenes that confer different intracellular 

localization.  As shown in chapter 2 and 3, while both Nkd∆N and Nkd∆30aa were defective 

in rescuing nkd mutants, mNkd1fNf30aa partially narrowed the En stripe and resulted in 

weak and moderate class nkd cuticles (Chan et al., 2007).  The chimeric protein 

mNkd1fNf30aa contains the Drosophila N-terminus and 30aa, and the evolutionarily 

conserved EFX domain and histidine-rich C-terminus from mouse Nkd1 backbone, 

indicating that these 4 domains are sufficient for significant in vivo Nkd function.  In 

addition, whereas the intracellular distribution of Nkd∆N is exclusively nuclear, Nkd∆30aa 

is mostly cytoplasmic.  If Nkd functions in separate pools, then the combination of the 

two transgenes might significantly increase the rescue ability.  On the other hand, if Nkd 

needs to circulate among different compartments in order to function, then the combined 
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transgenes should result in nearly no rescue activity, as does the 2 individual transgenes.  

Nonetheless, if dimerization happens between Nkd∆N and Nkd∆30aa, such that a 

heterodimer of Nkd∆N and Nkd∆30aa may present at separate pools, then one will not be 

able to distinguish between model 1 and model 2.  To rule out the dimerization effect, 

one will have to characterize the dimerization domain of Nkd, and then make internal 

deletion constructs of Nkd∆N and Nkd∆30aa.  Coexpression of Nkd∆N and Nkd∆30aa, each 

without the dimerization motif (if possible), might allow one to distinguish the above 2 

models.   

 
6.3 Future directions in unveiling the molecular mechanisms of Nkd function 

6.3.1 Focus on the nucleus: by what mechanism does Nkd antagonize Wingless signaling 

in the nucleus?  

Several cytoplasmic negative regulators of Wnt signaling, such as Axin and Apc, have 

been found to possess NLSs and nuclear export sequences (NESs).  The NESs of Apc 

have been found both in human and Drosophila (Henderson, 2000; Neufeld et al., 2000; 

Rosin-Arbesfeld et al., 2001); the Apc NLS has been found in human, but not in 

Drosophila Apc (Zhang et al., 2000).  Despite Apc’s cytoplasmic role in participating in 

the destruction complex to phosphorylate β-catenin for degradation, Apc’s NES is 

responsible for the nuclear export of β-catenin to reduce β-catenin-dependent 

transcription of Wnt-targets (Henderson, 2000; Neufeld et al., 2000; Rosin-Arbesfeld et 

al., 2001; Bienz, 2002).  Apc also bind to the nuclear transcriptional corepressor, CtBP, to 

counteract β-catenin-mediated transcription activation of target genes (Sierra et al., 
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2006).  Similarly, Axin has also been found in the nucleus and promotes the cytoplasmic 

accumulation of β-catenin (Cong and Varmus, 2004; Wiechens et al., 2004).  What 

functions these negative regulators perform in the nucleus to antagonize Wnt signaling is 

not known.  Whether these proteins associate with β-catenin at the DNA, or function in 

nuclear trafficking, or by regulating transcription, remain to be answered.  Xenopus Dsh, 

the Wnt signal transducer, also possesses a NLS and a NES, both of which are important 

for gain-of-function activities (Itoh et al., 2005).  However, the nuclear function of Dsh 

remains to be elucidated.   

Endogenous Nkd protein is mostly cytoplasmic, although a low level of nuclear staining 

was observed in the embryo (Waldrop et al., 2006).  However, in chapter 2 and 4, 

evidence indicates that Nkd possesses 2 NLSs, both of which are required for function 

(Waldrop et al., 2006; Chan et al., 2008).  Based on sequence alignment, the vertebrate 

Dsh NLS is conserved in Drosophila (T. Cagatay and K. A. Wharton, unpublished data), 

an implication that Nkd may target Dsh in the nucleus.  Whether Nkd’s nuclear function 

requires Dsh remains to be elucidated.  Identifying additional Nkd-binding proteins may 

help to reveal how Nkd functions.  In a candidate approach, Nkd may interact with 

nuclear components of Wnt signaling, such as Arm or Pan, or regulate the nuclear import 

process of Wnt players, such as Apc and Arm.  It has been shown that Nkd does not 

associate with Armadillo in Y2H assay (Rousset et al., 2001).  However, with more 

papers revealing more proteins that regulate Wnt signaling in the nucleus, it will be 

interesting to examine if Nkd associate with these proteins, including Pygo (Kramps et 

al., 2002; Parker et al., 2002), Legless (Kramps et al., 2002), and Chibby (Takemaru et 
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al., 2003).  Therefore, a systemic examination of physical interactions between Nkd and 

known Wnt components might provide information about what Nkd does besides 

targeting Dsh, to antagonize Wnt signaling.  I would also suggest a biochemical 

purification approach to discover the nuclear fraction of Nkd-containing complexes 

(more discussion in section 6.3.2).   

6.3.2 To identify additional Nkd-interacting proteins 

Although Y2H screens revealed several Nkd-binding proteins, Y2H may not reveal the 

critical Nkd-binding proteins because of the nature of this technique.  For example, Y2H 

assumes that any post-translational modification of Nkd, which if exists might be 

required for partner binding, is conserved between Drosophila and yeast.  Also, Y2H 

assumes binary interactions, which might not be true if Nkd needs an intermediate protein 

to form a complex with a critical protein.  Moreover, because of the high percentage of 

false-positive results, we may never identify the critical Nkd-binding partner if the 

protein abundance of that partner is too low.  Even if the mRNA of the critical protein is 

abundant in the prey library, we can still miss the protein if the protein is not stable in 

yeast.  Therefore, to discover the nuclear function of Nkd, A biochemical purification of 

a bona fide Nkd-containing complex followed by mass spectrometry seems to be a 

feasible alternative approach which complements the Y2H screens.  Since the focus is to 

figure out how Nkd may function in the nucleus, one has to consider modifying the 

purification steps to reveal the nuclear Nkd-containing complex.  Some consideration are 

as follows: 1) The Nkd protein is very labile, possibly due to degradation signals 

throughout the protein; 2) endogenous Nkd protein is at greater abundance in the 
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cytoplasm than in the nucleus; and 3) Nkd only functions in the embryo.  To circumvent 

the aforementioned difficulties and to effectively discover Nkd-interacting nuclear 

proteins some purification steps might need to be employed as follows: 1) increasing the 

protein stability by deleting the C-terminus; 2) enriching the nuclear fraction; and 3) 

purifying the Nkd-containing complex from fly embryos instead of cell culture or larval 

tissues.  Based on the above criteria, NIN4-GFP, a truncated Nkd protein that deletes 

sequence C-terminal of the 30aa motif, seems to be a good candidate for the purification 

of NIN4-containing complex because it potently rescues nkd mutants and accumulates to 

levels higher than wild type Nkd-GFP in the embryo.  Since 30aa is the most critical 

region, a differential purification to compare NIN4- and NIN4∆30aa-interacting protein 

should reveal critical binding partners for Nkd.  If needed, a nuclear fractionation can be 

performed to exclude non-nuclear binding-partners.  

6.3.3 Does Nkd associate with chromatin in Wg-signal-dependent target genes? 

Shortly after Wnt ligand binds to its receptor complex, the signal is relayed from the 

cytoplasm to the nucleus.  β-catenin accumulates in the cytoplasm and translocates into 

the nucleus, then binds to TCF, converting TCF from transcriptional repressor to an 

activator (van Es et al., 2003; Parker et al., 2008).  Activation of the Wnt pathway results 

in histone acetylation - a sign of gene activation (Robyr et al., 2002; Grewal and Moazed, 

2003) - at Wnt response elements (WREs) in several target genes (Kioussi et al., 2002; 

Feng et al., 2003; Sierra et al., 2006).  nkd and another Wg signal antagonist notum 

(Gerlitz and Basler, 2002; Giraldez et al., 2002) are direct targets of Wg-signaling in 

Drosophila; and their WRE sites have been defined (Fang et al., 2006; Hoffmans et al., 
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2005; Li et al., 2007).  The en genes also have molecularly defined WREs, which resides 

in the first intron (~300bp), and in a nkd mutant the en-WRE-lacZ reporter gene showed 

expanded stripes (Kassis, 1990). 

Without further information about how Nkd functions in the nucleus, one possibility is 

that Nkd regulates Wnt-responsive genes by associating with chromatin.  Chromatin 

immunoprecipitation (ChIP) assays allow one to determine whether Nkd binds to a 

particular region on the endogenous chromatin of living cells.  However, ChIP assay 

assumes that one knows the specific DNA fragments where Nkd binds, and in general 

requires a highly specific antibody to recognize the protein in question.  In a candidate 

approach, the en, nkd, and notum WRE sites would be good candidate target sites for 

Nkd.  In chapter 2, Nkd-GFP extracted from embryos can be detected by anti-GFP 

antibody; hence provides us a good tool to detect Nkd-GFP in ChIP assays.  It will be 

interesting to examine whether Nkd-GFP can be immunoprecipitated in association with 

chromatin of Wg target genes from Drosophila embryos during stage 9-11, when nkd is 

known to function.  Moreover, without knowing which DNA regions Nkd may associate 

with, an unbiased identification of Nkd-regulating WREs will require a DNA microarray 

following the ChIP assay (ChIP-on-chip) (Sandmann et al., 2006). 
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