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Abstract 

Mutations in myosin VIIa (MyoVIIa), an unconventional myosin, have been 

shown to cause Usher Syndrome Type 1B in humans. Usher Syndrome Type 1B is 

characterized by congenital sensorineural deafness, vestibular dysfunction and pre-

pubertal onset of retinitis pigmentosa. Mouse model studies show that sensorineural 

deafness and vestibular dysfunction in MyoVIIa mutants is caused by disruption in the 

structure of microvilli-like projections (stereocilia) of hair cells in the cochlea and 

vestibular organ. MyoVIIa has also been shown to affect adaptation of mechanoelectrical 

transduction channels in stereocilia.  

In Drosophila melanogaster mutations in MyoVIIa encoded by crinkled (ck) cause 

defects in hair and bristle morphogenesis and deafness. Here we study the formation of 

bristles and hairs in Drosophila melanogaster to investigate the molecular basis of 

ck/MyoVIIa function and its regulation. We use live time-lapse confocal microscopy and 

genetic manipulations to investigate the requirement of ck/MyoVIIa function in various 

steps of morphogenesis of hairs and bristles. Here we show that null or near null 

mutations in ck/MyoVIIa lead to the formation of 8-10 short and thin hairs (split hairs) 

per epithelial cell that are likely the result of the failure of association of hair-actin 

bundles that in wild-type cells come together to form a single hair. 
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The myosin super family of motor proteins is divided into 17 classes by virtue of 

differences in the sequence of their motor domain, which presumably affect their 

physiological functions. In addition, substantial variety in the overall structure of their 

tail plays an important role in the differential regulation of myosin function. In this 

study we show that ck/MyoVIIa, that has two MyTH4 FERM domains in its tail 

separated by an SH3 domain, requires both MyTH4 FERM repeats for efficient 

association of hair-actin bundles to form hairs. We also show that the “multiple hair” 

phenotype of over-expression of ck/MyoVIIa requires both MyTH4 FERM domain 

function but not the SH3Tail domain. We further demonstrate that the SH3Tail domain of 

ck/MyoVIIa plays a role in keeping actin bundles, which run parallel to the length of the 

growing bristle, separate from each other. Our data also suggests that the SH3Tail domain 

plays a role in the association of the actin filament bundles with the membrane and 

regulates F-actin levels in bristles. 

We further demonstrate that over-expression of Quail (villin) can rescue the hair 

elongation defects seen in ck/MyoVIIa null or near null mutants but does not rescue the 

split hair defects. We show that over-expression of Alpha-actinin-GFP, another actin 

bundling protein, phenocopies the multiple hair phenotype of ck/MyoVIIa over-

expression. Over-expression of Alpha-actinin-GFP in a ck/MyoVIIa null or near null 

background shows that Alpha-actinin-GFP cannot rescue the split or short hair 

phenotype of ck/MyoVIIa loss-of-function. However cells over-expressing Alpha-actinin-
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GFP in a ck/MyoVIIa null or near null background have more than the normal 8-10 split 

hairs, suggesting that Alpha-actinin-GFP over-expression causes the formation of more 

than the normal complement of hair-actin bundles per cell, resulting in a multiple hair 

phenotype. We show that Twinfilin, an actin monomer sequestering protein, implicated 

in negatively regulating F-actin bundle elongation in stereocilia in a MyoVIIa-dependent 

manner, is required for F-actin bundle stability.  

In addition, we use yeast two-hybrid strategies to identify Slam as a protein that 

directly binds to ck/MyoVIIa. We show that Slam, a novel membrane-associated protein, 

likely functions to regulate ck/MyoVIIa function during hair and bristle morphogenesis. 

We show that over-expression of Slam and loss-of-function mutations in Slam 

phenocopy ck/MyoVIIa loss-of-function split and short hair phenotype. We also show 

that disruption of Slam and RhoGEF2 association causes split hair defects similar to 

ck/MyoVIIa loss-of-function phenotype suggesting that Slam probably regulates 

ck/MyoVIIa function via RhoGEF2. 

Together our results show that ck/MyoVIIa plays an important role in regulating 

the actin cytoskeleton that underlies actin-based cellular protrusions like hairs and 

bristles.  
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1. Molecular function of myosins in actin-based 
morphogenesis 

 

1.1 Actin-based morphogenesis 

   Cells move, change shape and alter their size to carry out a variety of required 

functions and to adapt to their environment during development. A dynamic 

cytoskeleton functions in concert with changes in cell adhesion both to other cells and to 

the substrate to drive cell shape changes. The actin cytoskeleton brings about changes in 

cell shape through the function of a myriad of actin binding proteins including motor 

proteins, F-actin nucleating proteins, capping proteins, actin bundling and stabilizing 

proteins and F-actin severing proteins among others (see review Lee and Dominguez 

2010b). In well studied cases, such proteins work in concert to drive the formation and 

function of the stereocilia of the hair cells, which are responsible for auditory reception, 

microvilli of the intestinal epithelial cells that undergo rapid actin turnover and absorb 

nutrients and bristles and hairs of Drosophila melanogaster which perform mechanical and 

sensory functions.  

 Myosins are motor proteins that are essential for actin morphogenesis (Karolyi 

et al. 2003). As such several mutations in myosins, cause a wide variety of defects in 

organisms from throughout phylogeny and genetic disorders in humans have been 

linked to mutations in different classes of myosins (Sellers ; Sellers 2000; Hamosh et al. 
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2002).Though several classes of myosins have been implicated in actin morphogenesis, 

our understanding of the unique contribution of each myosin to actin morphogenesis is 

still evolving.  

Mutations in MyoVIIa have been shown to be the underlying cause of Usher 

Syndrome type 1B. Mutations in MyoVIIa, encoded by the gene crinkled in Drosophila 

melanogaster lead to defects in the morphogenesis of hairs and bristles. In this study we 

use hair and bristle morphogenesis as a model system to study the molecular basis of 

ck/MyoVIIa function in morphogenesis. 

 

1.2 Myosins  

   Myosins have a general body plan consisting of a conserved myosin-head 

domain, a neck domain and a specialized tail domain. The head domain binds to actin 

and hydrolyses ATP to produce force or to move along actin filaments. The neck region 

or the lever arm is of variable length depending on the number of IQ motifs present that 

range from 0-6. The IQ motifs have a consensus sequence IQXXXR GXXXR and bind 

calmodulin or light chains. The lever arm amplifies small conformational changes in the 

motor domain to effect large displacements (Sweeney and Houdusse 2010a). The end of 

the lever arm/neck is followed by a tail region that is diverse in its domain composition 
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and sequence. It determines the nature of the cargoes that are serviced by each particular 

myosin motor protein. 

Myosins that have long extended helical coiled-coil domains in their tails tend to 

dimerize through hydrophobic interactions of their long amphipathic helices. The 

myosin tail dimers in turn assemble through salt bridges to form filaments of distinct 

size and morphology. Myosins with such tails are called “conventional myosins” or 

myosin II’s. While many myosins have yet to be functionally characterized, those with 

no coiled-coil domain are believed to be monomeric. 

Formally, myosins are classified into 17 different classes based on the similarity 

of their motor domain sequence (http://www.mrc-

lmb.cam.ac.uk/myosin/trees/trees.html) but each class has a characteristic tail sequence 

and structure that coevolved with the myosin heads to the particular function of that 

myosin. Myosins that are not conventional (i.e., not myosin II) are called unconventional. 

1.2.1 MyTH4 FERM myosins 

Myosin VIIa belongs to a subfamily of myosins called the MyTH4 FERM myosins 

(Sousa and Cheney 2005). There are four classes of myosins that encode MyTH4 FERM 

domains in their C-terminal tail; they are Myosin-VII, Myosin-X, Myosin-XII and 

Myosin-XV. Fly has two Myosin VII’s (a and b) and Myosin XV but not Myosin X or 

Myosin XII. To date all MyTH4 FERM myosins studied associate with microvilli or 

http://www.mrc-lmb.cam.ac.uk/myosin/trees/trees.html
http://www.mrc-lmb.cam.ac.uk/myosin/trees/trees.html
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microvilli-like structures and are thought to play an important role in the 

morphogenesis of actin-based protrusions (Sousa and Cheney 2005). 

FERM domains found in myosin tails are thought to act like cargo-binding 

domains. For example, FERM domains of vertebrate myosin X are known to bind β-

integrins (Sousa and Cheney 2005) and FERM domains of Myosin XV in Drosophila 

melanogaster binds to DE-cadherin (Liu et al. 2008). The MyTH4 domain in Xenopus 

Myosin X binds to microtubules suggesting that it may play a role in coordinating 

changes in the microtubule and actin cytoskeleton required for morphogenesis (Weber 

et al. 2004).  

1.2.2 Myosin VIIa (MyoVIIa) 

Dictyostelium discoideum encodes only one form of MyoVII. Dictyostelium Myosin 

VII encoded by “MyoI” plays a role in the initial steps of cell adhesion during 

phagocytosis and plays a role in the formation of the filopodia (Titus 1999; Tuxworth et 

al. 2001). MyoVIIa mutations in humans cause Usher Syndrome type 1B (described in 

detail later).  

Fly MyoVIIa encoded by crinkled (ck) causes defects in mechanosensory organs 

called bristles (macrochaetae and microchaetae) and hairs (setae) (Kiehart et al. 2004). 

Severe mutations in ck/MyoVIIa are lethal or semi lethal with <0.5-5% homozygous ck/ck 

adult escapers surviving. Bristles in ck13/Df (ck-) hemizygous mutants are short and 



 

 

5

stubby with deep ridges and aberrant projections from the shaft. Macrochaetae also 

show aberrant fusion of ridges not seen in control flies. Microchaetae are also short and 

at times branched. Setae are short and numerous compared to control flies (Kiehart et al. 

2004). ck/MyoVIIa mutants flies are also deaf and ck/MyoVIIa has been shown to be 

necessary for initial apical attachment of the scolopidia to the articulating joint early in 

the developing antenna and for maintenance of scolopidial attachment throughout 

adulthood (Todi et al. 2008). 

 

1.3 Usher Syndrome  

Usher Syndrome in humans is characterized by sensorineural deafness and 

progressive blindness with or without vestibular dysfunction. Usher Syndrome is 

divided into three clinical subtypes (USH1,USH2,USH3) based on the severity of 

deafness, age of onset of retinitis pigmentosa and presence or absence of vestibular 

dysfunction in patients (Petit 2001). USH1 is the most severe of the subtypes. Mutations 

underlying USH1 have been mapped to seven distinct genetic loci USH1A-USH1G. Five 

of the seven distinct genetic loci have been mapped to specific genes, USH1B maps to an 

unconventional MyoVIIa (Weil et al. 1995), USH1C maps to Harmonin (Verpy et al. 

2000), USH1D maps to Cadherin 23 (Bolz et al. 2001; Bork et al. 2001), USH1F maps to 
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Protocadherin 15 (Ahmed et al. 2001; Alagramam et al. 2001) and USH1G maps to Sans 

(Weil et al. 2003). 

USH1 is the most severe of the Usher Syndrome subtypes and USH1-B caused by 

defects in MyoVIIa accounts for close to 50% of USH1 patients.  

 

1.4 Mutations in MyoVIIa cause defects in stereocilia and 
stereocilia-like structures 

MyoVIIa mutants in mouse called shaker-1 (Mburu et al. 1997) are deaf and 

exhibit vestibular dysfunction but do not show retinitis pigmentosa as seen in human 

USH1B patients. Nevertheless the shaker 1 mouse provides a key model system for the 

investigation of MyoVII function. Indeed analysis shows developmental defects in the 

hair bundles of the sensory cells of the cochlea and the vestibular end organs in shaker-1 

mice. This observation suggests that disruption in the morphology of these structures is 

the underlying cause of USH1B in humans (Shinkawa and Nadol 1986; Well et al. 1995). 

Here, I focus on understanding the function of ck/MyoVIIa in the model system, 

Drosophila melanogaster. 

 

1.5 Structure of stereocilia 

Stereocilia are microvilli-like projections that emerge from the apical surface of 

sensory epithelial cells called hair cells (DeRosier and Tilney 2000). Their structure and 



 

 

7

function has been characterized extensively. The microvilli-like projections are arranged 

in a staircase-like pattern starting from the shortest to the longest stereocilium forming 

hair bundles; each of these hair bundles in turn are arranged such that adjacent hair 

bundles form rows of stereocilium of equal height. 

Each of these microvilli has parallel actin filament bundles at its core that run 

along the length of the microvilli and provide structural support. Some of these parallel 

actin bundles extend into the cell body and are anchored in a dense meshwork of cross-

linked actin filaments called the cuticular plate (DeRosier and Tilney 1989). The parallel 

actin bundles that form the core of the microvilli, are polarized i.e., they have their fast 

growing or barbed end oriented towards the tip of the microvilli and the slow growing 

pointed end towards the base (Schneider et al. 2002).  

The stereocilia are connected to each other via several different types of 

extracellular links. They are largely classified into tip links (TL), inter-stereocilial lateral 

links (LL), and ankle links (AL) (Pickles et al. 1984; Goodyear and Richardson 1999). The 

tip links connect mechanoelectric transduction channels (MET) at the tip of stereocilia to 

the nearest taller stereocilium. When stereocilia are deflected on stimulation with sound 

it changes the tension in the tip links leading to higher probability of opening of these 

MET channels and eventual depolarization of the stereocilia membrane (Howard and 

Hudspeth 1988). The MET channels undergo an adaptation process wherein the opening 
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probability is restored to its resting state even while the mechanical stimulus persists. 

Both MyoVIIa (Kros et al. 2002) and Myosin IC (Holt et al. 2002; Batters et al. 2004) are 

implicated in this adaptation process.  

The lateral links (LL) are thought to be made up of Cadherin 23 or Protocadherin 15 

that homodimerize via their extracellular domains. The intracellular domains of Cadherin 

23 and Protocadherin 15 directly interact with Harmonin that in turn directly interacts 

with the parallel actin bundles at the core of stereocilium (Boeda et al. 2002; El-Amraoui 

and Petit 2005). The Ankle links are composed of Vezatin, another membrane protein 

that binds to MyoVIIa tail which in turn binds to the actin bundles with its head domain, 

thus contributing to the ordered organization of the stereocilia bundles (Adato et al. 

2005; El-Amraoui and Petit 2005). 

 

1.6 Proposed MyoVIIa function in stereocilia morphogenesis 

In mice mutant for MyoVIIa, stereocilia are disorganized, have random 

orientations (Mburu et al. 1997; Self et al. 1998) and the microvilli are longer than wild-

type microvilli in shaker-1 mutants (Prosser et al. 2008). 

Current models suggest that MyoVIIa regulates stereocilia length by regulating 

the localization of Twinfilin-2 (Rzadzinska et al. 2009), a negative regulator of F-actin 

elongation. MyoVIIa and Myosin XVa are thought to function antagonistically in 
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regulating stereocilia length. Myosin XVa regulates the localization of Whirlin, a positive 

regulator of actin elongation at the tip of stereocilia (Prosser et al. 2008). Twinfilin-2 

levels are higher at the tips of shorter stereocilia where as Whirlin and Myosin XVa levels 

are higher at the tip of longer stereocilia resulting in differences in the rate of elongation 

between stereocilium. This difference in the rate of elongation leads to the staircase-like 

distribution of stereocilium length (Rzadzinska et al. 2005).  

Apart from regulating the length of the stereocilium MyoVIIa has been 

implicated in the transport of Harmonin b, an actin bundling protein to the stereocilium 

(Boeda et al. 2002). Harmonin b is part of the inter-stereocilial links that connect the actin 

filaments at the core of stereocilium to the neighboring longer stereocilium via Cadherin 

23 (Di Palma et al. 2001; El-Amraoui and Petit 2005; Rzadzinska and Steel 2009) and 

Protocadherin 15 (El-Amraoui and Petit 2005). In MyoVIIa mutants the stereocilium is 

disorganized due to the disruption of these inter-stereocilial links. Inter-stereocilial links 

also play a role in activating mechanoelectrical transduction channels, implicating 

MyoVIIa in the physiological function of stereocilium as well as their morphogenesis 

and maintenance. 

 



 

 

10

1.7 Model of stereocilia elongation 

Stereocilia like microvilli and filopodia continuously recycle their actin core 

while maintaining their function and overall structure. The continuous turnover of actin 

is thought to follow a treadmilling mechanism (Rzadzinska et al. 2004; Lin et al. 2005). 

Experiments using fluorescent labeled Epsin and β actin incorporation in cultured 

rat/mouse organ of corti show that new actin monomers are added to the tip of the 

stereocilia where the barbed ends of each actin filaments are located (Rzadzinska et al. 

2004). Actin monomers are lost at the base of stereocilia from the pointed ends of the 

actin filament bundles. 

 

1.8 Drosophila melanogaster bristle and hair morphogenesis as 
a model system to study ck/MyoVIIa function 

 Mouse, rat and fish model systems have been used to further understand the 

molecular function of MyoVIIa in the morphogenesis of stereocilia or stereocilia-like 

structures and have the obvious advantage of being vertebrate model systems. Here, I 

focus on understanding the function of MyoVIIa in the model system Drosophila 

melanogaster. Drosophila melanogaster ck/MyoVIIa is 61.7% identical to its human 

orthologue with individual conserved domains like the MyTH72 having as high as 96% 

similarity with human MyoVIIa, suggesting that they likely have conserved molecular 

mechanisms (Kiehart et al. 2004). In this study we use hair and bristle morphogenesis in 
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Drosophila melanogaster to further our understanding of ck/MyoVIIa function in the 

morphogenesis of actin-based cellular projections. Drosophila melanogaster bristle and 

hairs though functionally distinct from stereocilia share several structural similarities. 

Both hairs and bristles are supported by parallel actin filament bundles that run along 

their length similar to stereocilia. Several mutants have been identified that affect bristle 

and hair morphogenesis and as such provide a large genetic tool box to analyze the 

contribution of ck/MyoVIIa to different aspects of bristle and hair morphogenesis. Hair 

and bristles are found on surface cells of Drosophila melanogaster and have the advantage 

of being readily accessible during pupation. This allows us to follow their 

morphogenesis using fluorescent labeled proteins and time-lapse confocal microscopy of 

live specimens without disturbing developmental progress. Thus our understanding of 

ck/MyoVIIa function in hair and bristle morphogenesis complements the work on other 

model systems and will further our understanding of MyoVIIa molecular function in the 

morphogenesis of actin-based cellular projections. 

1.8.1 Morphogenesis of hairs and bristles. 

Bristles: Bristles start to emerge around 32h APF in pupae and reach their 

maximum length around 44-48 h APF (Lees and Picken 1945b). After the bristle exterior 

is covered by a chitinous exoskeleton the cells and the actin bundles that support the 

bristle break down (Tilney et al. 1996a) .  
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Bristles have parallel actin filament bundles that run along their entire length of 

65µm in microchaetae and 400µm in macrochaetae. There are 7-11 actin bundles in 

microchaetae and 16-25 bundles in macrochaetae that are closely applied to the plasma 

membrane. In macrochaetae each actin bundle is composed of ~ 260 actin filaments in a 

400µm long bristle (Tilney et al. 1996a).These bundles are organized such that the 

barbed fast growing end are at the tip of the growing bristle and the pointed (slow 

growing) end is towards its base.  Each of these actin filament bundles is made up of 

shorter modules of actin filament bundles averaging 3µm in length that are added end 

to end to form the 400um long bundles. In both bristles and filopodia actin filaments are 

initially loosely bundled together. They become more intricately cross linked and 

bundled as additional actin bundling proteins with diverse properties are sequentially 

recruited as the bundle matures and becomes more rigid (Tilney et al. 1996b; Svitkina et 

al. 2003). 

Hairs: Drosophila melanogaster hexagonal epithelial cells each elaborate a single 

hair that points distally. These hairs, unlike bristles, are not innervated and as such have 

no mechanosensory function. They are thought to passively direct airflow over the 

thorax and wings. Hairs are approximately 8-10µm long and are composed of actin 

bundles that run along their length similar to bristles. Unlike bristles the actin bundles in 

hairs are not laterally attached to the membrane. Actin filaments in these bundles are 
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held together by the sequential recruitment of Villin (Quail), Fascin (singed) and Forked 

(Guild et al. 2005). Mutations in singed and forked cause a reduction in hair length by 

about 12-14%, quail mutants however show a 23% increase in hair length (Guild et al. 

2005). Quail is the first actin bundling protein that is found to associate with a growing 

hair at around 30h after pupariation (30h APF) and persists till about 40h APF. Forked 

and Fascin then localize to the growing hair and after 48h APF only Fascin is seen to 

associate with hairs and forked protein is no longer detected in hairs (Guild et al. 2005). 

Hair initiation takes place at the distal vertex of hexagonal epithelial cells and as the hair 

matures it moves to the center of the cell. Hair initiation at the distal vertex of the 

epithelial cells is controlled by the planar polarity pathway (Axelrod and McNeill 2002). 

1.8.1.1 Bristle and Hair elongation: 

Bristle elongation has been suggested to take place at bristle tips (Lees and 

Picken 1945b) while others have argued that bristle growth is not restricted to the tip 

(Fei et al. 2002). The molecular mechanism of bristle elongation however, has not been 

resolved. It is however clear that actin filaments of bristles are extensions of actin 

filaments found in microvilli-like structures at the tip of shaft cells. The actin bundles in 

these microvilli-like structures originate from electron dense structures at the plasma 

membrane called “pimples” and as these actin filaments grow their bases are pushed 
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into the shaft cell, hence contributing to the elongation of actin filaments and bristle 

growth (Tilney et al. 2004). 

The rate of bristle elongation is directly proportional to the bristle length, i.e., as 

the bristle grows the rate of bristle elongation accelerates (Fei et al. 2002). As the bristles 

grow the peripheral actin bundles flow in the retrograde manner with an average rate of 

3.7 or 4µm/hour (Fig. 1) while cytoplasm, at the center of bristles, moves towards the tip 

of bristles (Fei et al. 2002). This retrograde movement of the actin cytoskeleton is very 

similar to the retrograde movement of the actin core of stereocilia (Lin et al. 2005).  
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Figure 1: Figure shows cartoon of transverse and longitudinal cross sections of 
bristles (macrochaetae or microchaetae). 

 

A. transverse section through a young and old bristle showing the actin bundles 

spaced uniformly at the periphery of the bristle and associated with the cell membrane. 

It shows that as the bristle ages and the cytoplasm flows towards the tip of the bristle the 

number of microtubules seen per cross-section decreases. B. Shows a longitudinal 

section of a young and older bristle with actin bundles arranged at the periphery that 

are associated together by a yet to be defined tether. C. Magnified section of a bristle 
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showing actin bundles that run along the length of the bristle and microtubules that 

extend short distances along the length of the bristle. Actin bundles flow in a retrograde 

direction at a rate of 3.7-4.0 µm/hr while the cytoplasm flows towards the tip. 
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In addition to the F-actin addition at the pimples on microvilli tips, elongation of 

the actin filament bundles is also thought to occur throughout the length of the bristle 

when the small 3µm actin modules grow in length on incorporation into the actin 

bundles (Tilney et al. 1996a; Guild et al. 2003). However the mechanism of elongation of 

these actin bundle modules after incorporation into the bristle actin bundle is not clear. 

Transverse sections through bristles at different points along its length shows that the 

number of actin filaments per bundle increases towards its base. This is brought about 

by addition of actin filament to the existing bundles which increases the thickness of the 

filament bundles but does not contribute to an increase in the length of the actin bundle. 

Hairs unlike bristles elongate at a linear rate of 0.9-1.0µm/h over a period of 17 

hours (30-47 hours APF). They also arise from microvilli-like projections from electron 

dense structures called pimples.  

Efficient elongation of bristles that are 65µm-400µm long requires highly 

organized transport of the building blocks along the length of the growing bristles. Both 

actin and microtubule cytoskeletons have been shown to play an important role in 

intracellular transport (Goode et al. 2000).  Disruption of either F-actin or microtubules 

leads to defects in morphology of hairs and bristles (Turner and Adler 1998; Tilney et al. 

2000a). 
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Stabilization of F-actin with jasplakinolide accelerates bristle elongation while 

inhibitors of F-actin assembly like cytochalasin D and latrunculin dramatically inhibits 

bristle elongation (Tilney et al. 2000a). Disruption of microtubules using inhibitors of 

microtubule dynamics like nocadazole, vinblastine, colchicine and taxol have been 

variously described as not affecting bristle elongation (Tilney et al. 2000a) or  thought to 

drastically reduce axial elongation of bristles in favor of circumferential growth (Fei et 

al. 2002).  

Mutations in the MyoVIIa gene, crinkled phenocopies the disruption of the actin 

cytoskeleton (Kiehart et al. 2004) but no mutations have been identified that phenocopy 

the short, fat bristle phenotype of vinblastine treated bristles. Since crinkled (ck) 

phenotype resembles the defects caused by disrupting the actin cytoskeleton and 

ck/MyoVIIa is known to be associated with the actin cytoskeleton, we have investigated 

how ck/MyoVIIa affects the actin cytoskeleton in bristles and hairs and regulates their 

elongation. 

Twinfilin: 

Twinfilin (twf) is an actin binding protein with two actin depolymerizing factor 

homology domains (ADF-H) domains (Paavilainen et al. 2002). ADF-H domains have 10 

fold more affinity for ADP-G actin compared to ATP-G actin (Ojala et al. 2002). Twinfilin 

is thought to inhibit F-actin formation primarily by sequestering ADP-G actin (Ojala et 
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al. 2002). Drosophila and yeast Twinfilin require both ADF-H domains to bind ADP-G 

actin unlike mammalian Twinfilin where each of the ADF-H domains can bind to ADP-G 

actin independently (Helfer et al. 2006). The C terminal ADF-H domain isolated from 

mammalian Twinfilin has a greater affinity for ADP-G actin than the N-terminal ADF-H 

domain (Ojala et al. 2002). In addition to their ADP-G actin binding mammalian 

Twinfilin has been shown to have F-actin capping activity, this function however has not 

been demonstrated for yeast and Drosophila Twinfilin (Helfer et al. 2006). The F-actin 

capping activity of mammalian Twinfilin requires both ADF-H domains unlike its ADP-

G actin binding activity that requires only one ADF-H domain. In addition to the ADF-H 

domains Twinfilin has a C terminal extension domain that binds to capping protein. This 

binding to capping protein is thought to be important for Twinfilin localization to barbed 

ends of F-actin filaments. The binding of Twinfilin to capping proteins, however does not 

affect capping protein function. 

Twinfilin with its two ADF-H domains does not function as a substitute for ADF 

protein function in in vitro assays (Helfer et al. 2006). Mammalian Twinfilin however can 

substitute for capping protein function in biomimetic motility assays (Helfer et al. 2006). 

Twinfilin binds to ADP-G actin at the pointed ends of F-actin and causes 

depolymerization at the pointed ends of F-actin filaments (Helfer et al. 2006). Capping of 

F-actin by Twinfilin on the other hand inhibits barbed ends growth of actin filaments 
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(Helfer et al. 2006). Incubation of F-actin with Twinfilin eventually leads to complete 

depolymerization (Helfer et al. 2006). However, in steady states and in the presence of 

Profilin, (that binds to ATP-G actin) Twinfilin functions antagonistically to regulate F-

actin length (Helfer et al. 2006).  

Deletion of yeast Twinfilin does not have serious deleterious affects however 

over-expression of Twinfilin causes formation of abnormal actin structures (Goode et al. 

1998). Drosophila melanogaster twinfilin is characterized by defects in bristle morphology, 

thought to be caused by uncontrolled polymerization of actin filaments (Wahlstrom et 

al. 2001). Analysis of twinfilin null mutants in Drosophila melanogaster also implicates 

twinfilin in F-actin dynamics in postsynaptic neuromuscular junction (NMJ) synapses, 

migratory border cells and epithelial follicle cells (Wang et al. 2010). Drosophila twinfilin 

mutants also show reduced presynaptic endocytosis at NMJ synapses (Wang et al. 2010). 

Experiments in mammalian cells implicate Twinfilin in clathrin mediated endocytosis 

(Pelkmans et al. 2005) and Twinfilin is also important for regulating stereocilia length (as 

described earlier). 

1.8.1.2 Bundling 

Actin filament bundles arise from electron dense pimples found associated with 

the plasma membrane of the bristle shaft cells (Tilney et al. 2004). Growth of actin 

filaments from these pimples forms microvilli-like extensions at the apical surface of the 
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bristle shaft cells. The actin filaments in these microvilli-like extensions show transverse 

stripes indicative of the presence of cross bridges between the filaments. However the 

actin cross linking protein or proteins that contribute to these cross bridges has not been 

identified, although Villin, Forked and Fascin are all potential contributors to the bridges. 

Actin filament elongation is thought to push the bases of actin filaments from 

these microvilli into the main bristle shaft cell body. The actin filament bases that are 

pushed into the shaft cell body are then bundled together by forked (Petersen et al. 1994; 

Tilney et al. 2004) into linear arrays. These linear arrays are then bundled into 

hexagonally packed actin bundles by the subsequent action of the protein product of the 

singed locus, another actin bundling protein which is a homologue of Fascin. As such, 

cross sections of the bristle from the tip moving towards the base exhibits the different 

stages of bristle bundle maturation. Analysis of sn/fascin mutant bristles suggests that 

Singed is required for the ordered hexagonal packing and 12 nm periodic bands seen in 

longitudinal EM sections of wild-type bristles. Nevertheless, bristles lacking Singed do 

have actin bundles running along the length of the bristle. Bundles in sn mutants are 

twisted and not packed in an orderly hexagonal pattern. Similarly bristles lacking forked 

protein have actin bundles that are thin and disorganized with as few as 1/50th the 

number of actin filaments per bundle. Forked bristles are short and tend to branch at 
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times (Petersen et al. 1994; Wulfkuhle et al. 1998). The actin bundles however do not 

twist as seen in sn mutants (Wulfkuhle et al. 1998). 

The transverse stripes seen in the microvilli actin filaments persist in forked (f36a) 

and singed (snx2) mutants as well as f36a,snx2 double mutants suggesting that a yet 

unknown bundling protein contributes to the earliest phase of actin bundle formation in 

bristle cells (Tilney et al. 2004). 

One other protein involved in actin bundling in hairs is the villin homologue 

encoded by the quail locus. It is one of the first bundling proteins that associate with the 

growing hair (Guild et al. 2005). Interestingly, the antibody that recognizes Drosophila 

villin and detects villin in hairs, fails to detect any villin protein associated with growing 

bristles (Tilney et al. 2004). 

Actin bundles in hairs and bristles do not grow independently with separate 

membrane sheaths but are enclosed within the same membrane envelope. This suggests 

that these actin bundles are associated together with a yet to be defined tether. Actin 

bundles in hairs are attached to the membrane at their tips while actin bundles in 

bristles are attached to the membrane laterally as well as at their tip. This attachment of 

actin bundles to the membrane could play an important role in associating the actin 

bundles in hairs and bristles. MyoVIIa has been shown to be important for anchoring 

actin bundles at the core of each stereocilia to the cell membrane via membrane proteins 
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like Cadherin 23 (Boeda et al. 2002). MyoVIIa is also known to transport proteins like 

Harmonin b that also play a role in coupling the actin bundles in stereocilia to the 

membrane (Boeda et al. 2002; Bahloul et al. 2010). The role of MyoVIIa in coupling the 

actin bundles to the membrane could play an important role in associating actin bundles 

in hairs and bristles or alternatively ck/MyoVIIa could contribute indirectly to actin 

bundle association in hairs and bristles by transporting actin bundling proteins along 

the growing hairs and bristles or a combination of both. 

 We investigated the possibility of ck/MyoVIIa function in transporting known 

actin bundling proteins involved in bristle and hair morphogenesis like Singed and Quail 

as well as another actin bundling protein α-actinin shown to be important for actin 

bundling in filopodia (Svitkina et al. 2003). Due to the lack of available reagents we did 

not explore the functional relationship between forked and ck/MyoVIIa but it should be 

an interesting candidate for future studies. 

Alpha-actinin: 

Alpha-actinin is an actin cross linking protein that has an N-terminal actin 

binding domain followed by four spectrin-like repeats in the middle and at its C 

terminal it has two EF hand motifs that bind to Ca2+ (Djinovic-Carugo et al. 1999; Virel 

and Backman 2004). The functional Alpha-actinin is an antiparallel dimer with one actin 

binding domain at each end. Alpha-actinin has three isoforms in vertebrates encoded by 
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two genes. The muscle isoform is not sensitive to Ca2+ ions while the non-muscle 

isoforms F-actin binding is inhibited by Ca2+ binding. 

The function of Alpha-actinin has largely been studied in muscle cells where it 

localizes to the Z band and cross-links actin bundles belonging to adjacent sarcomeres 

(Clark et al. 2002). The understanding of Alpha-actinin function in non-muscle cells is still 

evolving. Alpha-actinin has been shown to localize to stress fibers and focal adhesions 

(Otey and Carpen 2004). At focal adhesions Alpha-actinin has been shown to interact 

with β integrin and other adhesions complex components (Otey et al. 1990). It has also 

been implicated in maintaining stress fibers and associating stress fibers with focal 

adhesion components (Rajfur et al. 2002). Alpha-actinin is one of the bundling proteins 

involved in filopodia and lamellipodia formation (Svitkina et al. 2003; Otey and Carpen 

2004). 

In Drosophila melanogaster Alpha-actinin is encoded by a single gene that gives rise 

to three isoforms. The non-muscle Alpha-actinin, larval muscle Alpha-actinin and adult 

muscle alpha actinin result from alternate splicing of the Alpha-actinin gene (Fyrberg et 

al. 1990; Roulier et al. 1992). The non muscle Alpha-actinin and muscle Alpha-actinins are 

regulated by different promoters (Fyrberg et al. 1998). The three isoforms of Alpha-

actinin differ only in the region between the N terminal actin binding domain and the 

first spectrin-like repeat. Alpha-actinin expressed in follicle cells during oogenesis in 
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Drosophila melanogaster is negatively regulated by the EGFR and Dpp signaling pathway 

(Wahlstrom et al. 2006). Alpha-actinin and β integrin are required in main body follicle 

cells for cytoskeleton remodeling during egg elongation (Wahlstrom et al. 2006). 

Drosophila melanogaster lacking all three forms of Alpha-actinin are larval lethal with 

defects only described in muscle tissue (Fyrberg et al. 1990; Roulier et al. 1992; Fyrberg et 

al. 1998; Wahlstrom et al. 2006). 

 

1.9 Planar polarity 

Drosophila melanogaster bristles and hair exhibit planar polarity. Each hexagonal 

epithelial gives rise to a single hair from the distal vertex of the cell. Each hair, like the 

bristles on the thorax of Drosophila point distally. The planar polarity pathway restricts 

the formation of hairs to a single hair per cell at the distal vertex of hexagonal epithelial 

cells (Wong and Adler 1993). 

Planar polarity signals are transduced in cells via a serpentine receptor Frizzled 

that is trimeric G protein-linked. Planar polarity signals from the membrane are 

transduced to down stream effectors of the polarity pathway via the Gαo subunit of the 

trimeric G protein (Katanaev and Tomlinson 2006b). 

 G protein coupled receptors often associate with cytoplasmic scaffold proteins 

that link it to signaling intermediates and effectors (reviewed in Hall and Lefkowitz 
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2002). These scaffold proteins can be divided into three categories they include 1) PDZ 

scaffold proteins; 2) Non PDZ scaffold proteins; and 3) β-arrestins. 

 No such scaffold protein has been identified for the Frizzled, G protein-linked 

receptor. Though a number of proteins, that are part of the planar polarity signaling 

pathway have been identified, e.g., dsh, mwh, etc; and others like Singed, Forked that play 

a key structural role in hair and bristle morphogenesis have been identified, it is still 

unclear how planar polarity signal is coupled to effectors of hair and bristle 

morphogenesis.  

Planar polarity mutants like mwh, are characterized by multiple hairs in each 

hexagonal epithelial cell that are randomly oriented. Mutations in ck/MyoVIIa also cause 

“multiple hairs” per cell (Gubb et al. 1984; He and Adler 2002; Kiehart et al. 2004), hence 

ck/MyoVIIa has been predicted to play a role in the planar polarity pathway. However 

our data show that ck/MyoVIIa does not participate in establishing planar polarity 

(discussed in chapter two) but instead plays a key role in hair and bristle 

morphogenesis.  
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Chapter 2. Drosophila melanogaster ck/MyoVIIa requires 
both MyTH4, FERM1,2 repeats to efficiently associate 
actin bundles into single hairs. 

 

2.1 Introduction 

During development, groups of cells differentiate and acquire unique shapes to 

perform specific functions. Mechanosensory organs like bristles of Drosophila 

melanogaster and stereocilia of inner ear cells in humans are examples of specific shapes 

cells acquire to perform specialized functions. Cell shape changes are driven by changes 

to the underlying cytoskeleton (Lee and Dominguez 2010a). The actin cytoskeleton is a 

very dynamic structure continually undergoing dissolution of existing actin filaments 

and assembly of new filaments. Several groups of proteins have been identified that are 

involved in regulating the actin cytoskeleton. Proteins have been indentified that 

regulate the addition of new actin monomers to actin filaments and others that sever F-

actin (Carlier and Pantaloni 1997; Dominguez 2009). Another group of proteins are the 

actin bundling proteins that cross-link actin filaments into bundles  and give rise to a 

variety of actin-filament based structures depending on the cross-linking proteins used 

(Ridley 2006). Myosins are yet another group of proteins that generate force needed for 

cell shape change (Franke et al. 2005), for the maintenance of cell shape and/or are 

required for transport of molecules required for cellular remodeling (Zhang et al. 2004; 

Liu et al. 2008). 
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 Myosins have been classified into at least 20 structurally and functionally 

distinct classes (Hodge and Cope 2000; Berg et al. 2001; Foth et al. 2006; Goodson and 

Dawson 2006). While we know a lot about force generation by class II muscle myosins 

(Geeves and Holmes 2005; Sweeney and Houdusse 2010b) and the function and 

regulation of class II non-muscle myosins (Bosgraaf and van Haastert 2006; Franke et al. 

2007; Vicente-Manzanares et al. 2009; Franke et al. 2010) our understanding of myosins 

belonging to the subfamily of MyTH4 FERM myosins (MyTH4: Myosin Tail Homology 4 

domain; FERM: 4.1/Ezrin/Radixin/Moesin) is still evolving. MyTH4 FERM myosins have 

a head (motor) domain; followed by IQ motifs that bind calmodulin or specific light 

chains; followed by the coiled-coil domain (not in Myo XV), which may contribute to 

dimerization. C-terminal to the coiled-coil domain is the tail domain that has at least one 

MyTH4 and FERM domain and sometimes an SH3 domain (except MyoX; Sousa and 

Cheney 2005; Tepass 2009). Vertebrate genomes code for four MyTH4 FERM myosins: 

MyoVIIa, MyoVIIb, MyoX and MyoXV (Berg et al. 2001).  

The MyTH4 domain of MyoX from Xenopus laevis  has been shown to bind 

microtubules (Weber et al. 2004) and the F3 loop of MyoX FERM domain has been 

shown to bind and transport integrins to the tip of filopodia (Zhang et al. 2004; Sousa 

and Cheney 2005). The SH3 domain of yeast MyoV has been shown to be important for 

targeting the myosin to sites of actin polarization (Anderson et al. 1998). 

http://en.wikipedia.org/wiki/Ezrin
http://en.wikipedia.org/wiki/Radixin
http://en.wikipedia.org/wiki/Moesin
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 In the study we specifically focus on MyoVIIa which has been implicated in 

Usher Syndrome Type 1B in humans (Weil et al. 1995; Petit et al. 2001). Human Usher 

syndrome Type 1B patients suffer from deafness, balance anomalies and retinitis 

pigmentosa. Mouse mutants of MyoVIIa (shaker-1) also exhibit deafness and balance 

anomalies but do not display signs of retinitis pigmentosa (Gibson et al. 1995; Self et al. 

1998) while MyoVIIa (mariner) mutants in zebra fish demonstrate lateral line defects 

(Ernest et al. 2000). 

Mouse stereocilia has been used as a model system to study MyoVIIa function in 

stereocilia morphogenesis. Stereocilia are microvilli-like projections that form at the 

apical surface of inner ear hair cells. These stereocilia are arranged in rows of increasing 

length in a staircase-like pattern. These stereocilia are held together in this pattern by the 

help of various side-links that connect the stereocilia to their neighboring shorter and 

longer stereocilia (El-Amraoui and Petit 2005). Studies on stereocilia of MyoVIIa mutant 

mice have shown that MyoVIIa function is necessary for stereocilia organization and 

vestibular function. Mice mutant for MyoVIIa have disorganized stereocilia that are no 

longer arranged in a staircase-like pattern and are longer than wild-type stereocilia 

(Gibson et al. 1995; Self et al. 1998; Prosser et al. 2008; Rzadzinska et al. 2009). 

MyosinVIIa links the actin bundles at the core of stereocilia to membrane proteins that in 

turn bind to extracellular proteins, forming a link between adjacent stereocilia in hair 

cells (Kussel-Andermann et al. 2000). MyoVIIa has also been implicated in adaptation of 
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stretch activated channels (Kros et al. 2002) , transport of aminoglycosides (Richardson 

et al. 1997), and regulating stereocilia length (Peng et al. 2009; Rzadzinska et al. 2009). 

Although MyoVIIa function contributed to these processes, a clear molecular 

mechanism of its function remains elusive.  

We use bristle and hair morphogenesis in Drosophila melanogaster to elucidate the 

mechanism of ck/MyoVIIa function because in some ways they are analogous to 

stereocilia. Like stereocilia, bristles (macrochaetae are long bristles, microchaetae are 

short bristles) and hairs (setae) of Drosophila melanogaster have actin bundles that run 

along their length. These actin bundles are made up of several actin filaments held 

together by actin bundling proteins such as Singed (sn), Forked (f) and Quail (qua) (Guild 

et al. 2005). These actin bundles in turn seem to be “associated” together (note they are 

not bundled together) to form a single hair and bristle by yet to be identified protein(s). 

Actin bundles in bristles are found at the periphery attached to the membrane along its 

length and these bundles run parallel to each other along the length of the bristle (Tilney 

et al. 1996a). In contrast, actin bundles in the hairs are attached to the membrane only at 

their tips and not along their length. Actin bundles in hairs and bristles are thought to 

elongate at their tip (Lees and Picken 1945a) driven by actin filament polymerization 

(Tilney et al. 2000a). Actin bundles elongate by end to end joining of (1-5µm) modular 

bundles by actin bundling proteins like Singed and Forked (Tilney et al. 1998; Tilney et al. 

2000b; Guild et al. 2003) 
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 Drosophila melanogaster genome encodes for three members of the MyTH4-FERM 

subfamily of motor proteins, ck/MyoVIIa, MyoVIIb and MyoXV; however it lacks the 

MyTH4 FERM myosins, MyoX and MyoXII (Yamashita et al. 2000; Berg et al. 2001; 

Tuxworth et al. 2001; Tzolovsky et al. 2002). 

The Drosophila melanogaster ck/MyoVIIa tail has an SH3 domain that separates the 

two MyTH4-FERM repeats. Both FERM domains of ck/MyoVIIa are unique in that the F3 

lobe of the FERM domain is highly conserved between MyoVII across species but differs 

from the F3 lobe of FERM domains from band 4.1, ezrin, radaxin and moesin proteins and 

is hence designated as a MyTH7 domain (Kiehart et al. 2004; Yang et al. 2006; Yang et al. 

2009; Wu et al. 2011).  

Recently, in vitro studies have shown that the ck/MyoVIIa tail domain folds back 

on itself and interacts with the head domain to make a closed structure (Umeki et al. 

2009). This conformational change could be a potential mechanism by which ck/MyoVIIa 

is regulated. It has been shown that the MyTH4-FERM repeats of the ck/MyoVIIa tail are 

essential for the ck/MyoVIIa tails ability to interact with the head domain. Another study 

has implicated the MyTH7 domain in the interaction of the tail with the head domain 

(Yang et al. 2009). 

Myosin tail domains determine the localization of myosins as well as the cargos 

that bind to them (Oliver et al. 1999; Sheetz 1999). Hence to better understand the 

molecular mechanism of ck/MyoVIIa function we need to understand the contribution 
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that conserved domains of myosin tails make to their overall function in vivo as well as 

in vitro. 

In this study we used GFP (Green Fluorescent Protein) tagged deletion 

constructs of ck/MyoVIIa to explore the role/contribution of specific domains in hair and 

bristle development. In each case we expressed the deletion construct both in the 

presence and absence of wild-type ck/MyoVIIa (subject to survival of the genotype). We 

show that ck/MyoVIIa requires both MyTH4-FERM repeats for efficient association of 

actin bundles into single hairs. We also show that both MyTH4-FERM repeats are 

required to regulate the number of hairs per cell and that the SH3Tail domain plays a role 

in proper elongation of actin bundles in bristles and/or actin bundle-membrane 

association. We show that lack of either MyTH4-FERM repeats causes the formation of 

aberrant cellular protrusions from hairs and bristles. Finally, we also show that 

ck/MyoVIIa is not required for restricting hair initiation to the distal vertex of hexagonal 

thoracic epithelial cells of Drosophila melanogaster. 

 

2.2 Material and methods 

2.2.1 Fly Husbandry and stocks: 

Flies were raised and crosses were performed at 25˚C on standard yeast-cornmeal-agar 

medium using standard methods (Roberts 1998). The stocks used in the study are listed 

in Table I. 
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Table 1: List of fly stocks used in chapter 2 

Fly Stocks Source 

P[Act5C-GAL4]25FO1, II Bloomington 

P[w[+mW.hs]=GawB]T155 III Bloomington 

P[w[+mC]=tubP-GAL4]LL7 III Bloomington 

P[GawB]BxMS1096, w1118 Bloomington 

P[GawB]BxMS1096, w1118, P{w+,UGM}X Bloomington  

P[GawB]apmd544 Bloomington (O'Keefe et al. 1998) 

P[GawB]apmd544, P{w+,UGM}II Bloomington and this study 

P[GawB]apmd544, P{w+; URM}II Bloomington and this study 

P[sGMCAA2, w+]II and P[sGMCAB2, w+]III (Kiehart et al. 2000a) 

P[sGMCAA2, w+]II / P[sGMCAA2, w+]II; mwh1 / mwh1 This study and Bloomington 

P{w+,UGM}X and P{w+,UGM}II and P{w+,UGM}III (Bloor and Kiehart 2001) 

P{w+; URM}II and P{w+; URM}III This study 

w1118; ck7, , P[sGMCAA2, w+]II  / CyO, P{w[+mC]=Dfd-EYFP}2 This study and Bloomington 

w1118; P{ry[+t7.2]=PZ}ck07130 / CyO, P{w[+mC]=Dfd-EYFP}2 This study and Bloomington 

P[UAS-FLP.Exel]3 Bloomington 

w1118 ; ck13, P[ry[+t7.2]=neoFRT]40AII / CyO, P{w[+mC]=Dfd-EYFP}2 This study 

P[ry[+t7.2]=neoFRT]40AII / CyO, P{w[+mC]=GAL4-twi.G}2.2, P{UAS-

2xEGFP}AH2.2 ; P[sGMCAB2, w+]III / P[sGMCAB2, w+]III 
This study and Bloomington 

ck13, P[ry[+t7.2]=neoFRT]40AII / CyO, P{w[+mC]=GAL4-twi.G}2.2, P{UAS-

2xEGFP}AH2.2 ; P[sGMCAB2, w+]III / P[sGMCAB2, w+]III 
This study 

P[H2Av:mRFP,w+]86II  This study and (Schuh et al. 2007) 

P{ry[+t7.2]=neoFRT}40A This study and (Schuh et al. 2007) 

P[H2Av:mRFP,w+]86II, P[ FRT40A]II This study and (Schuh et al. 2007) 

P[Ubi-GFPck/MyoVIIa 23-1, w+]II and P[Ubi-GFPck/MyoVIIa80-1, w+]III This study 
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P[tubP-GAL4]LL7, P[UAS-FLP.Exel,w+]III This study and Bloomington 

P[H2Av:mRFP,w+]86II, P{ry[+t7.2]=neoFRT}40A / CyO, P{Dfd-GMR-nvYFP}2 

; P[tubP-GAL4]LL7, P[UAS-FLP.Exel,w+]III / TM2, Ubx* 
This study and Bloomington 

w1118; P{w+,UAS GFP-ck/MyoVIIaΔHeadneck}23, II, P{w+,UAS GFP-

ck/MyoVIIaΔHeadneck}13, II 

(Todi et al. 2005) 

 

w1118; P{w+,UAS GFP-ck/MyoVIIaΔHeadneck}1, X (Todi et al. 2005) 

w1118; P{w+,UAS GFP-ck/MyoVIIaΔHeadneck}1, X; ck13, P[ry[+t7.2]=neoFRT]40AII / 

CyO, P{Dfd-GMR-nvYFP}2 
This study and Bloomington 

P{w+,UAS GFP-ck/ MyoVIIa}X and P{w+, UAS GFP-ck/ MyoVIIa}27III 
(Todi et al. 2005) 

 

P{w+, UAS GFP-ck/ MyoVIIa}X; ck13 / CyO, P{w[+mC]=GAL4-twi.G}2.2, 

P{UAS-2xEGFPAH2.2 
This study 

P{sqh-GAL4}III 
From Robin Wharton see (Franke et 

al. 2005) 

ck7 / CyO, P{w[+mC]=GAL4-twi.G}2.2, P{UAS-2xEGFP}AH2.2; P{sqh-

GAL4}III / P{sqh-GAL4}III 
This study and Bloomington 

P[w[+mW.hs]=GawB]T155 P[w[+mC]=UAS-FLP1.D]JD2 Bloomington 

P[tubP-GAL4]LL7, P[UAS-FLP.Exel,w+]III Bloomington, This study 

w1118; P{w+; UAS GFP-ck/MyoVIIa ΔMyTH41,FERM1,21} HT3, III 

 
This study 

w1118; P{w+; UAS GFP-ck/MyoVIIa ΔMyTH41,FERM1,21}2-3, II 

 
This study 

w1118; P{w+; UAS GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22}4-2, III This study 

w1118; P{w+; UAS GFP-ck/MyoVIIa-ΔSH3Tail}23-2, II 

 
This study 

w1118; P{w+; UAS GFP-ck/MyoVIIa-ΔSH3Tail}115-1, III 

 
This study 
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w1118; P{w+; UAS GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21SH3Tail}3-2, II 

 
This study 

w1118, P{w+; UAS GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21SH3Tail}4-1, X 

 
This study 

w1118; P{w[+mC]=UAS-Dcr-2.D}10III Bloomington 

P[GawB]apmd544, P{w+,UGM}II / CyO, P{w[+mC]=Dfd-EYFP}2 ; 

P{w[+mC]=UAS-Dcr-2.D}10III / TM6B, Tb1 
Bloomington and this study 

P[GawB]apmd544, P{w+; URM}II / CyO, P{w[+mC]=Dfd-EYFP}2 ; P{ w+; UAS 

GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21}HT3, III / TM2, Ubx* 

 

Bloomington and this study 

w * baz4 P{w[+mW.hs]=FRT(w[hs])}9-2/FM7a, P{Dfd-GMR-nvYFP}1 Bloomington 

w *; snaSco/CyO, P{w[+mC]=Dfd-EYFP}2 Bloomington 

w *; snaSco/CyO, P{Dfd-GMR-nvYFP}2 Bloomington 

w *; ry506 Dr1/TM6B, P{w[+mC]=Dfd-EYFP}3, Sb1 Tb1 ca1 Bloomington 

w *; ry506 Dr1/TM6B, P{Dfd-GMR-nvYFP}4, Sb1 Tb1 ca1 Bloomington 

P{ w+; UAS ck/MyoVIIa-RNAi}III Mark Chee 

w1118 ; ck13, P[ry[+t7.2]=neoFRT]40AII / CyO, P{Dfd-GMR-nvYFP}2; P[Ubi-

GFPck/MyoVIIa80-1,w+]III / P[Ubi-GFPck/MyoVIIa80-1,w+]III 
This study and Bloomington 

w 1118 ; ck13, P[ry[+t7.2]=neoFRT]40AII / CyO, P{Dfd-GMR-nvYFP}2; P{w+; 

UAS GFP-ck/MyoVIIa ΔMyTH41,FERM1,21} HT3, III / TM6B, Tb1 
This study and Bloomington 

w 1118 ; ck13, P[ry[+t7.2]=neoFRT]40AII / CyO, P{Dfd-GMR-nvYFP}2; P{w+; 

UAS GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22}4-2, III / TM6B, Tb1 
This study and Bloomington 

w 1118 ; ck13, P[ry[+t7.2]=neoFRT]40AII / CyO; P{w+; UAS GFP-ck/MyoVIIa-

ΔSH3Tail}115-1, III / TM6B, Tb1 
This study and Bloomington 

w *; P{w[+mC]=UASp-MyoXV.GFP}20II Bloomington 

w 1118; P{w+, UASMyoXV-RNAi33486}III Dietzl et al. 2007 and VDRC 

w 1118; P{w+, UASMyoXV-RNAi37530}III Dietzl et al. 2007 and VDRC 
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2.2.2 Generation of somatic clones: 

Somatic clones were generated in thoracic epithelial cells using the FLP-FRT 

method (Xu and Harrison 1994). Homozygous mutant cells were negatively marked 

with His2Av-mRFP1 (Schuh et al. 2007). His2Av-mRFP1 is a histone protein that localizes 

to the nucleus. Clones were generated by expressing UAS-FLP in thoracic epithelial cells 

using GAL4 drivers (fly lines used were, P[w[+mC]=UAS-FLP.Exel] 3  with P[tubP-

GAL4]LL7-GAL4 driver or P[UAS-FLP1.D]JD2 with the P[GawB]T155-GAL4 driver). 

The same GAL4 drivers (P[tubP-GAL4]LL7-GAL4 or P[GawB]T155-GAL4) were also 

used to drive the expression of ck/MyoVIIa deletion alleles and UAS-RFP-Moe (URM), 

or UAS-GFP-Moe (UGM), see below, in thoracic epithelial cells (note both GAL4 lines 

have a broad expression pattern that includes thoracic epithelial cells; McQuilton et al. 

2012). The ck13 mutation was recombined onto P[ry[+t7.2]=neoFRT]40AII chromosome 

using standard recombination and verified. P[H2Av: mRFP,w+]86II a new insert of the 

transgene on the 2nd chromosome was generated by mobilizing the P{w[+mC]=His2Av-

mRFP1}III.1 on the third chromosome. P[H2Av:mRFP,w+]86II was recombined onto the 

P[ry[+t7.2]=neoFRT]40AII chromosome using standard methods and verified.  

2.2.3 Plasmid constructs and transgenic lines 

UAS or Ubi promoter driven GFP or RFP tagged proteins were engineered as 

described below. Primers used in this study are listed in Table 2. Several independent 

transgenic lines were established using standard methods.  
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2.2.3.1 Ubi-GFP-ck/MyoVIIa rescue construct 

 hGFP-ck/MyoVIIa (h=humanized; GFP= Green fluorescent protein) was cloned 

downstream of the ubiquitin promoter in the modified pCaSper 3Up2 RHX poly A 

vector (gift from the Fehon Lab). The PCaSper 3Up2 RHX vector was modified by 

adding extra unique restriction enzyme recognition sites (BamH1, Not1, Acc651, Kpn1) 

to its multiple cloning sequence at the EcoR1 cut site while preserving the EcoR1 site 

(new sequence added to the vector multiple cloning site is: AA TTC gga tcc gcg gcc gcc 

ccg ggg gta cct cta ga). hGFP was amplified from the UAS-hGFP-ck/MyoVIIa template 

(Todi et al. 2005) using the EcoR1GFPFP and Not1GFPRP primers (see table 2 for the 

identity of all primers) and cloned into the EcoR1 and Not1 cut pCaSper 3Up2 RHX poly 

A modified vector. The DNA encoding the ck/MyoVIIa ORF (Todi et al. 2005) was 

amplified using the Not1ckFP and Spe1ckRP primers and cloned downstream of hGFP. 

The Not1 and Spe1 cut ck/MyoVIIa ORF was cloned into the Not1 and Xba1 cut hGFP-

pCaSper 3Up2 RHX poly A (modified) plasmid. The hGFP and ck/MyoVIIa ORF are 

linked by a linker sequence (AAG CGG CCG CCG ACG AAC ACG ACG AAC) 

introduced by the Not1ckFP primer and codes for: K R P P T N T T N (Lys Arg Pro Pro 

Thr Asn Thr Thr Asn). The entire insert was sequenced to check for errors. 
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Table 2: List of primers used in chapter 2 

Construct Primers 

EcoR1GFPFP: 5' CC ACC ATG GAA TTC ATG GTG AGC AAG GGC GAG G 

AG 

Not1GFPRP: 5' GT CGG CGG CCG CTT GTA CAG CTC GTC CAT GCC G 

Not1ckFP: 5' TAC AAG CGG CCG CCG ACG AAC ACG ACG AAC ATG 

GTG ATC 

Ubi-GFP-ck/MyoVIIa 

Spe1ckRP: 5' GGA CTA GTG TAG GTT TT *A CTA GTT GGC TCG AAT GGT 

TCG 

Xba1FP1: 5’ GGT GTG GTG TTC TAC GAC ACA CGA GG 

HRP1: 5’ gta gaa acg aga aaa gag ATA CTG ATG ATT GAC ATT TCC TTG 

GAA GTA GGT G 

HFP2: 5’ gga aat gtc aat cat cag tat CTC TTT TCT CGT TTC TAC GAA GCG 

TAT CGA AAC 

BamH1RP2: 5’ GCG CAG CAG CGG TGC CTT AAT G 

BamH1FPextension: 5’ G AAA ACA CTC ACT CTG AGT TCA AAA C 

UAS GFP-ck/MyoVIIa 

ΔMyTH41,FERM1,21 

 

vectXba1RPextension: 5’ G TTT GTC CAA TTA TGT CAC ACC ACA G 

Hpa1FP1: 5’ CA CAT GCC AGA GGT TGG ATT CTG T TA TCC CTG TGC 

GTC GG 

HRP1: 5’ g ttc ggt ggt ttg ctt cac ctc GCG CCA CAA TTC CTC ACT CCG TTT 

TGA ACT CAG AGT G 

HFP2: 5’ g agt gag gaa ttg tgg cgc GAG GTG AAG CAA ACC ACC GAA 

CCG AAT TAT C 

UAS GFP-ck/MyoVIIa-

ΔMyTH42,FERM1,22 

Hpa1RP2 : 5’ GA GAC GGC GAT ATT TCT GTG GAC AGA GAA GGA GGC 

AAA CAG CGC TGA C 
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PshA1FP1: 5’ GT GGC GGG GAC CAC GTG ATG G 

HRP1: 5’ g ggt ggg cag cac gta TTT CGA TCG TTT CTT CAG GCC ATC 

HFP2: 5’ gc ctg aag aaa cga tcg aaa TAC GTG CTG CCC ACC CTT AGC 

UAS GFP-ck/MyoVIIa-ΔSH3Tail 

 

Xho1RP2: 5’ C CTT GCC TGG CAC TGT GTT CGT CC 

Xba1FP1: 5’ GGT GTG GTG TTC TAC GAC ACA CGA GG 

HRP1: 5’ gta gaa acg aga aaa gag ATA CTG ATG ATT GAC ATT TCC TTG 

GAA GTA GGT G 

HFP2: 5’ gga aat gtc aat cat cag tat CTC TTT TCT CGT TTC TAC GAA GCG 

TAT CGA AAC 

UAS GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21SH3Tail 

 

Xba1RP2: 5’ G TTT GTC CAA TTA TGT CAC ACC ACA G 

FPMoe: 5’ CTG CAG GAC GAA GTG GAA GAC GCC 
URM 

RPMoe: 5’ TTA CAT GTT CTC AAA CTG ATC GAC GCG ACG C 

 

Table 2 lists the primers used for cloning different constructs used in this study. Extra 

nucleotides added at the beginning and end of the amplified template are underlined. 

Enzyme restriction sites are italicized and in bold. Spe1ckRP primer has two Spe1 

restriction sites, the Spe1 site* just 3’ to the stop codon was used for cloning. Primers 

used for making the deletion alleles of GFP-ck/MyoVIIa are named after the enzyme 

used to digest the amplified fragment before ligation; these primers do not contain 

restriction sites within the primer sequence. Nucleotides in lower case in reverse primers 

(R=reverse) are complementary to sequences that are just upstream of the deleted 
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fragment. Similarly, nucleotides in lower case in forward primers (F=forward) are 

complementary to sequences that are just upstream of the deleted fragment. H in the 

names of primers used to generate deletion alleles indicates that the primer has 

complementary overhangs. 

2.2.3.2 UAS GFP-ck/MyoVIIa deletion alleles 

Domains were deleted from the UAS-GFP-ck/MyoVIIa rescue construct (Todi et 

al. 2005) using a SOEing PCR strategy (Horton 1995). Fragments upstream and 

downstream of the domains to be deleted were amplified using PCR with the 

appropriate overhangs (H= primer with compatible overhang). At its 5’ end, the reverse 

primer for the upstream fragment (the segment of ck/MyoVIIa just 5’ of the deletion) 

included sequences complementary to sequences that were just downstream of the 

deleted fragment (indicated as lower case “overhang” sequences in table 2). Similarly, at 

the 5’ end, the forward primer for the downstream fragment (the segment of ck/MyoVIIa 

just 3’ of the deletion) included sequences just upstream of the deleted fragment. This 

allowed the two amplified fragments to anneal and form template that included the 

upstream and downstream fragments but not the intervening sequences to be deleted. 

The fused fragment with the required domains deleted were then digested with 

appropriate enzymes and cloned into the pUAST-GFP-ck/MyoVIIa plasmid replacing 

the “wild-type” fragment (see Fig. 2 for a schematic of the deletion of the tail SH3 

domain of ck/MyoVIIa).  
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UAS GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21: Sequences upstream of the 1st 

MyTH4 FERM repeat were amplified using Xba1FP1 and HRP1 primers. Sequences 

downstream of the 1st MyTH4 FERM repeat were amplified using HFP2 and 

BamH1RP2 primers. The two PCR fragments were annealed, and Xba1FP1 and 

BamH1RP2 primers were used to extend and fuse the two PCR fragments to form a 

template and then amplified. This fused Xba1 ΔMyTH41,FERM1,21 BamH1 fragment was 

extended up to the 3’ Xba1 site in the pUAST vector because the BamH1 Xba1 double 

digest was not working. To extend the Xba1 ΔMyTH41,FERM1,21 BamH1 fragment, 

sequence downstream of the Xba1 ΔMyTH41,FERM1,21 BamH1 fragment were amplified 

using the primers BamH1FPextension and the vectXba1RPextension. This fragment, 

which has overlapping sequences at the 5’ end with the Xba1 ΔMyTH41,FERM1,21 

BamH1 fragment was annealed to the Xba1 ΔMyTH41,FERM1,21 BamH1 fragment and 

extended using the Xba1FP1 and the vectXba1RPextension primers and amplified. The 

fused PCR fragment was then digested with Xba1 and cloned in to PUAST GFP-

ck/MyoVIIa digested with Xba1. The deletion removes amino acids (1009) A K K A….K 

W P L (1461) spanning the 1st MyTH4 domain and the first 2 lobes of the 1st FERM 

domain (FERM1,21). Ligation product was digested with appropriate enzymes to check 

for correct orientation of the inserted piece and the entire insert was sequenced to verify 

that no point mutations were introduced.  
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UAS GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22: Sequences upstream of the 2nd 

MyTH4 FERM repeat were amplified using Hpa1FP1 and HRP1 (overhangs are in lower 

case) primers. Sequences downstream of the 2nd MyTH4 FERM repeat were amplified 

using HFP2 and Hpa1RP2 primers. The two PCR fragments were annealed and 

extended using Hpa1FP1 and Hpa1RP2 primers and the resulting fused template was 

amplified. The fused PCR fragment was then digested with Hpa1 and cloned in to 

pUAST-GFP-ck/MyoVIIa digested with Hpa1. The deletion removes amino acids (1701) 

Y S R D…..G S A F F (2068) spanning the 2nd MyTH4 domain and the first two lobes of 

the 2nd FERM domain (FERM1,22). Ligation product was digested with appropriate 

enzymes to check for correct orientation of the inserted piece and the insert was 

sequenced to verify that no point mutations were introduced. 

UAS GFP-ck/MyoVIIa-ΔSH3Tail: Sequences upstream of the tail SH3 domain 

repeat were amplified using PshA1FP1 and HRP1 primers (overhangs are in lower case). 

Sequences downstream of the tail SH3 domain were amplified using HFP2 and 

Xho1RP2 primers. The two PCR fragments were annealed and extended using 

PshA1FP1 and Xho1RP2 primers and the resulting fused template was amplified. The 

fused PCR fragment was then digested with PshA1 and Xho1 and cloned into pUAST-

GFP-ck/MyoVIIa digested with PshA1 and Xho1. The deletion removes amino acids 

(1562) Y V I A L……F P A E T V (1622) spanning the tail SH3 domain. Ligation product 
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was digested with appropriate enzymes to check for correct ligation of the inserted piece 

and the insert sequenced to verify that no point mutations were introduced. 

UAS GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21SH3Tail: The 1st Myth4 FERM repeat 

was deleted from the pUAST-GFP-ck/MyoVIIa-ΔSH3Tail described above using a SOEing 

PCR strategy. Sequences upstream of the 1st MyTH4 FERM domain were amplified 

using primers: Xba1FP1 and HRP1 and sequences downstream of the 1st MyTH4 FERM 

domain were amplified using the primers: HFP2 and Xba1RP2. The two fragments were 

annealed and extended with Xba1FP1 and Xba1RP2 primers and the resulting fused 

template amplified. The amplified fused fragment was cut with Xba1 and cloned into 

Xba1 cut pUAST-GFP-ck/MyoVIIa-ΔSH3Tail plasmid. The deletion removes amino acids 

(1009) A K K A….K W P L (1461) spanning the 1st MyTH4 domain and the first 2 lobes of 

the 1st FERM domain (FERM1,21) and amino acids (1562) Y V I A L……F P A E T V 

(1622) spanning the tail SH3 domain. 

The UAS GFP-ck/MyoVIIaΔHeadneck and the UAS GFP-ck/MyoVIIa transgenic lines 

were described previously (Todi et al. 2005) 

URM: The C-terminal fragment of Drosophila melanogaster moesin protein cDNA 

that codes for the actin binding domain was amplified using FPmoe and RPmoe (listed 

in Table 2), cloned into pCR®8/GW/TOPO® vector and recombined into the pTRW 

destination vector (http://www.ciwemb.edu/labs/murphy/Gateway%20vectors.html). 

This results in a N-terminal mRFP fusion to the moesin protein fragment with the linker 

http://www.ciwemb.edu/labs/murphy/Gateway%20vectors.html
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sequence HRYTSLYKKAGSEFAL. The moesin fragment consists of amino acids 439-578 

(LQDEVED………VDQFENM), GenBank: AAS65299.1. 

2.2.4 Time-lapse confocal microscopy and image analysis 

A Zeiss Axiovert 200M microscope was used with a Perkin Elmer spinning disc 

confocal head for time-lapse microscopy. Images were collected using a Zeiss Plan 

Apochromat 63x / 1.4 NA Oil objective. 488nm and 568nm laser lines were used to excite 

GFP and RFP respectively. 

Images were collected using the MetaMorph software 

(http://www.moleculardevices.com/Products/Software/Meta-Imaging-

Series/MetaMorph.html). Z stacks of optical sections of the samples were taken that 

ranged from the tip of the growing hair to its base (z slices were separated by 0.5µm). 

The z stacks were repeated at 5-10 minute intervals. Because of their length, optical 

sections of bristles were taken of the region of interest (z slices were separated by 0.5µm) 

and the z stacks were repeated at 5-10 minute intervals. 

Collected images were z-projected over time using Image J 

(http://rsbweb.nih.gov/ij/). A maximum projection of z stacks over time was used to 

make time-lapsed videos of hair and bristle morphogenesis. 

Stacks of Z projected time-lapses were cropped using Image J to the area of 

interest and manipulated to correctly orient the specimen image (distal to the left) when 

necessary. The selected time points were copied, montages were assembled using Adobe 
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Photoshop and scale bar was added. The montage was then copied into Abobe 

Illustrator, scaled as needed and labels were added.  

2.2.5 Sample preparation 

Late third instar larvae or 0 hour APF pupae of the genotype needed were 

collected by selecting away from the CyO, P{w[+mC]=Dfd-EYFP}2; CyO, P{Dfd-GMR-

nvYFP}2; TM6b Tb,Sb,Hu (Le et al. 2006); TM6B, P{w[+mC]=Dfd-EYFP}3, Sb1 Tb1 ca1; 

TM6B, P{Dfd-GMR-nvYFP}4, Sb1 Tb1 ca1  and other appropriate balancers. Sometimes 

GFP and/or RFP were used to positively select for the appropriate genotype. 

Pupae/Larvae were grown for 33 hours at 25˚C and then imaged for hair morphogenesis. 

To capture bristle morphogenesis, imaging was started at around 24 hr APF at 

25˚C. The pupal case was removed from the top half of the pupae down to the junction 

between the thorax and abdomen. The sample was mounted on a No 0 cover slip with 

double stick tape such that the dorsal surface of the thorax was against the cover slip. A 

small amount of Halocarbon oil (a 1:1 mixture of halocarbon oil 27 and halocarbon oil 

700, Sigma Aldrich) was added. Capillarity drew the oil between the cover slip and the 

pupae. The cover slip was mounted on a metal cover slip holder for imaging. 
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2.3 Results 

2.3.1 Hair and bristle morphogenesis in control flies 

To identify the steps in hair and bristle morphogenesis which require ck/MyoVIIa 

function we used time-lapsed video microscopy to follow hair and bristle 

morphogenesis in control and mutant flies. We imaged hair and bristle morphogenesis 

in pupae expressing UAS driven GFP tagged moesin fragment (UGM) that binds to F-

actin. UGM was driven in thoracic epithelial cells and bristles with 

P{w[+mW.hs]=GawB}apmd544-GAL4. Alternatively, we imaged bristles and thoracic 

epithelial cells expressing sGMCA (the same GFP tagged fragment of moesin driven by 

sqh promoter). UGM and sGMCA have been successfully used to follow F-actin in dorsal 

closure and do not have substantial effects on actin dynamics (Edwards et al. 1997; 

Kiehart et al. 2000b; Bloor and Kiehart 2001). Time-lapse analysis using UGM to mark F-

actin in control flies shows that hair morphogenesis starts at the distal vertex of each 

hexagonal epithelial cell with clusters of actin bundles which we refer to as pre-hair 

actin bundles (n=9/9, where the first integer denotes the number of pupae that show that 

phenotype and the second the total number of pupae imaged). The pre-hair actin 

bundles coalesce into a single hair, which migrates to the center of each cell, resulting in 

a single distally oriented hair per epithelial cell (Fig. 3 and Mitchell et al. 1983; Wong 

and Adler 1993; Turner and Adler 1995; Eaton et al. 1996; Turner and Adler 1998; Tree et 

al. 2002; Guild et al. 2005). Bristles expressing UGM (n=4/4) show actin bundles at the 
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periphery of bristles that are attached to the membrane. These actin bundles run parallel 

to each other and along the long axis of the bristle (n=4/4; Fig. 4 and Tilney et al. 1996a; 

Tilney and DeRosier 2005). 

2.3.2 Loss of ck/MyoVIIa function causes cell autonomous split hair 
defects  

Loss-of-function mutations in MyoVIIa in Drosophila melanogaster (ck/MyoVIIa) 

have been previously described to exhibit “multiple hair defects” leading to 

comparisons with mutations in planar polarity genes such as fz (frizzled) and mwh 

(multiple wing hair; see review Adler 2002; Kiehart et al. 2004). Planar polarity mutants 

like mwh are characterized by the formation of multiple hairs per cell (Wong and Adler 

1993) unlike wild-type cells that give rise to a single distally oriented hair per cell. 

Moreover in mwh mutants several hair initiations take place at random locations on the 

cell surface and hair initiation is not restricted to the distal vertex of the hexagonal 

epithelial cell (Yan et al. 2008). Hairs in planar polarity mutants like fz also have altered 

polarity (Adler et al. 2000) i.e., they are not distally oriented.  Furthermore large clones of 

Fz mutant cells have non-cell autonomous effects i.e., genetically wild-type cells at the 

boundary of large clones show polarity defects. We examined the ontogeny of hair 

defects in ck/MyoVIIa mutant cells and evaluated whether or not they are similar to 

defects seen in mutations in genes required for establishing planar polarity. We used the 

same live time-lapsed confocal- microscopy approach used on control specimens. Due to 
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the severe lethality of homozygous null ck/MyoVIIa mutants, we used a genetic mosaic 

strategy to examine ck/MyoVIIa’s contribution to hair morphogenesis.  

We made homozygous mutant clones of a severe (null or near null) ck allele (ck13) 

to ascertain ck/MyoVIIa function in restricting hair initiation to the distal vertex of 

epithelial cells and compared it to clones of “wild-type” cells (n=3/3; Fig. 5 and movie S-

5). Analysis of F-actin dynamics in thoracic epithelial cells during hair morphogenesis 

shows that in cells homozygous for ck13 (Kiehart et al. 2004), hair initiation starts at the 

distal vertex of the epithelial cells indicating that cells lacking ck/MyoVIIa have intact 

planar polarity (n=8/8; Fig. 6 and movie S-6). Moreover, hairs initiate at the distal vertex 

of all cells in both large and small clones indicating that hair initiation is not restricted to 

the distal vertex by residual ck/MyoVIIa protein in cells genetically null or near null for 

ck/MyoVIIa. 

Cells bordering ck13 homozygous mutant clones do not show polarity defects, 

unlike cells bordering clones homozygous for planar polarity mutants, like fz (Adler 

2002). Thus, mutations in ck/MyoVIIa show cell autonomous defects. Together the data 

indicate that ck/MyoVIIa mutant clones do not share characteristics of planar polarity 

mutants. Hence ck/MyoVIIa does not play a role is establishing planar polarity. 

The actin bundles in wild-type hairs are attached to the membrane only at the tip 

of hairs (Guild et al. 2005). The independent actin bundles in each hair are encased 

within a single membrane envelope and as such are “associated” but they are not joined 
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at their tips (Guild et al. 2005). Analysis of hair morphogenesis in ck/MyoVIIa null clones 

shows that pre-hair actin bundles initiate at the distal vertex of the mutant clone cells 

just like wild-type cells but instead of a single hair (as seen in wild-type cells) several (4-

10) thin short hair-like structures emerge. These hair-like structures are thinner and 

shorter than bona fide wild-type hairs and are likely pre-hair actin filament bundles that 

failed to “associate”, thereby causing what we refer to hereafter as the ‘split hair 

phenotype’ (Fig 6). The failure of actin filament bundles to associate explains why 

varying number of actin filament bundles grow/emerge with a separate membrane 

envelope. Interestingly, the maximum number of split hairs formed per cell in 

ck/MyoVIIa null or near null cells number ~10 per cell, which is the approximate number 

of actin filament bundles that make up a wild-type hair (Guild et al. 2005). The number 

of split hairs formed per cell range from 2-10 per cell depending on the severity of the 

ck/MyoVIIa loss-of-function allele, further supporting the notion that ck/MyoVIIa 

activity is directly responsible for pre-hair actin bundle association. In addition the total 

number of actin bundles formed at the distal vertex of the cell appears to be constant in 

these mutant ck/MyoVIIa clones. Thus as the number of split hairs per cell increases, the 

individual hairs become progressively thinner and shorter. The individual actin bundles 

that constitute the split hairs spread further apart when the hair migrates to the center of 

the epithelial cell later in hair morphogenesis. Thus split hairs mimic the distribution of 
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multiple hair phenotype exhibited by some planar polarity mutants but are different in 

their thickness and length. 

2.3.3 Knockdown of ck/MyoVIIa levels using ck/MyoVIIa-RNAi 
phenocopies ck/MyoVIIa loss-of-function mutants. 

To confirm the loss-of-function phenotype of ck/MyoVIIa, we investigated 

whether reduced ck/MyoVIIa protein levels caused by RNAi, i.e., by expressing a 

ck/MyoVIIa-specific hairpin in thoracic epithelial cells gives a similar phenotype to 

ck/MyoVIIa loss-of-function mutants. Expression of ck/MyoVIIa-RNAi using a strong 

GAL4 driver like P{w[+mW.hs]=GawB}apmd544 causes 2-8 split hairs per cell (n=5/5), 

which are also shorter than wild-type hairs. In contrast, driving ck/MyoVIIa-RNAi using 

the P{w[+mW.hs]=GawB}BxMS1096-GAL4 driver that expresses weakly in thoracic 

epithelial cells causes a mild split hair phenotype (0-2 split hairs per cell), with no 

perceptible reduction in hair length (n=3/3; compare Fig. 7 and Fig. 8 also see movie S-7 

and S-8). Similarly, strong loss-of-function alleles of ck/MyoVIIa cause hairs to split into 

4-8 split hairs per cell (n=8/8), which are shorter than hairs in control cells. Mild allelic 

combinations of ck/MyoVIIa loss-of-function mutants on the other hand cause 0-2 split 

hairs per cell (n=1/1; compare Fig. 6 and Fig. 9. also see movie S-6 and S-9) with no 

perceptible reduction in length. Again, this suggests that as the level of ck/MyoVIIa is 

reduced, the number of split hairs increases and the length of the hairs get shorter. Thus 

knockdown of ck/MyoVIIa levels using ck/MyoVIIa-specific hairpin (ck/MyoVIIa-RNAi) 
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phenocopies hair defects in loss-of-function alleles of ck/MyoVIIa in a dose dependent 

fashion. 

2.3.4 GFP tagged full length ck/MyoVIIa is enriched at cortical actin 
and actin filaments of hairs and bristles 

  To investigate the distribution of ck/MyoVIIa during hair and bristle 

morphogenesis, we used a transgene expressing GFP-ck/MyoVIIa under the control of 

the ubiquitin promoter (Ubi-GFP-ck/MyoVIIa, see materials and methods) that expresses 

the fusion protein ubiquitously at low levels, here in a ck/MyoVIIa wild-type 

background. Examination of Ubi-GFP-ck/MyoVIIa23-1, II distribution in thoracic epithelial 

cells (n=6/6) shows cortical localization and enrichment all along the length of the 

growing hair but does not otherwise show any detectable polarized distribution in 

thoracic epithelial cells (Fig. 10 and movie S-10). 

2.3.5 Ubi-GFP-ck/MyoVIIa80-1expressed in cells null for ck/MyoVIIa can 
rescue the split hair defects 

In order to evaluate if GFP tagged ck/MyoVIIa can rescue the ck/MyoVIIa null 

(split hair) phenotype (Fig. 6.) we selected the Ubi-GFP-ck/MyoVIIa80-1 transgene that 

was expressed at moderate levels and that does not result in an over-expression 

phenotype (described below). Expression of Ubi-GFP-ck/MyoVIIa80-1 in ck13/ck13 clones 

completely rescues the split and short hair defects seen in ck/MyoVIIa null clones (n=9/9) 

(Fig. 11 and movie S-11). 
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2.3.6 Ubi-GFP-ck/MyoVIIa80-1 moves up bristles in small aggregate-like 
structures towards the tip of bristles. 

When Ubi-GFP-ck/MyoVIIa80-1 is expressed in ck/MyoVIIa mutant bristles we see 

Ubi-GFP-ck/MyoVIIa80-1 along the length of the bristle (n=6/6). We also see aggregates of 

Ubi-GFP-ck/MyoVIIa80-1 that move up towards the tip of growing bristles (Fig. 12 and 

movie S-12). These aggregates move up bristles towards the tip at different rates. Some 

aggregates stall and then restart movement towards the tip, others simply fade away. 

Similar aggregates of MyoX (Berg and Cheney 2002; Tokuo and Ikebe 2004) and MyoXV 

(Liu et al. 2008), both MyTH4 FERM myosins have been shown to move along filopodia 

and transport proteins up the filopodia. Our data suggests that ck/MyoVIIa could 

function in a similar way during hair and bristle morphogenesis. A recent study on 

human MyosinVIIa has identified the cargo binding and transport function of 

MyosinVIIa in filopodia (Sakai et al. 2011) which further reinforces the possibility that 

ck/MyoVIIa functions in a similar way. Thus ck/MyoVIIa could contribute to hair and 

bristle growth by transporting key building blocks to the tip of hairs and bristles where 

hair and bristle growth is thought to occur. 

2.3.7 Over-expression of GFP-ck/MyoVIIa leads to a multiple hair 
phenotype 

We initially expressed GFP-ck/MyoVIIa in thoracic epithelial cells to look at the 

localization of ck/MyoVIIa during hair and bristle morphogenesis and to see if it rescues 

the severe lethality of ck/MyoVIIa null alleles (ck7 and ck13 are null or near null alleles of 
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ck/MyoVIIa with similar severe hair and bristle phenotypes). Expression of GFP-

ck/MyoVIIa using the GAL4-UAS system in thoracic epithelial cells to look at 

localization of GFP-ck/MyoVIIa during hair morphogenesis however caused an 

unexpected over-expression phenotype. Driving GFP-ck/MyoVIIa in thoracic epithelial 

cells using P{w[+mW.hs]=GawB}apmd544-GAL4, a strong GAL4-driver, causes a robust 

multiple hair phenotype (n=4/4) (Fig. 13 and movie S-13). We call this phenotype 

“multiple hair” because several hairs are formed per cell that are comparable in width 

and length to wild-type hairs. These multiple hairs do not get progressively shorter and 

thinner than wild-type hairs as the number of hairs per cell increases. This contrasts the 

loss-of-function phenotype of ck/MyoVIIa that causes the formation of thin and short 

split hairs that get progressively shorter and thinner as the number of “hairs” per cell 

increases. We conclude this effect is an over-expression phenotype because there is a 

substantially higher level of GFP-ck/MyoVIIa fluorescence expressed from this GAL4 

driver, UAS responder combination compared to ubiquitin driven GFP-ck/MyoVIIa 

expression.  

 We analyzed hair morphogenesis in ck7/ck13 (null or near null mutant) flies 

expressing UAS-GFP-ck/MyoVIIa ubiquitously (using the p{sqh-GAL4, w+} driver, 

Franke et al. 2005). Such animals show mosaicism in the expression levels of GFP-

ck/MyoVIIa expressed (n=1/1) (Fig. 14 and movie S-14). Cells with low levels of GFP-

ck/MyoVIIa expression form a single hair at the distal vertex of the cell, indicating that 
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low levels of GFP-ck/MyoVIIa expressed from the transgene can rescue the lack of 

ck/MyoVIIa being expressed from the endogenous locus. In contrast, cells with moderate 

levels of GFP-ck/MyoVIIa expression form ~ two hairs per cell and cells with high level 

of expression of GFP-ck/MyoVIIa form multiple hairs per cell, which are similar in 

thickness and length to hairs in control cells (unlike split hairs which get progressively 

shorter and thinner as their number increases per cell). The correlation of number of 

hairs per cell with the levels of expression of GFP-ck/MyoVIIa further confirms that the 

multiple hair defects are due to over-expression of GFP-ck/MyoVIIa.  

2.3.8 Over-expression of GFP-ck/MyoVIIa in bristles causes short 
aberrant cellular protrusions to form at the tips of bristles 

We expressed GFP-ck/MyoVIIa in scutellar bristles (macrochaetae) to investigate 

the localization of GFP-ck/MyoVIIa and to see if it causes an over-expression phenotype. 

Expression of GFP-ck/MyoVIIa in bristles driven by the strong GAL4 driver 

(P{w[+mW.hs]=GawB}apmd544-GAL4) shows that GFP-ck/MyoVIIa causes the formation 

of short cellular extensions from the tip of bristles not seen in control bristles. GFP-

ck/MyoVIIa localizes to knob-like structures at the end of these aberrant cellular 

protrusions that emanate from the tip of bristles (n=2/2) (Fig. 15 and movie S-15). These 

cellular extensions are 3-5µm long, are dynamic and bend up to 90˚ to the long axis of 

the bristle (see Fig. 15, yellow arrowhead at 164 min and movie S-15). They can then 

revert back to being aligned with the long axis of the bristle. We also see aggregates of 
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GFP-ck/MyoVIIa that move along the actin bundles in bristles (see Movie S15) similar to 

ubiquitin driven GFP-ck/MyoVIIa discussed earlier. 

2.3.9 Expression of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 in an 
otherwise “wild-type” background 

To determine which domain is important for the function of ck/MyoVIIa in hair 

morphogenesis we expressed deletion mutants of various domains of ck/MyoVIIa and 

examined their behavior during hair morphogenesis. The in vivo significance of the 

ck/MyoVIIa first MYTH41 and FERM1,21 domains is not known. We deleted the 1st 

MYTH41 domain and the first two lobes of the 1st FERM1,21 domain and evaluated the 

ability of the remainder of ck/MyoVIIa to perform its functions. 

When GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 protein is expressed in an otherwise 

“wild-type” background in thoracic epithelial cells and bristles it is able to localize along 

the entire length of the growing hairs and bristles similar to GFP-ck/MyoVIIa. 

Expression of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 during hair morphogenesis causes 

the formation of short aberrant cellular protrusions from the tip of hairs (n=4/5) (Fig. 16). 

These cellular protrusions are similar to those seen in bristles over-expressing GFP-

ck/MyoVIIa (compare to Fig. 15). Hairs in epithelial cells expressing GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21 protein in the wild-type background give rise to cellular protrusions 

at their tips that are usually ~ 3-5µm long (n=4/5) but at times extend to twice the length 

of wild-type hairs (n=1/5; Fig. 17 and movie S-17C, S-17R, S17G). The rare case where we 

see longer than 3-5µm protrusions is probably caused by higher levels of expression of 
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GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 in the pupa. These cellular protrusions are labeled 

with URM showing that they have actin filaments at their core (see movie S-17R). They 

are also branched at times. Regardless all cellular protrusions have a knob-like 

accumulation of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 at their tip. The knobs seen in 

hairs expressing GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 are more are larger and brighter 

than those seen with GFP-ck/MyoVIIa over-expression in bristles (such aberrant cellular 

protrusions are never seen in hairs expressing GFP-ck/MyoVIIa). The overall levels of 

expression of GFP-ck/MyoVIIa is higher than GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 

expression levels (as judged by GFP fluorescence) suggesting that this increased 

localization to the knob-like ends of cellular protrusions is likely the result of deleting 

the 1st MyTH41 and FERM1,21 domain and not differences in expression levels. When 

expressed in epithelial cells, GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 also occasionally 

gives a mild split hair phenotype (n=4/5) (Fig. 16 and movie S-16).  

We expressed GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 in bristles to determine if 

GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 expression in bristles can also give rise to aberrant 

cellular protrusions from the bristle tip. We expressed GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21 in bristles with an exceptionally strong driver (P{w[+mC]=Act5C-

GAL4}25FO1-GAL4). As expected, P{w[+mC]=Act5C-GAL4}25FO1-GAL4 driven GFP-

ck/MyoVIIa-ΔMyTH41,FERM1,21 expression in bristles leads to increased accumulation 

of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 in knob-like ends of cellular protrusions at the 
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tip of bristles. Increased accumulation of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 causes 

some bristles to extend longer than 3-5 µm cellular protrusions (n=1/1) (Fig. 18, see 

yellow double arrows and movie S-18) similar to that seen with hairs (Fig. 17 and movie 

S-17C). These cellular protrusions can be distinguished from the body of hairs and 

bristles as they are thinner, filopodia-like and dynamic. They are flexible and bend at 

varying angles to the long axis of hairs and bristles. The 3-5µm aberrant cellular 

protrusions seen with GFP-ck/MyoVIIa expression and with GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21 expression suggests that ck/MyoVIIa plays a role in regulating 

actin-based cellular protrusions at the tip of hairs and bristles. The occasional aberrant 

increase in length of cellular protrusions from hair and bristle tips when GFP-

ck/MyoVIIa-ΔMyTH41,FERM1,21 is expressed suggests that the 1st MyTH41 and 

FERM1,21 domains play a role in regulating the length of these cellular protrusions. 

2.3.10 Expression of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 in a 
ck/MyoVIIa null or near null background 

To better understand the contribution of the MyTH41,FERM1,21 domain to 

ck/MyoVIIa localization and function we expressed GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21 in clones of ck13/ck13 (ck/MyoVIIa null or near null) cells (Fig. 19 and 

movie S-19) and ck13 mutant bristles (Fig.20 and 21, also see movies S-20 and S-21). GFP-

ck/MyoVIIa-ΔMyTH41,FERM1,21 protein localizes along the length of hairs and bristles 

and in knobs at the tip of cellular protrusions that form at their tip in these ck13 mutant 

cells and bristles (see Fig. 19, 20 and 21). This suggests that GFP-ck/MyoVIIa-
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ΔMyTH41,FERM1,21 protein localization to hairs and bristles and its accumulation in 

knob-like ends of cellular protrusions that form at the tip of hairs and bristles is not 

dependent on the presence of endogenous ck/MyoVIIa, nor the 1st MyTH41 and 

FERM1,21 domains. 

Remarkably, GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 expressed in cells null or near 

null for ck/MyoVIIa rescues the split hair phenotype that characterizes such cells, but 

only in a small fraction of the cells (Fig. 19, yellow double arrows). More typically the 

GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 protein partially rescues the null cells so that they 

have two (Fig. 19, yellow arrow) or more split hairs per cell. The partial rescue observed 

with GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 (n=5/5) clearly contrasts the phenotype of 

ck/MyoVIIa null clones (ck13/ ck13) in the absence of any rescue construct. In such null 

clones, 4-8 split hairs are typical and rarely are cells with as few as 1-2 split hairs 

observed (compare with Fig. 6). This suggests that GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 

has some residual function in actin bundle association but is not as efficient as GFP-

ck/MyoVIIa. The lack of complete rescue of the ck/MyoVIIa null phenotype by GFP-

ck/MyoVIIa-ΔMyTH41,FERM1,21 is unlikely to be a function of expression levels because 

Ubi-GFP-ck/MyoVIIa that expresses at comparable levels rescues the ck/MyoVIIa null 

(ck13/ck13 clones) completely (Fig. 11).  

Expression of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 in ck13 mutant bristles leads 

to the formation of short to long cellular protrusions similar to those seen when GFP-
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ck/MyoVIIa-ΔMyTH41,FERM1,21 is expressed in epithelial cells and bristles in the 

presence of endogenous ck/MyoVIIa. Figure 20 shows an example of a ck13 mutant bristle 

with 3-5µm long cellular extension at the tip of the bristle (n=1/4) while figure 21 shows 

an example of a ck13 mutant bristle with long thin cellular protrusions emanating (see 

movie S-21) from the tip of bristles with knob-like accumulation of GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21 at their ends (n=3/4; Fig. 21, yellow arrowheads). Though, we were 

unable to image several ck13 mutant bristles expressing GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21 due to lethality of pupae of the genotype and low probability of 

generating ck13 mutant bristles, the results are nevertheless consistent with phenotypes 

seen when GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 is expressed in the presence of 

endogenous ck/MyoVIIa.  

The formation of long cellular protrusions from bristle tips caused by GFP-

ck/MyoVIIa-ΔMyTH41,FERM1,21 expression in ck13 mutant bristles suggests that the 1st 

MyTH41,FERM1,21 domains plays a role in negatively regulating the formation of these 

cellular protrusions. Alternatively GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 could act as a 

constitutively active form of ck/MyoVIIa as a similar deletion in ck/MyoVIIa in an in vitro 

study has been shown to disrupt the tails interaction with the head domain (Umeki et al. 

2009). At this time it is difficult to distinguish between the two interpretations.  
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2.3.11 Expression of GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 in an 
otherwise wild-type background 

In order to investigate the function of the 2nd MyTH42,FERM1,22 domain we 

expressed GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 and URM (labels F-actin) using the 

P{w[+mW.hs]=GawB}apmd544-GAL4 driver in thoracic epithelial cells (n=8). Expression of 

GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 shows that GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 

protein can localize along the length of the growing hair (Fig. 22 and movie S-22). GFP-

ck/MyoVIIa-ΔMyTH42,FERM1,22 also localizes to the knob-like ends of cellular 

protrusions at the tip of hairs but the knobs formed are smaller than and not as bright as 

those seen on expression of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21. In fact, these knobs 

are difficult to see until the end of hair morphogenesis when the rest of the hair is less 

bright or when GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22  is expressed with stronger GAL4 

lines (data not shown). Expression of GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 also causes a 

split hair phenotype (n=1/10; 072108dm2f24-1,X) though not as often as GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21. GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 is expressed at higher levels 

(as judged by GFP fluorescence) compared to GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 

when each construct is driven by the same (P{w[+mW.hs]=GawB}apmd544) GAL4 driver. 

As such expression levels are unlikely to account for the differences in the ability of 

these deletion alleles to cause split hairs. This suggests that MyTH41 and FERM1,21 

domains are more efficient than the MyTH42 and FERM1,22 domains in associating actin 

bundles to form a single hair per cell. 
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2.3.12 Expression of GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 in a 

ck/MyoVIIa null or near null background 

In order to further investigate the function of the 2nd MyTH42, FERM1,22 section 

of the ck/MyoVIIa tail, we expressed GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 in ck13/ck13  

mutant cells (ck/MyoVIIa null or near-null clones; Fig. 23, also see movie S-23). 

Remarkably, GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 expressed in cells null for 

ck/MyoVIIa rescues the split hair phenotype that characterizes such cells, but only in a 

small fraction of the cells (Fig. 23, yellow arrows). More typically the GFP-ck/MyoVIIa-

ΔMyTH42,FERM1,22 protein partially rescues the ck/MyoVIIa null or near null cells so 

that they have 2-3 (Fig. 23, yellow arrowheads) or more split hairs per cell. The partial 

rescue observed with GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 (n=10/10) clearly contrasts 

the phenotype of ck/MyoVIIa null clones (ck13/ ck13) in the absence of any rescue 

construct. In such null clones, 4-8 split hairs are typical and rarely are cells with as few 

as 1-2 split hairs observed (Fig. 23 compare with Fig. 6). Nevertheless, comparing the 

length and morphology of the rescued split hair (Fig. 23, yellow arrow) in ck13/ck13 clones 

with the wild-type hair (Fig. 23, yellow double arrow) shows that the rescued split hair 

is both shorter than the wild-type hair and has a different morphology. Thus, GFP-

ck/MyoVIIa-ΔMyTH42,FERM1,22 partially rescues the split hair phenotype but does not 

rescue to full length the short hair phenotype typical of ck/MyoVIIa (null or near-null) 

cells. This suggests that the 2nd MyTH42 and FERM1,22 domains are important for 
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ck/MyoVIIa function in regulating hair length. The partial rescue of the split hair 

phenotype suggests that the 2nd MyTH42 and FERM1,22 domains include those activities 

of ck/MyoVIIa that are required to associate bundles such that they form a single hair. 

However, the ability of ck/MyoVIIa lacking the 2nd MyTH42 and FERM1,22 domains to 

associate actin bundles to form a single hair, albeit inefficiently suggests that other 

ck/MyoVIIa domains also play a role in actin bundle association in hairs. 

Next, we looked at the effect of GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 expression 

in ck13 mutant bristles (Fig. 24 and movie S-24). When expressed in ck13 mutant bristle 

GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 localizes to bristles similar to wild GFP-

ck/MyoVIIa suggesting that the 2nd MyTH42 and FERM1,22 domains are not required for 

localization. Expression of GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 in ck13 mutant bristle 

(n=1/1) causes the formation of short 2-3µm cellular protrusions at the tip of bristles (Fig. 

24, yellow arrow and arrowheads) that are similar to the short cellular protrusions from 

bristle tips seen when GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 is expressed in ck13 mutant 

bristles (Fig. 20). However, unlike GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21, that 

occasionally causes cellular protrusions from bristles tips that are longer than 2-3 µm 

(Fig. 18, Fig. 21), expression of GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 in bristles does not 

cause cellular protrusions from bristle tips longer than 2-3µm. The lack of longer than 2-

3µm long cellular protrusions from bristle tips when GFP-ck/MyoVIIa-

ΔMyTH42,FERM1,22 is expressed suggests that the 2nd MyTH42 and FERM1,22 domains 
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might be required for regulating the length of these cellular protrusions. Since, we could 

image only one ck13 mutant bristle expressing GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 

because of the lethality caused by expressing GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 and 

the low probability of generating a ck13 mutant bristle, we cannot rule out the possibility 

that GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 expression can cause longer cellular 

protrusions albeit at a lower frequency than cellular protrusions induced by GFP-

ck/MyoVIIa-ΔMyTH41,FERM1,21 expression.  

2.3.13 Expression of GFP-ck/MyoVIIa-ΔSH3Tail in an otherwise wild-
type background 

SH3 domains are known to be involved in protein-protein interactions and the 

SH3 domain of yeast type I myosin, Myo5p, which occurs in its tail, has been shown to 

be important for polarized actin growth in yeast (Anderson et al. 1998; Geli et al. 2000). 

To investigate the contribution of the SH3Tail domain to ck/MyoVIIa localization and 

function, we expressed GFP-ck/MyoVIIa-ΔSH3Tail in thoracic epithelial cells in the 

presence of wild-type ck/MyoVIIa (Fig. 25 and movie S-25). GFP-ck/MyoVIIa-ΔSH3Tail 

localizes to growing hairs just like GFP-ck/MyoVIIa and also localizes to the knob-like 

ends of short cellular protrusions that form at the tip of hairs (data not shown). 

However, the accumulation of GFP-ck/MyoVIIa-ΔSH3Tail is not as pronounced as the 

accumulation of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 protein in the knob-like ends of 

cellular protrusions from hair tips. When expressed in wild-type thoracic epithelial cells, 

GFP-ck/MyoVIIa-ΔSH3Tail gives a multiple hair phenotype (n=6/6; Fig. 25) similar to the 
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over-expression of GFP-ck/MyoVIIa. This suggests that in the presence of endogenous 

ck/MyoVIIa, additional ck/MyoVIIa that lacks the tail SH3 domain can still drive actin 

bundle association, regulate hair length and cause increase in the number of hairs that 

form per cell. 

In contrast, bristles which express GFP-ck/MyoVIIa-ΔSH3Tail in addition to 

endogenous ck/MyoVIIa show a range of defects (n=4/4) including some mild defects 

(Fig. 26 and movie S-26) that appear to eventually resolve itself as the bristle grows and 

other more severe defects that alter the spacing of actin bundles that run parallel to each 

other along the length of the bristle (Fig. 27). In figure 27 panel A and A’ show actin 

bundles that do not maintain their uniform spacing along the length of the bristle (see 

yellow arrowheads). Yellow arrows and white dotted outline in panel B and B’ outline a 

membrane bleb caused by GFP-ck/MyoVIIa-ΔSH3Tail expression. Panel C shows defects 

at the tip of a growing macrochaetae with the tip bending backward, possibly due to a 

break in one of the actin bundles resulting in growth in two, opposite directions. The 

disruption in the parallel arrangement of actin bundles that run along the length of 

bristles can occur due to the disruption in the proper elongation of actin bundles. This 

leads to actin bundles which do not grow straight, similar to those seen with mutants of 

actin regulatory proteins, like capping protein β (Hopmann et al. 1996). Alternatively, 

disruption of actin bundle-membrane association can cause these bundles to lose their 

connection with the membrane along their length, and thereby allowing these bundles to 
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get closer to each other. The disruption of the parallel arrangement of the actin bundles 

and the break in actin bundles along the length, which can be caused by actin bundle-

membrane dissociation, coupled with the membrane bleb suggests that expression of 

GFP-ck/MyoVIIa-ΔSH3Tail functions as a mild dominant negative that disrupts actin 

bundle-membrane association. However, it cannot be ruled out that the phenotypes 

observed could also be due to disruptions in the proper elongation of actin bundles in 

bristles or a combination of both, defects in actin bundle elongation and actin bundle-

membrane association. 

2.3.14 Expression of GFP-ck/MyoVIIa-ΔSH3Tail in a ck/MyoVIIa null or 
near-null background 

Next, we expressed GFP-ck/MyoVIIa-ΔSH3Tail in clones of cells homozygous for 

ck13 a (null or near-null) mutant of ck/MyoVIIa (n=2) to see if it can rescue the split and 

short hair phenotype of ck/MyoVIIa null or near-null cells. GFP-ck/MyoVIIa-ΔSH3Tail 

expressed in the absence of endogenous ck/MyoVIIa localizes to hairs similar to GFP-

ck/MyoVIIa suggesting that the SH3Tail domain of ck/MyoVIIa is not necessary for proper 

localization. GFP-ck/MyoVIIa-ΔSH3Tail expressed in clones of ck13/ck13 cells exhibit a 

multiple hair phenotype (Fig. 28 and movie S-28-29) similar to the multiple hair 

phenotype seen with GFP-ck/MyoVIIa over-expression (Fig. 13). The ability of the GFP-

ck/MyoVIIa-ΔSH3Tail deletion allele to form multiple hairs per cell in the absence of 

endogenous ck/MyoVIIa again confirms that the SH3Tail domain of ck/MyoVIIa is not 
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essential for its functions in actin bundle association to form a single hair or its ability to 

form more than one hair per cell when over-expressed.  

Expression of GFP-ck/MyoVIIa-ΔSH3Tail in ck13 mutant bristles causes long 

cellular protrusions to form at the tip of bristles (Fig. 29, yellow double arrow) and 

defects in the parallel spacing of actin bundles that run along the length of the bristle 

(n=3/3). Actin bundles in bristles normally grow straight along the length of the bristle 

and are spaced evenly from each other (Fig. 4, yellow arrowheads). GFP-ck/MyoVIIa-

ΔSH3Tail expressed in ck13 mutant bristles show regions along the length of the bristle 

where neighboring actin bundles come close together (Fig. 29, yellow arrowheads). 

These bristles also appear to have reduced F-actin levels. 

The long cellular protrusions at the tip of bristles suggests that the SH3Tail 

domain of ck/MyoVIIa plays a role in regulating the length of these cellular protrusions  

and the reduced F-actin levels in these bristles suggest that the SH3Tail also regulates F-

actin levels in bristles. The disruption of the parallel arrangement of actin bundles that 

run along the length of bristles in ck13 mutant bristles expressing GFP-ck/MyoVIIa-

ΔSH3Tail in the absence of endogenous ck/MyoVIIa is consistent with what we see when 

GFP-ck/MyoVIIa-ΔSH3Tail is expressed in bristles in the presence of endogenous 

ck/MyoVIIa. This reinforces the idea that the SH3Tail domain is important for actin 

bundle-membrane attachment and or proper actin bundle elongation for reasons 

described above. 
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2.3.15 Expression of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21SH3Tail in a 
wild-type background 

To investigate the effect of deletion of the 1st MyTH41, FERM1,21 and the SH3Tail 

domains of ck/MyoVIIa on the function of this region in hair and bristle morphogenesis, 

we expressed GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21SH3Tail in thoracic epithelial cells in a 

wild-type background (n=4). When expressed in epithelial cells, GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21SH3Tail localizes to hairs similar to GFP-ck/MyoVIIa, suggesting that 

the 1st MyTH41, FERM1,21 and SH3Tail domains are not essential for proper localization 

of ck/MyoVIIa. GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21SH3Tail also has an increased 

localization in knob-like ends of aberrant cellular protrusions at the tips of hairs similar 

to GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21. Expression of GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21SH3Tail in a wild-type background does not lead to a multiple hair 

phenotype (n=3/3) (Fig. 30 and movie S-30) as seen with expression of GFP-ck/MyoVIIa 

(Fig. 13) and GFP-ck/MyoVIIa-ΔSH3Tail (Fig. 25). However, GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21SH3Tail causes split hair defects (Fig. 30, yellow arrows) similar to 

those caused by GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 expression (Fig. 16). The fact that 

expression of ck/MyoVIIa with only the MyTH41,FERM1,21 domains deleted causes split 

hairs just like expression of ck/MyoVIIa with the MyTH41,FERM1,21 as well as the SH3Tail 

domains deleted, suggests that the split hair phenotype is likely caused by deletion of 

the MyTH41,FERM1,21 domains. This finding is further reinforced by the observation 

that expression of ck/MyoVIIa SH3Tail deletion alone does not cause a split hair 
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phenotype but causes a multiple hair gain-of-function phenotype, similar to over-

expression of GFP-ck/MyoVIIa. It also shows that, in addition to its function in actin 

bundle association to form a single hair per cell, MyTH41,FERM1,21 domains are integral 

to the ability of over-expressed GFP-ck/MyoVIIa to form multiple hairs per cell. Since the 

formation of multiple hairs would require more than the normal complement of 8-10 

hair-actin bundles per cell, the MyTH41,FERM1,21 domain of ck/MyoVIIa probably 

regulates the number of hair-actin bundles formed per cell. 

Expression of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21SH3Tail in bristles causes the 

tip to bend backward (n=2/2) (Fig. 31 and movie S-31), possibly caused by a break in the 

actin bundle. However, the bristle continues to grow at the point where it is bent (Fig. 

31, yellow arrows) similar to what is observed when the GFP-ck/MyoVIIa-ΔSH3Tail 

deletion allele is expressed in bristles in the presence of wild type ck/MyoVIIa (Fig. 27, 

panel C). This again confirms that the SH3Tail domain of ck/MyoVIIa is important for the 

stability of the actin cytoskeleton that underlies bristles. 

2.3.16 Expression of GFP-ck/MyoVIIa-ΔHead in an otherwise wild-type 
background 

Studies in myosin II function suggest that not all functions of myosins require the 

head domain (Lord et al. 2005). To investigate if the tail domain of ck/MyoVIIa can still 

retain some aspects of ck/MyoVIIa function, we expressed GFP-ck/MyoVIIa-ΔHead in 

thoracic epithelial cells. 
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Myosin head domains have ATP dependent affinity for F-actin (Katoh and 

Morita 1984) and recent studies confirm that the MyTH7 domain of ck/MyoVIIa also has 

affinity for actin (Yang et al. 2009). To determine if GFP-ck/MyoVIIa-ΔHead (=GFP-

ck/MyoVIIa tail) can localize to growing hairs we expressed GFP-ck/MyoVIIa-ΔHead in 

thoracic epithelial cells. GFP-ck/MyoVIIa-ΔHead does localize to growing hairs (n=3/3; 

Fig. 32 and movie S-32), and its expression causes split hair phenotype similar to 

ck/MyoVIIa null or near null mutations. The hair-actin bundles are also short as 

observed in ck/MyoVIIa null or near null mutants (n=3/3; Fig. 32). This suggests that the 

motor domain of ck/MyoVIIa is required for both its function in associating actin 

bundles to form a single hair as well as in regulating hair-actin bundle elongation. 

Moreover, expression of GFP-ck/MyoVIIa-ΔHead in the presence of endogenous 

ck/MyoVIIa phenocopies the ck/MyoVIIa null or near-null hair defects, suggesting that it 

acts as a strong dominant negative. 

2.3.17 Expression of GFP-ck/MyoVIIa-ΔHead in ck13/ck13 (ck/MyoVIIa 
null or near null) clones 

To investigate if GFP-ck/MyoVIIa-ΔHead protein can still localize to hairs and 

bristles in the absence of endogenous ck/MyoVIIa we expressed GFP-ck/MyoVIIa-ΔHead 

in ck13 homozygous mutant thoracic epithelial cells and ck13 mutant bristles. Though all 

pupae died before the onset of hair morphogenesis, we could see GFP-ck/MyoVIIa-

ΔHead localization in knob-like ends of cellular protrusion at the tip of a rudimentary 

bristle of the only pupa that survived through early bristle morphogenesis. This 
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suggests that the motor domain might not be necessary for the localization of 

ck/MyoVIIa. Expression of GFP-ck/MyoVIIa-ΔHead in a ck13/ ck13 mutant background is 

lethal. Only one pupa survived showing severe bristle defects (Fig. 33 and movie S-33). 

The rudimentary bristle formed appears to have severely reduced F-actin (similar to 

GFP-ck/MyoVIIa-ΔSH3Tail expressed in ck13 bristles). This again suggests that ck/MyoVIIa 

plays a role in regulating F-actin levels in bristles. Severe defects seen with the 

expression of GFP-ck/MyoVIIa-ΔHead again confirm that has a strong dominant 

negative effect. 

2.3.18 Knock down of syph/MyoXV using a syph/MyoXV-specific RNAi 
hairpin causes a split hair phenotype 

To determine if syph/MyoXV, another Drosophila MyTH4, FERM myosin plays a 

role in hair morphogenesis, we knocked down syph/MyoXV levels using an RNAi 

hairpin construct. Knock down of syph/MyoXV levels using P{w+, 

UASMyoXVRNAi37530}III and P{w[+mC]=UAS-Dcr-2.D}10 driven using 

P{w[+mW.hs]=GawB}apmd544-GAL4 driver causes split hair defects (n=3/3; Fig. 34 and 

movie S-34) similar to knockdown of ck/MyoVIIa. In addition to split hair defects, 

knockdown of syph/MyoXV also causes cell shape defects (Fig. 34). Several thoracic 

epithelial cells expressing P{w+, UASMyoXVRNAi37530}III are no longer hexagonal in 

shape and tend to get larger in size and become more oval in shape (see movie S-34). 

Since, P{w+, UASMyoXVRNAi37530}III is predicted to have off target effects (Dietzl et al. 

2007) we knocked down syph/MyoXV using P{w+, UASMyoXVRNAi33486}III another 



 

71 

syph/MyoXV-specific RNAi transgene with no predicted off target effects (Dietzl et al. 

2007) . Knock down of syph/MyoXV using the P{w+, UASMyoXVRNAi33486}III transgene 

causes split hair defects (n=2/3; Fig. 35 and S-35) but does not show the cell shape defects 

seen with syph/MyoXV knock down using the P{w+, UASMyoXVRNAi37530}III transgene. 

It is unclear at this time if the cell shape defects are caused by the predicted off-target 

effects of P{w+, UASMyoXVRNAi37530}III transgene and will need to be confirmed by 

analyzing syph/MyoXV loss-of-function mutants. 

Split hairs caused by knock down of syph/MyoXV, another MyTH4, FERM 

myosin suggests that like stereocilia morphogenesis (Liang et al. 1999; Libby and Steel 

2000), hair and bristle morphogenesis involve both MyTH4, FERM myosins. 

2.3.19 Expression of syph/MyoXV-GFP in an otherwise wild-type 
background 

Drosophila melanogaster genome encodes three members of the MyTH4, FERM 

family of myosins. ck/MyoVIIa and MyoVIIb both have tails with two MyTH4, FERM 

repeats while syph/MyoXV has two MyTH4 domains but only one (C-terminal-MyTH4 

domain) is followed by a FERM domain. The MyoVIIa tail structure has been conserved 

across species suggesting that having two repeats of MyTH4,FERM domains is essential 

to MyoVIIa function. 

To validate the hypothesis that having two MyTH4,FERM domain repeats 

confers unique functions to MyoVIIa we expressed syph/MyoXV-GFP in the thoracic 

epithelial cells using P{w[+mC]=tubP-GAL4}LL7-GAL4 driver. Expression of 
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syph/MyoXV-GFP in thoracic epithelial cells does not cause the formation of multiple 

hairs per cell (n=4/4; Fig. 36 and movie S-36). Expression level of syph/MyoXV-GFP 

however is low compared to GFP-ck/MyoVIIa, which could account for its inability to 

form multiple hairs per cell. Further analysis of MyTH4, FERM myosins will be required 

to determine if the ability to cause the formation of multiple hairs per cell is unique to 

ck/MyoVIIa.  

 

2.4 Discussion 

2.4.1 Model of ck/MyoVIIa function? 

Biochemical studies on purified ck/MyoVIIa shows that in vitro ck/MyoVIIa exists 

in two different conformations open or closed (Umeki et al. 2009; Yang et al. 2009). In the 

closed conformation the tail domain folds back to interact with the head domain 

residues and in the open conformation the tail domain is extended. This mechanism can 

be used to regulate the ability of ck/MyoVIIa to bind to effectors for its various functions 

in a cell, with the closed conformation restricting access to the protein binding domains 

of the ck/MyoVIIa tail (Fig. 37).  

Our MyTH4,FERM1,2 deletions differ from the Umeki et al. MyTH4,FERM1,2,3 

deletions in that our MyTH4,FERM1,2 deletions do not remove the 3rd lobe of the FERM 

domain (MyTH7 domain). We assume that the residual MyTH7 domain is not enough to 

restore the function of the FERM domain and that GFP-ck/MyoVIIa protein with either 
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of the MyTH4, FERM1,2 domain deleted is unable to interact with the head domain and 

remains in the open conformation. The conformation of GFP-ck/MyoVIIa protein with 

the SH3Tail domain deleted is unknown and remains to be investigated. We also assume 

that ck/MyoVIIa with the 1st MyTH4, FERM1,2 and the SH3Tail domain deleted also 

remains in the open conformation. The GFP-ck/MyoVIIa-ΔHead protein is also expected 

to be in the open conformation as it lacks the head domain. We use these assumptions of 

the conformation states of the proteins encoded by the ck/MyoVIIa deletion alleles to 

understand and explain the in vivo phenotypes seen when these proteins are expressed 

in the presence or absence of endogenous ck/MyoVIIa and to deduce the contributions of 

ck/MyoVIIa domains to its overall function in hair and bristle morphogenesis.  

2.4.2 ck/MyoVIIa is not required for restricting hair initiation to the 
distal vertex of epithelial cells 

 The loss-of-function phenotype of ck/MyoVIIa has been previous described as a 

multiple hair phenotype suggesting that ck/MyoVIIa might function in specifying planar 

polarity like the proteins encoded by mwh (Lu et al. 2010) , fz (Shulman et al. 1998; Adler 

and Lee 2001) and dsh (Shulman et al. 1998; Adler and Lee 2001), which when mutated 

also lead to multiple hairs per cell. Planar polarity genes restrict initiation of a single hair 

to the distal vertex of the hexagonal epithelial cell (Wong and Adler 1993; Shulman et al. 

1998). The single hair that is initiated at the distal vertex of the cell eventually moves to 

the center of the cell towards the end of hair morphogenesis (Wong and Adler 1993). 
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Analysis of live time-lapse of ck13 / ck13 mutant clones shows (Fig. 6) that initiation 

of hair morphogenesis takes place at the distal vertex of ck/MyoVIIa null cells similar to 

control cells (Fig. 3 and 5), showing that ck/MyoVIIa cells still have normal planar 

polarity. Cells lacking planar polarity on the other hand are characterized by several hair 

initiation events spread randomly all over the cell, e.g., mwh (Fig. 38 and movie S-38; 

Strutt 2001a; Strutt and Warrington 2008). We conclude that ck/MyoVIIa is an effector 

protein that responds to cues from the proteins encoded by genes that establish planar 

polarity but is not involved in setting up polarity. 

 The distribution of pre-hairs that form in cells that neighbor ck13 / ck13 mutant 

clones are comparable to wild-type, regardless of the size of the ck/MyoVIIa mutant 

clones. This indicates that ck/MyoVIIa functions in a cell autonomous function, as would 

be expected for a motor protein whose principal function is to modulate the architecture 

of the actin cytoskeleton or distribute cellular components on that cytoskeleton. This 

contrasts the cell non-autonomous effect of mutations in planar polarity pathway gene 

like fz (Vinson and Adler 1987; Strutt 2001b; Strutt and Strutt 2002), especially evident in 

cells adjacent to large clones.  

2.4.3 ck/MyoVIIa is required for the association of actin bundles in the 
morphogenesis of hairs 

In ck/MyoVIIa null cells, hair initiation starts off when an actin-rich patch, which 

forms at the distal vertex of the cell, resolves into individual actin bundles that move 

apart as hair morphogenesis progresses. This migration is likely part of the normal 
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migration of a single hair towards the center of the cell as hair morphogenesis 

progresses. The net effect is to mimic the multiple hair phenotype seen in mwh1 mutants 

(Strutt and Warrington 2008; Yan et al. 2008). Nevertheless, we refer to the ck/MyoVIIa 

loss-of-function phenotype as a split hair phenotype that is distinct from the multiple 

hair phenotype seen when Frizzled  is over-expressed (Krasnow and Adler 1994) or the 

multiple hair phenotype seen on mutating multiple wing hair (mwh), a negative 

regulator of planar polarity (n=2/2; Fig. 38 and movie S-38), which when mutated leads 

to multiple pre-hairs initiated all over the cell. Mwh protein is known to function 

downstream of the planar polarity genes fz and dsh through direct binding to Inturned 

(in), which restricts the distribution of the mwh protein to the proximal cell borders (Lu 

et al. 2010). 

Analysis of live time-lapsed of hair morphogenesis in mwh1 mutant shows that in 

this mutant several different hair initiation events take place per cell, which is not 

restricted to the distal vertex of the cell (Fig. 38 and movie S-38;  Strutt and Warrington 

2008). The random distribution of hair initiation and the polarity defects distinguish the 

multiple hairs seen in mwh mutants from the loss-of-function split hair phenotype of 

ck/MyoVIIa mutants. 

Milder allelic combinations of ck/MyoVIIa, for example, ck7/ P{ry[+t7.2]=PZ}ck07130 

lead to fewer numbers of split hairs per cell (Fig. 9 and Kiehart et al. 2004) compared to 
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stronger alleles like ck13/ck13 (Fig. 6). We interpret this to be because of varying amounts 

of functional ck/MyoVIIa activity in cells in these mutants. 

Similarly knockdown of ck/MyoVIIa levels using a p{w+,UAS-ck/MyoVIIa-RNAi} 

transgene gives large number of individual split hairs in each cell, depending on the 

strength of the GAL4 used to drive the ck/MyoVIIa-specific hairpin (compare Fig. 7 and 

Fig. 8). 

 In wild-type cells, hair formation initiates when 8-10 pre-hair actin bundles, 

associate to form a single hair. In ck/MyoVIIa mutants, these actin bundles fail to 

associate, leading to a split hair phenotype and demonstrating that ck/MyoVIIa plays an 

essential role in the association of actin bundles into single hairs. 

2.4.4 Does Ubi-GFP-ck/MyoVIIa transport molecules necessary for 
actin elongation and bundle association to the bristle tip? 

Ubi-GFP-ck/MyoVIIa expressed in ck/MyoVIIa null bristles show that Ubi-GFP-

ck/MyoVIIa is localized along the length of the actin bundles in bristles (Fig. 12). We also 

see small aggregates of Ubi-GFP-ck/MyoVIIa that originate at the base of bristles and 

move along these actin bundles towards the tip of the growing bristle. Vertebrate 

Myosin VIIa has been previously proposed to be involved in the localization of Twinfilin 

to stereocilia tips (Rzadzinska et al. 2009) and the transport of tip linking proteins in 

stereocilia morphogenesis (Kussel-Andermann et al. 2000; Boeda et al. 2002). It is unclear 

at this time if these aggregates of Ubi-GFP-ck/MyoVIIa are involved in trafficking 

proteins towards the tip of the growing bristle.  



 

77 

2.4.5 ck/MyoVIIa over-expression leads to extra hairs possibly due to 
increase in the number of actin bundles formed per cell 

Over-expression of ck/MyoVIIa has phenotype that is distinct compared to the 

loss-of-function phenotype of ck/MyoVIIa. As the levels of ck/MyoVIIa protein increases 

the number of hairs formed per cell increases (Fig. 13 and 14). These hairs are readily 

distinguishable from the split hairs formed in ck/MyoVIIa loss-of-function mutants: the 

thickness of these hairs and their length do not decrease as their number increases per 

cell but instead remains comparable to the thickness and length of hairs in wild-type 

cells (recall that in the ck/MyoVIIa loss-of-function mutants, hairs become progressively 

thinner and shorter and their number in each cell increases). The multiple hairs of 

comparable thickness and length to wild-type hairs, which are seen in GFP-ck/MyoVIIa 

over-expressing cells, can only be possible if the number of hair-actin bundles in cell 

over-expressing GFP-ck/MyoVIIa is more than the normal complement. This suggests 

that increase in the amount of ck/MyoVIIa can lead to an increase in the number of hair-

actin bundles made per cell. It is interesting to note that lack of ck/MyoVIIa however 

does not abrogate the formation of the normal complement of hair-actin bundles (Fig. 6) 

suggesting that ck/MyoVIIa, while capable of increasing the number of hair-actin 

bundles per cell is not necessary for the formation of hair-actin bundles. Nevertheless, it 

is important to note however that the split hair phenotype which characterizes mild loss-

of-function ck/MyoVIIa mutant combinations (Fig. 9) and the multiple hair phenotype 
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due to mild to moderate over-expression of GFP-ck/MyoVIIa (Fig. 10) are difficult to 

distinguish from each other. 

The multiple hair phenotype of ck/MyoVIIa over-expression is also distinct from 

the multiple wing hairs seen in mwh1 mutant because hair initiation still takes place at 

the distal vertex of the hexagonal epithelial cell and typically point distally barring steric 

hindrance. 

2.4.6 Both MyTH4,FERM1,2 repeats in ck/MyoVIIa are required for 
efficient association of actin bundles 

In contrast to the effect of expressing Ubi-GFP-ck/MyoVIIa that completely 

rescues the split and short hair phenotypes of ck13/ck13 clones (Fig. 11), P{w[+mC]=tubP-

GAL4}LL7-GAL4 driven expression of ck/MyoVIIa with either the 1st MyTH41 and 

FERM1,21 domains or the 2nd MyTH42 and FERM1,22 domains deleted, partially rescues 

the split hair phenotype of ck13/ ck13 clones (Fig. 19 and 23). This suggests that ck/MyoVIIa 

lacking either the 1st MyTH41 and FERM1,21 domains or the 2nd MyTH42 and FERM1,22 

domains is less efficient than GFP-ck/MyoVIIa at associating actin bundles together to 

form single hairs. The partial rescue of split hair phenotype by the MyTH4,FERM1,2 

deletion alleles is unlikely due to lower expression levels because Ubi driven GFP-

ck/MyoVIIa80-1 and P{w[+mC]=tubP-GAL4}LL7-GAL4 driven GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21 or GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 proteins appear to be 

expressed at similar levels as judged by GFP fluorescence. In addition, expression of 

either GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 (Fig. 16) or GFP-ck/MyoVIIa-
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ΔMyTH42,FERM1,22 (data not shown) proteins, in a wild-type background also causes 

split hairs. This likely happens because ck/MyoVIIa protein lacking either one of the 

MyTH4,FERM1,2  domains competes with wild-type ck/MyoVIIa protein during hair-

actin bundle association. Since the truncated proteins are less efficient than wild-type 

protein in associating actin bundles to form a single hair, they cause mild split hair 

defects. When expressed in ck13/ck13 clones lacking ck/MyoVIIa, the GFP-ck/MyoVIIa-

ΔMyTH42,FERM1,22 protein is more efficient in the ability to associate actin bundles into 

single hairs than GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 but is less efficient than Ubi-GFP-

ck/MyoVIIa. The overall structure of the two MyTH4 and FERM1,2 repeats differs 

mostly in that the MyTH41 domain is “interrupted” i.e., it has an insertion of 91 amino 

acids (Kiehart et al. 2004). Whether this could account for the difference in their 

functions needs to be further investigated. Taken together, these observations suggest 

that both MyTH4 and FERM1,2  domains are essential for the proper association of actin 

bundles into single hairs. 

2.4.7 Do MyTH41, FERM1,21/ MyTH42, FERM1,22 domains regulate the 
formation and length of cellular protrusions at hair and bristle tips? 

  The occasional increase in the length of the cellular protrusions seen at the tip of 

hairs and bristles when GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 is expressed either in the 

presence (Fig. 17 and 18) or absence (Fig. 21) of endogenous ck/MyoVIIa suggests that 

MyTH41,FERM1,21 domain, at least in the context of the rest of ck/MyoVIIa, negatively 

regulates the formation and length of cellular protrusions at hair and bristle tips. When 
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compared to GFP-ck/MyoVIIa, GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 shows enhanced 

localization at the tip of growing actin bundles (compare Fig. 13 and Fig. 16), where 

most of the actin filament growth is thought to occur, this suggests that the ck/MyoVIIa 

MyTH41,FERM1,21 domain may modulate ck/MyoVIIa function in regulating actin based 

cellular protrusions. We speculate that it does so by regulating the localization of 

ck/MyoVIIa to the barbed ends of F-actin bundles. Hairs in ck13/ck13 clones expressing 

GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22  that are rescued for their split hair defects are 

shorter compared to hairs in neighboring control cells (Fig. 23). This could be explained 

by the negative regulation of hair length by the MyTH41,FERM1,21 domain, which is 

intact in this deletion allele and is predicted to be constantly available for binding as the 

GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22  protein is predicted to be unable to form a closed 

(presumably inactive) state (See model in Fig. 37).  

The data described above is also consistent with the interpretation that the 

MyTH42 and FERM1,22 domains positively regulate the formation and length of cellular 

protrusions at hair and bristle tips and also regulates hair length. The occasional, longer 

than normal cellular protrusions seen when GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 

protein is expressed can be explained by the inability of GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21 protein to return to the closed conformation (see model Fig. 37), 

where the tail interacts with the head domain, leaving the  MyTH42 and FERM1,22 
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domains to be constantly accessible to its binding partners. Further studies will be 

needed to resolve between the two possibilities. 

2.4.8 ck/MyoVIIa requires both its MyTH4, FERM1,2 domains to be 
intact to retain its ability to form multiple hairs when over-expressed; 
the SH3Tail domain however is not required for this function 

Over-expression of UAS-GFP-ck/MyoVIIa causes the formation of multiple hairs 

per cell (Fig. 13). Expression of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 (Fig. 16) or GFP-

ck/MyoVIIa-ΔMyTH42,FERM1,22 (Fig. 22)  on the other hand does not lead to the 

formation of multiple hairs per cell (their expression causes split hair defects). This 

suggests that ck/MyoVIIa with either the 1st MyTH41 and FERM1,21 domains or the 2nd 

MyTH42 and FERM1,22 domains deleted loses the ability to form multiple hairs per cell.  

Deletion of SH3Tail domain of the ck/MyoVIIa tail domain does not disrupt the 

ability of GFP-ck/MyoVIIa-ΔSH3Tail to form multiple hairs per cell when expressed in the 

presence of endogenous ck/MyoVIIa (Fig. 25). When expressed in ck13/ck13 null cells, GFP-

ck/MyoVIIa-ΔSH3Tail still gives a multiple hair phenotype (Fig. 28) again supporting the 

notion that the SH3Tail domain is not essential for ck/MyoVIIa’s ability to form multiple 

hairs. P{w[+mW.hs]=GawB}apmd544-GAL4 driven expression of GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21SH3Tail protein with both the MyTH41,FERM1,21 and the SH3Tail 

domain deleted abrogates ck/MyoVIIa’s ability to form multiple hairs (it causes the 

formation of split hairs) just like GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 (Fig. 16) again 
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showing that both MyTH4,FERM1,2 domains and not the SH3Tail domain is essential for 

ck/MyoVIIa’s ability to form multiple hairs. 

2.4.9 SH3Tail domain of ck/MyoVIIa is required for proper bundling of 
actin filaments in hairs and bristles and/or the association of actin 
bundles with the plasma membrane. 

In wild-type and control pupae actin filament bundles are associated with the 

plasma membrane along the entire length of the bristle. These actin bundles are 

arranged at the periphery of bristles at regular intervals and run parallel to each other 

along the long axis of the bristles (Fig. 4 and Overton 1967; Tilney et al. 1995). Expression 

of GFP-ck/MyoVIIa-ΔSH3Tail in bristles with endogenous ck/MyoVIIa (Fig. 27) or in ck13 

mutant bristles (Fig. 29) leads to disruption of this ordered, parallel arrangement of actin 

bundles. GFP-ck/MyoVIIa-ΔSH3Tail expressing ck/MyoVIIa mutant bristles show regions 

along the length of the bristle where these actin bundles come close to one another (Fig. 

29) a pattern not seen in wild-type bristles. Defects in the lateral spacing of actin bundles 

that are uniform in wild-type bristles is also seen in ck13/ck13 mutant bristles (Kiehart et al. 

2004). The disruption of the uniform lateral spacing of adjacent actin bundles in bristles 

suggests a defect in the ability of the actin bundles to associate with the membrane. We 

speculate that this causes regions of the actin bundles to detach from the membrane and 

move closer to adjacent bundles.  

Disruption of uniform parallel spacing of actin bundles in bristles is also seen in 

mutants like sn, f, twf, cpb (Cant et al. 1994; Petersen et al. 1994; Hopmann et al. 1996; 
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Wahlstrom et al. 2001; Hopmann and Miller 2003; Wang et al. 2010) a group of proteins 

involved in actin filament bundling or regulating F-actin elongation. This suggests that 

ck/MyoVIIa SH3Tail domain might play a role in actin filament bundling and or in the 

regulation of actin bundle elongation with aberrant elongation and bundling leading to 

actin bundles growing closer to adjacent actin bundles.  

2.4.10 Does the SH3Tail domain of ck/MyoVIIa regulate F-actin levels in 
bristles? 

ck/MyoVIIa mutant bristles expressing GFP-ck/MyoVIIa-ΔSH3Tail show reduced 

F-actin levels (Fig. 29) when compared to wild-type bristles (Fig. 4). This suggests that 

the SH3Tail domain of ck/MyoVIIa might regulate F-actin levels in bristles. Similarly, 

reduced F-actin levels in bristles are seen when GFP-ck/MyoVIIa-ΔHead protein, a 

strong dominant negative ck/MyoVIIa allele is expressed in ck/MyoVIIa null bristles (Fig. 

33). However in each of these experiments different GFP tagged proteins are used to 

visualize F-actin i.e., GFP-ck/MyoVIIa-ΔSH3Tail, UGM and GFP-ck/MyoVIIa-ΔHead. Thus, 

the apparent differences in the level of F-actin in bundles could be due to differences in 

the F-actin binding property of each probe. It is important to note however, that in the 

presence of endogenous ck/MyoVIIa, UGM and GFP-ck/MyoVIIa-ΔSH3Tail label F-actin 

bundles in bristles with comparable robustness (compare Fig. 4 and 27). This suggests 

that the reduced F-actin seen when GFP-ck/MyoVIIa-ΔSH3Tail is expressed in ck13 mutant 

bristles is due to lack of SH3Tail domain function and not due to differences in F-actin 

binding properties of the probes used. 
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2.4.11 The head domain of ck/MyoVIIa is essential for ck/MyoVIIa 
function in the regulation of hair-actin bundle elongation and 
association of hair-actin bundles 

Myosins have several roles in a cell. Not all of them require the ATPase function 

of the head domain (Lord et al. 2005). Expression of the GFP-ck/MyoVIIa-ΔHead domain 

in the presence of endogenous ck/MyoVIIa causes a split and short hair phenotype (Fig. 

32) similar to ck/MyoVIIa null allele (Fig. 6) suggesting that the head domain of 

ck/MyoVIIa is essential for functions of ck/MyoVIIa in associating actin bundles in hair 

and also regulating hair length. Moreover, it establishes that the GFP-ck/MyoVIIa-ΔHead 

construct (i.e., the GFP-ck/MyoVIIa tail) can function in a dominant negative fashion. 
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Figure 2: Schematic of domain deletion strategy for GFP-ck/MyoVIIa-ΔSH3Tail. 
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Figure 3: In wild-type cells, actin filaments emerge from the distal vertex of the 
hexagonal cells and associate to form a single hair per cell.  

  

Genotype: w1118 / w1118 or Y; P[GawB]apmd544, P[UGM, w+]II / +. Panels are from a 

time-lapsed video of hair morphogenesis in thoracic epithelial cells. P[UGM, w+]II, 

driven by P[GawB]apmd544 GAL4, marks F-actin. Yellow arrowheads follow a pre-hair 

that matures and forms a single hair at the distal vertex of the hexagonal epithelial cell. 

Time 0 is the first panel is approximately 36hrs APF. Scale bar for all panels is 10µm. 
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Figure 4: In control flies, actin filament bundles run parallel to the length of 
the growing bristle and parallel to each other.  
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Genotype: w1118 / w1118 or Y; P[GawB]apmd544, P[UGM, w+]II / +. Figure shows panels 

from a time-lapsed video of a growing macrochaeta on the fly thorax. F-actin is labeled 

with UGM expressed under the control of P[GawB]apmd544. Yellow arrowheads point to a 

bundle of actin filaments that run along the length of the bristle. Note that these actin 

bundles run parallel to each other in control flies. Scale bar for all panels, 20µm. Time 

stamp shows time elapsed between the time frames selected from a large data set. Time 

0 in the first panel is approximately 34 hrs APF. 
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Figure 5: Hair morphogenesis in control clones of cells negatively marked with 
nuclear localized H2Av: mRFP show no hair morphogenesis defects.  

 

Genotype: w1118 / w1118 or Y;  P[ry[+t7.2]=neoFRT]40AII / P[H2Av:mRFP,w+]II, P[ 

FRT40A]II; P[tubP-GAL4]LL7, P[UAS-FLP.Exel,w+]III  / P[sGMCAB2, w+]III. Figure shows 

hair morphogenesis in thoracic cells. Cells marked with H2Av: mRFP and unmarked 

clones do not exhibit any hair morphogenesis defects. sGMCAB2 marks F-actin. Scale bar 

for all panels=10µm. Time 0 in the first panel is ~ 36hrs APF. 
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Figure 6: Time-lapse of hair morphogenesis in ck13/ck13 clones demonstrates 
that “multiple hairs” seen in ck homozygous mutant escapers are split hairs.  

 

Genotype: w1118 / w1118 or Y; ck13, P[ry[+t7.2]=neoFRT]40AII / P[H2Av:mRFP,w+]II, P[ 

FRT40A]II; P[tubP-GAL4]LL7, P[UAS-FLP.Exel,w+]III / P[sGMCAB2, w+]III. Proximal is to 

the left and distal to the right. F-actin is labeled with sGMCA. Double arrowheads 

follow hair morphogenesis in ck13 / ck13 cells, negatively marked by Histone-RFP in the 

nucleus (H2Av: mRFP; i.e., there is no Histone-RFP in the nucleus of mutant clones). 

Yellow arrows follow hair morphogenesis in control cells. Note that hair initiation takes 

place at the distal vertex of cells mutant for ck/MyoVIIa. Actin bundles in ck13 / ck13 

homozygous mutant cells fail to associate at their tip, form 2-8 individual hairs that 

constitute the split hair phenotype. The split hairs (double arrowheads) are shorter and 
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thinner than control hairs (yellow arrow). Scale bar for all panels, 10µm. Time 0 in the 

first frame is equivalent to ~36hrs APF. 
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Figure 7: ck/MyoVIIa-RNAi expressed in thoracic epithelial cells with a strong 
GAL4 driver causes hairs to split (up to 4 split hairs per cell). 

 

Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544 /  P{w+; UGM}II ; 

P{w+,UAS-ck/MyoVIIa-RNAi}III / +. Panels are from a time-lapsed video of hair 

morphogenesis in thoracic epithelial cells which express a ck/MyoVIIa-specific hairpin 

driven with a P{w[+mW.hs]=GawB}apmd544-GAL4 driver that has strong expression in 

thoracic epithelial cells. F-actin is labeled with UGM. Driving ck/MyoVIIa-specific 

hairpin with a strong driver causes hairs to split into up to 4 split hairs similar to strong 

loss-of-function alleles of ck/MyoVIIa. Yellow arrows point to 4 split hairs emerging 
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from a single cell. Scale bar for all panels is 10µm. Time 0 in the first panel is 

approximately 36hrs APF. 
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Figure 8: Knockdown of ck/MyoVIIa levels using a ck/MyoVIIa-specific 
hairpin driven by a weak GAL4 driver phenocopies mild loss-of-function allelic 

combinations of ck/MyoVIIa. 

 

Genotype: w1118, P{w[+mW.hs]=GawB}BxMS1096, P{w+; UGM} / w1118 or Y; 

P{w+,UAS-ck/MyoVIIa-RNAi}III / +. Figure shows panels from a time-lapsed video of hair 

morphogenesis in thoracic epithelial cells. UAS-ck/MyoVIIa-RNAi driven with 

P{w[+mW.hs]=GawB}BxMS1096-GAL4 driver that expresses at low levels in thoracic 

epithelial cells leads to mild split hair defects. Some cells have no split hairs (yellow 

arrows), and other cells have hairs that split into 2 (yellow arrowheads). Scale bar for all 

panels, 10µm. Time 0 in the first panel is approximately 36 Hrs APF. 
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Figure 9: Mild loss-of-function combination of ck/MyoVIIa alleles leads to a 
mild split hair phenotype. 

 

Genotype: w1118 / w1118 or Y; ck7, P[sGMCAA2, w+]II / P{PZ}Fck07130. Figure shows 

panels from a time-lapsed video of hair morphogenesis in ck7/ P{PZ}ck07130  flies, a mild 

allelic combination of ck/MyoVIIa mutants. This mild allelic combination of ck/MyoVIIa 

mutants leads to cells that exhibit no split hair defects (yellow arrows) to cells with hairs 

split into two (double arrowheads). sGMCA was used to label F-actin. Scale bar for all 

panels, 10 µm. Time 0 in the first panel is approximately 36 hrs APF. 
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Figure 10: GFP-ck/MyoVIIa shows uniform cortical localization in thoracic 
epithelial cells, is localized to pre-hairs and is enriched in growing hairs. 

 

Genotype: w1118 / w1118 or Y; P[Ubi GFP-ck/MyoVIIa, w+]23-1II / P[Ubi GFP-

ck/MyoVIIa, w+]23-1II. Figure shows panels from a time-lapsed video of hair 

morphogenesis in thoracic epithelial cells expressing GFP-ck/MyoVIIa. Ubiquitin 

promoter driven GFP-ck/MyoVIIa does not show polarized distribution when expressed 

in thoracic epithelial cells under the control of ubiquitin promoter. Yellow arrows point 

to two sets of multiple hairs emerging from the same cell. Scale bar for all panels, 10µm. 

Time 0 in the first panel is ~36 hrs APF. 
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Figure 11: GFP-ck/MyoVIIa expressed in ck13/ck13 homozygous mutant clones 
rescues the split and short hair phenotype. 

 

Genotype: w1118 / w1118 or Y; ck13, P{ry[+t7.2]=neoFRT}40AII / P[H2Av:mRFP,w+]II, P[ 

FRT40A]II; P[tubP-GAL4]LL7, P[UAS-FLP.Exel,w+]III / P[UbiGFP-ck/MyoVIIa,w+]80-1III. 

Panels from a time-lapsed video of hair morphogenesis in ck13/ck13 clones expressing 

ubiquitin promoter driven GFP-ck/MyoVIIa shows that GFP-ck/MyoVIIa rescues the 

split and short hair phenotype seen in ck13 (null or near null) homozygous mutants. 

Yellow arrowheads point to hairs emerging from wild-type cells and double arrowheads 

point to hairs emerging from ck13/ck13 homozygous mutant cells. Scale bar for all panels, 

10µm. Time 0 in the first panel is approximately 36hrs APF. 
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Figure 12: Aggregates of GFP-ck/MyoVIIa move along actin filaments from the 
base to the tip in ck13/ck13 mutant macrochaetae, rescued with GFP-ck/MyoVIIa. 
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Genotype: w1118 / w1118 or Y; ck13, P{ry[+t7.2]=neoFRT}40AII / P[H2Av:mRFP,w+]II, P[ 

FRT40A]II; P[tubP-GAL4]LL7, P[UAS-FLP.Exel,w+]III / P[Ubi GFP-ck/MyoVIIa,w+]80-1III. 

Time-lapse of bristle morphogenesis in a ck13 homozygous mutant bristle rescued with 

ubiquitin promoter driven GFP-ck/MyoVIIa. In addition to decorating F-actin bundles 

along the length of the bristle, puncta of GFP-ck/MyoVIIa move along the F-actin from 

the base towards the tip. Yellow arrowheads follow one such puncta of GFP-ck/MyoVIIa 

as it moves along the actin filament. Scale bar for all panels, 20µm. Time 0 in the first 

panel is an arbitrary start point, ~36 hrs APF. 
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Figure 13: Over-expression of GFP-ck/MyoVIIa causes multiple hairs per cell. 

 

Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; URM}II / +; 

P{w+,UASGFP-ck/MyoVIIa}27III / +. Figure shows panels from a time-lapsed video of hair 

morphogenesis in thoracic epithelial cells over-expressing GFP-ck/MyoVIIa. Yellow 

arrowheads point to 3 hairs emerging from a single cell that are of comparable length to 

wild-type hairs. Note that all hairs emerge from a single cell point in the distal direction. 

Scale bar for all panels=10µm. Time 0 in the first panel is ~ 36hrs APF. 
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Figure 14: Mosaicism in the levels of expression of GFP-ck/MyoVIIa in 
thoracic epithelial cells show that high levels of GFP-ck/MyoVIIa in cells lead to 

formation of multiple hairs per cell. 

 

Genotype: w1118, P{w+, UAS GFP-ck/MyoVIIa}I / w1118, P{w+, UAS GFP-

ck/MyoVIIa}I or Y ; ck7/ck13; P{sqh-GAL4}III / P{sqh-GAL4}III. Panels from a time-lapsed 

video of hair morphogenesis in rescued thoracic epithelial cells. Rescue of ck7/ck13 flies 

with sqh-gal4 driving the expression of UAS GFP-ck/MyoVIIa leads to mosaic levels of 

expression of UAS GFP-ck/MyoVIIa in thoracic epithelial cells. Cells with low levels of 

GFP-ck/MyoVIIa expression form a single hair per cell (yellow arrow). Cells with 

moderate levels of GFP-ck/MyoVIIa form two hairs per cell (double arrowhead). Cells 

expressing high levels of GFP-ck/MyoVIIa form multiple hairs per cell (yellow 
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arrowheads). Scale bar for magnified inset, 5 µm. Scale bar for all other panels, 10µm. 

Time 0 in the first panel is approximately 36 hrs APF. 
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Figure 15: GFP-ck/MyoVIIa is associated with actin filament bundles in 
bristles and in aberrant cellular protrusions at the bristle tips. 

 

Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; URM}II / +; 

P{w+,UASGFP-ck/MyoVIIa}27III / +. A. Figure shows panels from a time-lapsed video of 

growing bristles expressing GFP-ck/MyoVIIa driven by the P{w[+mW.hs]=GawB}apmd544 

GAL4 driver. Yellow arrowheads point to blobs at the end of aberrant cellular 

protrusions at the tip of the bristle. Yellow arrows point to GFP-ck/MyoVIIa associated 

with the actin bundles along the length of the bristle. B. Enlarged view of the yellow box 
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at time point 83 min in panel A showing the aberrant cellular protrusions at the tip of 

the growing bristle with a knob-like structure at the end. Scale bar for all panels=10µm. 

Time is in minutes, time 0 in the first frame in A is an arbitrary start point.  
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Figure 16: GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 is enriched in knob-like 
structures at the tip of aberrant cellular protrusions of actin filament bundles of hairs 

and causes mild split hair defects. 

 

Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; URM}II / + ; p{w+, 

UAS GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21}3-1III / +. GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21 associates with F-actin at the cell cortex and in the growing hairs. 

Expression of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21  causes a mild split hair phenotype. 

Yellow arrows point to 3 split hairs emanating from a single cell. White arrowheads 

point to the aberrant cellular protrusions at the tip of the hairs with a knob-like end that 

is enriched with GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21  3-1. Bar, for all panels except the 
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inset is 10µm. Bar for magnified inset is 5µm. Time 0 in the first panel is approximately 

36 Hrs APF 
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Figure 17: Expression of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 causes 
formation of very long actin-based aberrant cellular protrusions at the tips of hairs. 

 

Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; URM} / +; p{w+, 

UAS GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21}HT3III / +. Figure shows time-lapsed video of 
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hair morphogenesis in thoracic epithelial cells expressing URM that labels F-actin and 

GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21. Expression of GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21 in thoracic epithelial cells occasionally leads to the formation of 

very long actin-based aberrant cellular protrusions from the hair tip that grow to twice 

the length of wild-type hair. White arrow follows the thin cellular protrusion tip as it 

grows to approximately twice the length of wild-type hairs. Bar for all panels, is 10µm. 

Time 0 in the first panel is approximately 41 hrs APF. 
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Figure 18: Expression of UAS GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 using a 
strong GAL4 driver leads to its increased accumulation at bristle tips, which leads to 

the formation of aberrant cellular protrusions at bristle tips. 
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Genotype: w1118 / w1118 or Y; P{w+, UAS GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21}2-3II 

/ P{Act5C-GAL4}25FO1II. Figure shows panels from a time-lapsed video of bristle 

morphogenesis in pupae expressing GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21. Yellow 

arrowheads point to aberrant cellular protrusions at the bristle tip with the eventual 

migration of the knob-like accumulation of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 to the 

new end of the protrusion. Yellow double arrows mark the point at which the aberrant 

cellular protrusion starts. Red arrowhead points to GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21 accumulation at another bristle tip that does not lead to longer than 

usual aberrant cellular protrusion. Scale bar for all panels =10µm. Time 0 in the first 

panel is an arbitrary start point. 
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Figure 19: GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 expressed in ck13/ck13 mutant 
cells fails to completely rescue the split and short hair phenotype of ck13/ ck13 clones. 
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Genotype: w1118 / w1118 or Y; ck13, P{ry[+t7.2]=neoFRT}40AII / P[H2Av:mRFP,w+]II, P[ 

FRT40A]II; P[tubP-GAL4]LL7, P[UAS-FLP.Exel,w+]III / P{w+, UAS GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21}HT3III. Panels from a time-lapsed video show the effect of 

expressing GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 on hair morphogenesis in ck13/ck13 cells 

which lack Histone-RFP in the nucleus. Yellow arrows show split hairs that fail to 

properly associate. Yellow double arrows point to hairs with normal morphology that 

have been rescued by GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 expression. Scale bar for all 

panels, 10µm. Time 0 in the first panel is ~36 hrs APF. 
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Figure 20: Expression of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 in ck13 mutant 
microchaeta causes short aberrant cellular protrusions at its tip. 

 

Genotype: w1118 / w1118 or Y; ck13, P{ry[+t7.2]=neoFRT}40AII / P[H2Av:mRFP,w+]II, P[ 

FRT40A]II; P[tubP-GAL4]LL7, P[UAS-FLP.Exel,w+]III / P{w+, UAS GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21}HT3III. Figure shows an example of a mild defect in actin elongation 

in the form of short surface projections from ck13 mutant microchaeta expressing UAS 

GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21. Yellow arrowheads point to the tip of the short 

cellular protrusion. Bar for all panels, 10µm. Time 0 in the first panel is an arbitrary start 

point. 
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Figure 21: Expression of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 in ck13 mutant 
bristle causes longer than usual aberrant cellular protrusions at its tip. 
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Genotype: w1118 / w1118 or Y; ck13, P{ry[+t7.2]=neoFRT40AII / P[H2Av:mRFP,w+]II, P[ 

FRT40A]II; P[tubP-GAL4]LL7, P[UAS-FLP.Exel,w+]III / P{w+, UAS GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21}HT3III. Figure shows an example of severe defects seen in 

macrochaeta null or near null for ck/MyoVIIa expressing GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21. Expression of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 in ck13 mutant 

macrochaetae causes the formation of long aberrant cellular protrusions not seen in ck13 

mutant (ck/MyoVIIa null or near null) bristles. Histone RFP (H2Av: mRFP) marks nuclei 

of heterozygous mutant or wild-type cells. Yellow arrowheads mark the tip of very long 

aberrant cellular protrusions. Bar for all panels, 10µm. Time 0 in the first panel is an 

arbitrary start point. 
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Figure 22: Expression of GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22  in thoracic 
epithelial cells rarely causes split hair defects. 

 

Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; URM} / +; p{w+, 

UAS GFP-ck/MyoVIIa-ΔMyTH41,FERM1,22}4-2III / +. Expression of GFP-ck/MyoVIIa-

ΔMyTH42,FERM1,22 with P{w[+mW.hs]=GawB}apmd544-GAL4, which expresses in 
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thoracic epithelial cells, rarely gives split hair defects. GFP-ck/MyoVIIa-

ΔMyTH42,FERM1,22 associates with the growing hair and is also found at the tip of hairs 

in a knob-like structure (though not as enriched as GFP-ck/MyoVIIa-

ΔMyTH42,FERM1,21) . Apart from the association with hairs, GFP-ck/MyoVIIa-

ΔMyTH42,FERM1,22 also has a diffuse cytoplasmic distribution, unlike GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21. Scale bar for all panels, 10µm. Time 0 in the first panel is ~ 36 Hrs 

APF. 
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Figure 23: Expression of GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 in ck13/ck13 cells 
partially rescues the split hair defects seen in ck13/ck13 cells. 
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Genotype : w1118 / w1118 or Y; ck13, P{ry[+t7.2]=neoFRT}40AII / P[H2Av:mRFP,w+]II, P[ 

FRT40A]II; P[tubP-GAL4]LL7, P[UAS-FLP.Exel,w+]III / P{w+, UAS GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,22}4-2III. Expression of GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 in ck13/ck13 

homozygous mutant clones rescues the split hair phenotype in some cells (yellow 

arrows). In contrast, yellow arrowheads point to cells with split hairs that fail to 

properly associate even in the presence of GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22. Yellow 

double arrow points to a single hair of wild-type length in the region outside of the 

ck13/ck13 clone. Note the wild-type hair in control cell is longer than the single hair from a 

rescued ck13/ck13 clones expressing GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22. Scale bar for all 

panels, 10µm. Time 0 in the first panel is ~ 36 Hrs APF. 
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Figure 24: ck13 mutant bristle expressing GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 
exhibits mild defects. 

 

Genotype: w1118 / w1118 or Y; ck13, P{ry[+t7.2]=neoFRT}40AII / P[H2Av:mRFP,w+]II, P[ 

FRT40A]II; P[tubP-GAL4]LL7, P[UAS-FLP.Exel,w+]III / P{w+, UAS GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,22}4-2III. Figure shows time-lapse bristle morphogenesis in a ck13 

mutant bristle expressing GFP-ck/MyoVIIa-ΔMyTH41,FERM1,22. Yellow arrowheads 

show small aberrant cellular protrusions away from the tip of the bristle. Yellow arrows 

point to the tip of the bristle that shows mild aberrant morphology which eventually 
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resolves itself. Scale bar for all panels, 10µm. Time 0 in the first panel is an arbitrary start 

point. 
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Figure 25: Over-expression of GFP-ck/MyoVIIa-ΔSH3Tail, like over-expression 
of GFP-ck/MyoVIIa in thoracic epithelial cells, leads to formation of multiple hairs 

per cell. 

 

Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; URM}II / p{w+, 

UAS GFP-ck/MyoVIIa-ΔSH3Tail }23-2,II . Panels from a time-lapsed video shows hair 

morphogenesis in thoracic epithelial cells expressing GFP-ck/MyoVIIa-ΔSH3Tail and URM 

that labels F-actin. Yellow arrowheads point to 4 hairs emerging from a single cell that 

have similar thickness and length as wild-type hairs. These hairs contrast the split hairs 

that are thinner and shorter than wild-type hairs. Scale bar for all panels, 10µm. Time 0 

in the first panel is ~ 36 Hrs APF. 
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Figure 26: GFP-ck/MyoVIIa-ΔSH3Tail associates with F-actin along the length of 
the growing bristle. GFP-ck/MyoVIIa-ΔSH3Tail is also seen in a knob-like structure at 

the tip of extensions of the bristle actin bundles (red arrowhead). 

 

Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; URM}II / +; p{w+, 

UAS GFP-ck/MyoVIIa-ΔSH3Tail }115-1 III / +. Figure shows an example of mild defects in 

morphogenesis of a macrochaeta expressing GFP-ck/MyoVIIa-ΔSH3Tail and URM (labels 
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F-actin). Yellow arrowheads point to two growing tips of the macrochaeta that 

eventually resolve into a single tip. Scale bar for all panels, 10µm. Time 0 in the first 

panel is ~ 32-34 Hrs APF. 
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Figure 27: Over-expression of GFP-ck/MyoVIIa-ΔSH3Tail causes defects in the 
uniform spacing of actin bundles at the periphery of macrochaeta, membrane blebs 

and tip bending defects. 

 

Genotype w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; URM}II / +; p{w+, 

UAS GFP-ck/MyoVIIa-ΔSH3Tail }115-1III / +. Panels from a time-lapsed video show bristle 
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morphogenesis of a macrochaeta and a microchaeta expressing GFP-ck/MyoVIIa-ΔSH3Tail 

and URM (labels F-actin). Yellow arrowheads in Panel A, A’ point to defects in the 

regular spacing of actin filament bundles, that run along the length of growing bristles. 

Yellow arrows in panel B, B’ point to a membrane bleb outlined with white dotted line. 

Yellow arrow and yellow arrowheads in panel C point to defects at the tip of a growing 

microchaeta with the two actin bundles growing in different directions. Scale bar for all 

panels, 10µm. Time 0 in panels A and C is an arbitrary start point. 
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Figure 28: Expression of GFP-ck/MyoVIIa-Δ SH3Tail in cells null or near null for 
ck/MyoVIIa gives rise to multiple hairs per cell. 

 

Genotype: w1118 / w1118 or Y; ck13,  P{ry[+t7.2]=neoFRT}40A / P{w[+mC]=His2Av-

mRFP1}, P{ry[+t7.2]=neoFRT}40A; P{w[+mC]=tubP-GAL4}LL7, P{w[+mC]=UAS-

FLP.Exel}III / P{w+, UAS GFP-ck/MyoVIIa-Δ SH3Tail }115-1III. Figure shows panels from a 

time-lapsed video of hair morphogenesis in clones of ck13/ck13 cells that also express GFP-

ck/MyoVIIa-Δ SH3Tail. These cells give rise to multiple hairs (see white arrowheads) that 

are of comparable width to wild-type hairs. Scale bar for all panels, 10µm. Time in the 

first panel is ~ 36 Hrs APF. 
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Figure 29: GFP-ck/MyoVIIa-Δ SH3Tail expressed in a macrochaeta which is null 
or near-null for ck/MyoVIIa causes defects in the uniform spacing of actin bundles at 

the periphery of macrochaetae and apparent reduced levels of F-actin. 

 

Genotype: w1118 / w1118 or Y; ck13,  P{ry[+t7.2]=neoFRT}40A / P{w[+mC]=His2Av-

mRFP1}, P{ry[+t7.2]=neoFRT}40A; P{w[+mC]=tubP-GAL4}LL7, P{w[+mC]=UAS-

FLP.Exel}III  / P{w+, UAS GFP-ck/MyoVIIa-Δ SH3Tail }115-1III. Expression of GFP-

ck/MyoVIIa-Δ SH3Tail in a ck13 mutant bristle causes actin bundles that normally run 

parallel to each other to come close to each other at points along the length (yellow 
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arrowheads). It also causes abnormal protrusions at the bristle tip (yellow arrows) and 

crossing over of actin bundles at the tip (double arrow). These bristles, also appear to 

have reduced levels of F-actin. Scale bar for all panels, 10µm. Time 0 in the first panel is 

an arbitrary start point. 
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Figure 30: Expression of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21SH3Tail in 
thoracic epithelial cells causes a mild split hair phenotype similar to GFP-

ck/MyoVIIa-ΔMyTH41,FERM1,21. 

 

Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; URM}II / p{w+, 

UAS GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21SH3Tail }3-2II. Panels from a time-lapsed video 

of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21SH3Tail during hair morphogenesis in thoracic 

epithelial cells expressing URM (Labels F-actin, not shown) and GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21SH3Tail. Expression of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21SH3Tail 

causes mild split hair defects similar to split hair defects seen with GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21 over-expression. Yellow arrows point to 2 hairs emerging from a 

single cell. The one on top is thinner than the other, which is typical of split hair defects. 

Scale bar for all panels is 10µm. Time 0 in the first panel is ~ 36 Hrs APF. 
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Figure 31: Expression of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21SH3Tail in 
microchaeta causes defects in tip growth similar to bristles expressing GFP-

ck/MyoVIIa-ΔSH3Tail. 
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Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; URM}II / p{w+, 

UAS GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21SH3Tail }3-2II. Panels from a time-lapsed video 

of a growing microchaeta expressing GFP-ck/MyoVIIa-ΔMyTH41, FERM1,21 SH3Tail and 

URM ( labels F-actin, red channel not shown). The microchaeta expressing GFP-

ck/MyoVIIa-ΔMyTH41, FERM1,21SH3Tail shows tip bending defects similar to defects seen 

when GFP-ck/MyoVIIa-ΔSH3Tail is expressed (see yellow arrows). Scale bar for all panels, 

10µm. Time 0 in the first panel is an arbitrary start point. 
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Figure 32: Expression of GFP-ck/MyoVIIa-ΔHead causes split and short hair 
defects similar to ck13/ck13 homozygous mutant cells. 

 

Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; URM}II / P{ UAS 

GFP-ck/MyoVIIa-ΔHead}23II, P{w+, UAS GFP-ck/MyoVIIa-ΔHead}13II / +. Figure shows 

panels from a time-lapsed video of hair morphogenesis in thoracic epithelial cells 

expressing URM (labels F-actin) and GFP-ck/MyoVIIa-ΔHead. Expression of two copies 

of GFP-ck/MyoVIIa-ΔHead causes the split and short hair defects seen in ck/MyoVIIa 

null clones. White arrowheads point to 8 split hairs arising from a single cell. Note the 

hairs that split into 8 are thinner than hairs that just split onto 2 or 3 hairs. Scale bar for 

all panels, 10µm. Time 0 in the first panel is ~ 36 Hrs APF. 
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Figure 33: Expression of GFP-ck/MyoVIIa-ΔHead in ck13 mutant bristle leads to 
reduced F-actin levels. 

 

Genotype: w1118, P{w+,UAS GFP-ck/MyoVIIa-ΔHead} / w1118 or Y; ck13,  

P{ry[+t7.2]=neoFRT}40A / P{w[+mC]=His2Av-mRFP1}, P{ry[+t7.2]=neoFRT}40A; 

P{w[+mC]=tubP-GAL4}LL7, P{w[+mC]=UAS-FLP.Exel}III / +. Most flies expressing GFP-

ck/MyoVIIa-ΔHead in a ck13 mutant background don’t survive until pupation. Panels 

from a time-lapsed video of morphogenesis of a ck13 mutant bristle in a pupae expressing 

UAS GFP-ck/MyoVIIa-ΔHead that dies early during bristle morphogenesis. Expression 

of GFP-ck/MyoVIIa-ΔHead in a ck/MyoVIIa null or near null background appears to 

cause reduced F-actin levels in bristles. Yellow arrowheads point to GFP-ck/MyoVIIa-
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ΔHead accumulated in a knob-like structure at the tip of aberrant cellular protrusions 

from the bristle. Scale bar for all panels, 10µm. Time 0 in the first panel is ~ 32-34 Hrs 

APF. 
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Figure 34: Knockdown of MyoXV levels in thoracic epithelial cells using a 
MyoXV-specific RNAi hairpin gives a split hair phenotype. 
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Genotype : w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+, UGM}II / +; 

P{w[+mC]=UAS-Dcr-2.D}10III / P{w+, UASMyoXVRNAi37530}III . Figure shows panels from 

a time-lapsed video of hair morphogenesis in thoracic epithelial cells expressing 

MyoXV-RNAi (a MyoXV-specific hairpin). MyoXV-RNAi and UAS-Dcr-2 driven in 

thoracic epithelial cells using P{w[+mW.hs]=GawB}apmd544-GAL4 causes split hair 

defects. Yellow arrowheads mark split hairs emerging from a single epithelial cell. 

Knockdown of MyoXV using the UASMyoXVRNAi37530 RNAi transgene also causes cell 

shape defects as indicated by the abnormal oval rather than hexagonal shape of some of 

the epithelial cells. F-actin was labeled using UGM. Scale bar for all panels, 10µm. Time 

0 in the first panel is ~ 36 Hrs APF. 
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Figure 35: Knockdown of MyoXV using a MyoXV-specific RNAi hairpin gives 
a split hair phenotype. 

 

Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+, UGM}II / +; 

P{w[+mC]=UAS-Dcr-2.D}10III / P{w+, UASMyoXVRNAi33486}III (no predicted off target 

effects). The MyoXV-specific hairpin construct and UAS-Dcr-2 were driven in thoracic 

epithelial cells using P{w[+mW.hs]=GawB}apmd544-GAL4 and together cause split hair 

defects. Yellow arrows point to two split hairs emerging from a single epithelial cell. F-

actin was labeled using UGM. Scale Bar for all panels, 10µm. Time 0 in the first panel is ~ 

36 Hrs APF. 
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Figure 36: Expression of MyoXV-GFP (Myo10A-GFP) in thoracic epithelial 
cells does not lead to the formation of multiple hairs per cell. 

 

Genotype: w1118 / w1118 or Y; P{w[+mC]=UASp-Myo10A.GFP}20II / +; 

P{w[+mC]=tubP-GAL4}LL7III / +. Figure shows panels from a time-lapsed video of hair 

morphogenesis in thoracic epithelial cells expressing UAS MyoXV-GFP. Expression of 

MyoXV-GFP (Sisyphus-GFP) does not cause multiple hair defects. Yellow arrow points 

to a single hair emerging from a thoracic epithelial cell. Scale bar for all panels, 10µm. 

Time 0 in the first panel is ~ 36 Hrs APF. 
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Figure 37: Model for MyoVIIa regulation. 

 

Proposed model of how the different deletion alleles of ck/MyoVIIa are 

regulated. Figure shows a cartoon of the different deletion alleles of ck/MyoVIIa, with 

the closed form of the wild-type protein in the center and the open and active form at 

position 1. Deletion alleles 3, 4, 5, 6 are predicted to be unable to form the closed inactive 

form. Deletion allele 2’s ability to exist in the closed inactive form is unknown. See 
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legend below for details of the alleles (deleted domains are represented by black 

outlines). 

 

1. GFP-ck/MyoVIIa (open)  

2 GFP-ck/MyoVIIa-Δ,SH3Tail   

3 GFP-ck/MyoVIIa-ΔMyTH42,FERM1,22 

4 GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21SH3Tail   

5 GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 

6 GFP-ck/MyoVIIa-ΔHead   

7 GFP-ck/MyoVIIa (closed)  
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Figure 38: Thoracic epithelial cells in mwh1 / mwh1 mutants give rise to 
multiple hairs with polarity defects not seen in ck/MyoVIIa mutants. 

 

Genotype: w1118 / w1118 or Y; P{w+; sGMCAA2}II / P{w+; sGMCAA2}II; mwh1 / mwh1. 

Figure shows panels from a time-lapsed video of hair morphogenesis in thoracic 

epithelial cells in a homozygous mwh1 mutant pupa. mwh1 mutants are characterized by 

the formation of multiple hairs per cell that do not necessarily originate at the distal 

vertex of the epithelial cell. Yellow arrows point to examples of hairs that exhibit planar 

polarity defects. Scale bar for all panels, 10µm. Time 0 in the first panel is ~ 36 Hrs APF. 
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3. Analysis of putative effectors of ck/MyoVIIa functions 
in hair and bristle morphogenesis. 

 

3.1 Introduction 

Hairs and bristles have an actin cytoskeleton that consists of actin filaments that 

are cross linked into bundles by bundling proteins and these actin bundles run along the 

length of hairs and bristles. In chapter 2 we show that individual actin bundles in hairs 

and bristles are likely tethered or associated together that allows them to grow within 

the same membrane envelope. In the absence of ck/MyoVIIa function, this tether seems 

to be disrupted leading to a split hair phenotype. Thus, ck/MyoVIIa is essential for 

associating hair-actin bundles to form a single hair. We show that ck/MyoVIIa is 

essential for regulating the length/elongation of hairs and bristles, and over-expression 

of ck/MyoVIIa can cause the formation of multiple hairs instead of one in each hexagonal 

epithelial cell. It is not clearly understood whether ck/MyoVIIa directly regulates hair 

number, hair-actin bundle association and hair/bristle elongation, or it functions via 

other effector proteins. Studies on MyoVIIa function in vertebrates suggest that MyoVIIa 

regulates Twinfilin (twf) localization at stereocilia tips (Peng et al. 2009; Rzadzinska et al. 

2009), where Twinfilin maintains slower rates of actin turnover resulting in shorter 

stereocilia. Unlike mammals, which have three twinfilin isoforms, twinfilin-1, twinfilin-2a 

and twinfilin-2b (encoded by two twinfilin genes), the Drosophila melanogaster genome 

encodes only one twf gene, which encodes a single protein splice form. In Drosophila, twf 



 

144 

is thought to be a negative regulator of F-actin elongation (Wahlstrom et al. 2001; Wang 

et al. 2010). In this study we investigate twf as an effector for ck/MyoVIIa function in 

regulating hair and bristle lengths in Drosophila melanogaster. Loss-of-function mutations 

in twf lead to shorter than wild-type hairs and bristles and defects in the regular ridges 

and grooves that run along the length of wild-type bristles (Wahlstrom et al. 2001). This 

contrasts its function in regulating stereocilia, where lack of twf results in longer 

stereocilia. As such, twf loss-of-function hair and bristle defects share aspects of 

ck/MyoVIIa loss-of-function phenotypes in Drosophila melanogaster (Kiehart et al. 2004). 

Twinfilin loss-of-function mutants however do not cause a split hair phenotype; hence 

Twinfilin is unlikely to be important for hair-actin bundle association (Wahlstrom et al. 

2001).  

Since the loss-of-function phenotype of twf does not encompass all the attributes 

of ck/MyoVIIa loss-of-function mutants, we looked for additional putative effectors of 

ck/MyoVIIa function in hair and bristle morphogenesis. Other candidates that might 

work in concert with ck/MyoVIIa to effect normal hair-actin bundle association and 

bristle and hair elongation include Quail (qua), Singed (sn) and Forked (f) and Alpha-actinin 

(Actn). Quail, Singed and Forked have been shown to be involved in actin bundle 

formation in hair morphogenesis: loss-of-function mutations in sn and f lead to shorter 

than wild-type hairs, and qua loss-of-function mutations cause longer than wild-type 

hairs in males (Guild et al. 2005). Alpha-actinin has been shown to be important in 
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bundling actin filaments in filopodia (Svitkina et al. 2003), and in tethering the actin 

cytoskeleton to plasma membrane complexes (Burridge and Feramisco 1982; Pavalko et 

al. 1991; Hampton et al. 2007; Sjoblom et al. 2008). These functions of Alpha-actinin could 

be important for actin bundle association and elongation in hair and bristle 

morphogenesis.  

Zipper (zip/MyoII) has been shown to work antagonistically with ck/MyoVIIa and 

also causes split hair phenotype and bristle defects (Winter et al. 2001; Franke et al. 

2010). Here, we looked at how DN-ziptail expression modulates GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21 over-expression phenotype. 

We looked at the ability of Alpha-actinin, Singed and Quail to cause multiple hair 

defects similar to ck/MyoVIIa over-expression. We also looked at their ability to rescue 

the ck/MyoVIIa null split hair phenotype with the premise that if ck/MyoVIIa functions 

via any of these effectors their over-expression might partially or completely rescue 

aspects of ck/MyoVIIa loss-of-function phenotypes in hair and bristle morphogenesis. 

 

3.2 Materials and Methods: 

3.2.1 Fly Husbandry and stocks: 

Flies were raised and crosses were performed at 25˚C on standard yeast-

cornmeal-agar medium using standard methods (Roberts 1998). The stocks used in the 

study are listed in Table 3. 
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Table 3: List of fly stocks used in chapter 3 

Fly Stocks Source 

P[GawB]BxMS1096, w1118 Bloomington 

P[GawB]BxMS1096, w1118, P{w+,UGM}X Bloomington and this study 

P{w[+mC]=lacW}ActnG0077 w67c23/FM7c Bloomington 

P{w[+mC]=lacW}ActnG0077 w67c23, P{ry[+t7.2]=neoFRT}19A /FM7c Bloomington and this study 

P[H2Av:mRFP,w+]7 X This study and (Schuh et al. 2007) 

P[H2Av:mRFP,w+]7 X, w1118, P{ry[+t7.2]=neoFRT}19A This study and (Schuh et al. 2007) 

P[UAS-FLP1.D]JD2 Bloomington 

P[w[+mW.hs]=GawB]T155 Bloomington 

P[w[+mW.hs]=GawB]T155, P[w[+mC]=UAS-FLP1.D]JD2, P{w+; URM}III Bloomington and this study 

P[H2Av:mRFP,w+]7 X, w1118, P{ry[+t7.2]=neoFRT}19A / P[H2Av:mRFP,w+]7 X, 

w1118, P{ry[+t7.2]=neoFRT}19A ; P[w[+mW.hs]=GawB]T155, P[w[+mC]=UAS-

FLP1.D]JD2, P{w+; URM}III / TM3, Sb1 

This study , (Schuh et al. 2007) and 

Bloomington 

P[GawB]apmd544 Bloomington (O'Keefe et al. 1998) 

P{w+; URM}II and P{w+; URM}III This study 

P{w+,UGM}II and P{w+,UGM}III (Bloor and Kiehart 2001) 

P[GawB]apmd544, P{w+,UGM}II Bloomington and this study 

P[GawB]apmd544, P{w+; URM}II Bloomington and this study 

w1118; P{w[+mC]=UAS-Dcr-2.D}10III Bloomington 

P[GawB]apmd544, P{w+,UGM}II / CyO, P{w[+mC]=Dfd-EYFP}2 ; 

P{w[+mC]=UAS-Dcr-2.D}10III / TM6B, Tb1 
Bloomington and this study 

P[GawB]apmd544, P{w+; URM}II / CyO, P{w[+mC]=Dfd-EYFP}2 ; P{ w+; UAS 

GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21}HT3, III 

 

Bloomington and this study 

w* baz4 P{w[+mW.hs]=FRT(w[hs])}9-2/FM7a, P{Dfd-GMR-nvYFP}1 Bloomington 
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w*; snaSco/CyO, P{w[+mC]=Dfd-EYFP}2 Bloomington 

w*; snaSco/CyO, P{Dfd-GMR-nvYFP}2 Bloomington 

w*; ry506 Dr1/TM6B, P{w[+mC]=Dfd-EYFP}3, Sb1 Tb1 ca1 Bloomington 

w*; ry506 Dr1/TM6B, P{Dfd-GMR-nvYFP}4, Sb1 Tb1 ca1 Bloomington 

P{ w+; UAS Alpha-actinin-RNAi}GD1354, v7760III Dietzl et al. 2007 and VDRC 

P{ w+; UAS Alpha-actinin-GFP}19-2 III Daniel Abrevanel thesis 

P{ w+; UAS ck/MyoVIIa RNAi}III Mark Chee thesis 

P{ w+; UAS GFP-Quail}6-2, III This study 

P{ w+; UAS GFP-Singed}6-3, X This study 

P{ w+; UAS GFP-Singed}6-2, II This study 

P{ w+; UAS GFP-Singed}5-4, III This study 

P{w[+mC]=UAS-f::nec-dsRNA}6, II; P{w[+mC]=UAS-f::nec-dsRNA}7, III (Reichhart et al. 2002) 

P{ w+; UAS twf-RNAi}GD10342, v25817, II Dietzl et al. 2007 and VDRC 

P{w[+mC]=EP}twfEP3701/TM6B, Tb1 Bloomington 

P[Act5C-GAL4]25FO1, II Bloomington 

P{ w+; UAS-DN-ziptail}22-12, II  (Franke et al. 2010) 

 

3.2.2 Plasmids and constructs 

UAS driven EGFP tagged Singed and Quail protein were engineered and 

transgenic lines established. Lists of the primers used in chapter 3 are listed in Table 4. 
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Table 4: List of primers used in chapter 3 

Construct Primers 

FPRH62992SN: 5’ ATG ACG CGA ATC ATT ACG TCC GGA TTG TCC TGG 
UAS-GFP-Singed 

RP62992SNSTOP: 5’ CTA GAA CTC CCA CTG TGT GGC CGA ATC GG 

FPRE36860: 5’ ATG CCG CCG TTT AAT  TTC ATC AAG CAG G 

 UAS-GFP-Quail 

RPRE36860: 5’ CTA AAA AAG CTT GAA TTG CTT TTT CAG C 

 

pUAST GFP-Singed construct:  The full length Singed open reading frame (ORF) 

was subcloned from the pFLC-1 RH62992 cDNA clone we obtained from DGRC, 

Bloomington, IN (Accession No: AY071759). Singed ORF was PCR amplified using primers 

FPRH62992SN and RP62992SNSTOP and TOPO® cloned into pCR®8/GW/TOPO® vector. 

The resulting Singed-pCR®8/GW/TOPO® plasmid was used to recombine Singed-ORF into 

destination vector pTGW (emb.carnegiescience.edu/labs/murphy/Gateway 

vectors.html#_The_Drosophila_Gateway) using LR recombination to generate pUAST-GFP-

Singed. 

pUAST GFP-Quail construct: One of the three, full length Quail ORFs was 

subcloned using the pFLC-1 RE36860 cDNA clone (Accession No: AY121684; Stapleton et 

al. 2002) obtained from DGRC, Bloomington, IN. This Quail ORF was PCR amplified using 

primers FPRE36860 and RPRE36860 and TOPO® cloned into pCR®8/GW/TOPO® vector. 

The resulting Quail-pCR®8/GW/TOPO® plasmid was used to recombine Quail-ORF into 
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destination vector pTGW (emb.carnegiescience.edu/labs/murphy/Gateway 

vectors.html#_The_Drosophila_Gateway) using LR recombination to generate pUAST-GFP-

Quail. The protein encoded is Quail-PA (McQuilton et al. 2012). 

3.2.3 Time-lapse confocal microscopy and image analysis 

A Zeiss Axiovert 200M microscope was used with a Perkin Elmer spinning disc 

confocal head for time-lapse microscopy. Images were collected using a Zeiss Plan 

Apochromat 63x / 1.4 NA oil objective. 488nm and 568nm laser lines were used to excite 

GFP and RFP respectively. 

Images were collected using the MetaMorph software 

(http://www.moleculardevices.com/Products/Software/Meta-Imaging-

Series/MetaMorph.html). Z stacks of optical sections of the samples were taken that 

ranged from the tip of the growing hair to its base (z slices were separated by 0.5µm). 

The z stacks were repeated at 5-10 minute intervals. Because of their length, optical 

sections of bristles were taken of the region of interest (z slices were separated by 0.5µm) 

and the z stacks were repeated at 5-10 minute intervals. 

Collected images were z-projected over time using Image J 

(http://rsbweb.nih.gov/ij/). A maximum projection of z stacks over time was used to 

make time-lapsed videos of hair and bristle morphogenesis. 

Stacks of Z projected time-lapses were cropped using Image J to the area of 

interest and manipulated to correctly orient the specimen image (distal to the left) when 
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necessary. The selected time points were copied, montages were assembled using Adobe 

Photoshop and scale bar was added. The montage was then copied into Abobe 

Illustrator, scaled as needed and labels were added.  

3.2.4 Sample preparation 

Late third instar larvae or 0 hour APF pupae of the genotype needed were 

collected by selecting away from the CyO, P{w[+mC]=Dfd-EYFP}2; CyO, P{Dfd-GMR-

nvYFP}2; TM6b Tb,Sb,Hu (Le et al. 2006); TM6B, P{w[+mC]=Dfd-EYFP}3, Sb1 Tb1 ca1; 

TM6B, P{Dfd-GMR-nvYFP}4, Sb1 Tb1 ca1  and other appropriate balancers. Sometimes 

GFP and/or RFP were used to positively select for the appropriate genotype. 

Pupae/Larvae were grown for 33 hours at 25˚C and then imaged for hair morphogenesis. 

To capture bristle morphogenesis, imaging was started at around 24 hr APF at 

25˚C. The pupal case was removed from the top half of the pupae down to the junction 

between the thorax and abdomen. The sample was mounted on a No 0 cover slip with 

double stick tape such that the dorsal surface of the thorax was against the cover slip. A 

small amount of Halocarbon oil (a 1:1 mixture of halocarbon oil 27 and halocarbon oil 

700, Sigma Aldrich) was added. Capillarity drew the oil between the cover slip and the 

pupae. The cover slip was mounted on a metal cover slip holder for imaging. 
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3.3 Results: 

3.3.1 Knocking down twf with a specific RNAi hairpin destabilizes the 
actin bundles and causes membrane blebs 

 twinfilin loss-of-function mutants are characterized by shorter than normal hairs 

and split, branched or bent bristles (macrochaetae) with irregular ridge patterns 

(Wahlstrom et al. 2001). They also show that these defects are due to disorganized actin 

filament bundles in developing bristles. The origin of these aberrant actin bundles are 

thought be either spontaneous actin filament nucleation or uncontrolled polymerization 

of preexisting actin filaments. To understand the origin of the disorganized actin 

bundles in twinfilin loss-of-function mutants, we followed bristle morphogenesis in 

pupae with Twinfilin levels knocked down using UAS twinfilin-RNAi (Wang et al. 2010) 

and UAS Dicer2 using the P{w[+mW.hs]=GawB}apmd544-GAL4 driver (n=5/5, where the 

first integer denotes the number of pupae that show that phenotype and the second the 

total number of pupae imaged; F-actin was labeled using UGM).  

Analysis of the time-lapsed video of bristles with knocked down levels of 

Twinfilin shows actin bundles in bristles breaking along the length of the bristle. 

Moreover, the free ends of actin filaments at the breaks grow at random angles rather 

than along the long axis of the bristle (Fig. 39). Another bristle shows splayed actin 

bundles at its tip (Fig. 40). Fluorescent blebs associated with these splayed actin bundles 

are likely caused by the separation of actin bundles from the membrane. Thus the 

irregular grooves and ridges seen in twinfilin mutants are likely caused by the 
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destabilization of the actin bundles. At a macro level it seems as though twinfilin is 

involved in bundling actin filaments in bristles, though it could still be possible that it is 

caused by uncontrolled actin polymerization, as suggested by known molecular 

functions of twinfilin in negatively regulating F-actin elongation (Moseley et al. 2006; 

Paavilainen et al. 2007; Peng et al. 2009). 

3.3.2 Reduced Twinfilin levels enhance the aberrant cellular 
protrusions at bristle tips caused by GFP-ck/MyoVIIa-
ΔMyTH41,FERM1,21 expression and causes the bristle to fall apart 

Mammalian twf2 localizes to the stereocilia tip in a MyoVIIa dependent manner 

and negatively regulates stereocilia length (Peng et al. 2009; Rzadzinska et al. 2009). Lack 

of twf2 or MyoVIIa has been shown to cause abnormally long stereocilia (Prosser et al. 

2008; Peng et al. 2009). We have previously shown that over-expression of GFP-

ck/MyoVIIa-ΔMyTH41,FERM1,21  can cause the formation of actin-based aberrant cellular 

protrusions at hairs and bristles tips (chapter 2). To investigate if twf is the effector of 

ck/MyoVIIa function in regulating these actin-based aberrant cellular protrusions at hair 

and bristle tips we over-expressed GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 in a twf loss-of-

function mutant background using P{w[+mW.hs]=GawB}apmd544-GAL4. We hypothesize 

that knocking down Twinfilin levels would enhance the length of the aberrant cellular 

protrusions that form at hair and bristle tips when GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 

is over-expressed.  
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P{w[+mC]=EP}twfEP3701 (hereafter referred to as twf3701), a loss-of-function allele of 

twf, is semi-lethal with very few adult escapers (Wahlstrom et al. 2001). The lethality 

associated with twf3701 mutant chromosome has been mapped to a second-site mutation 

(Wahlstrom et al. 2001). Hence, we were able to follow bristle morphogenesis in only 

one surviving twf3701 homozygous mutant pupae over-expressing GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21. Homozygous twf3701 mutant over-expressing GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21 shows severe defects in bristle morphogenesis (Fig. 41). Longer 

than usual aberrant cellular protrusions are seen emerging from the growing bristle, 

with GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 enriched in knob-like structures at their tip 

and along their length (0 min Fig. 41). As the bristle grows aberrant branches appear 

(71min Fig. 41) eventually the bristle falls apart leaving only the aberrant cellular 

protrusions behind (2407 min Fig. 41). 

To further investigate the genetic interaction between twf and ck/MyoVIIa we 

knocked down twf using a twf-specific RNAi hairpin and at the same time over-

expressed GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 using P{w[+mW.hs]=GawB}apmd544-

GAL4. However, knocking down twf levels while expressing GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21 using the twinfilin-specific RNAi hairpin in epithelial cells does not 

cause increase in length of the aberrant cellular protrusions at hair tips (n=4/4; Fig. 42). 

This, contrasts the increase in length of aberrant cellular protrusions we see with the 

twf3701 mutant bristle expressing GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21. Knocking down 
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twf with P{w[+mW.hs]=GawB}apmd544-GAL4 driving UAS-twf-RNAi does not give a 100% 

penetrant bristle defect (data not shown) which suggests that UAS-twf-RNAi without 

Dicer2 insufficiently knocks down twinfilin levels in epithelial cells and bristles. To 

further knockdown twf levels in cells over-expressing GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21 we need to enhance the RNAi effect using UAS Dicer2 or generate 

clones of twf null cells. 

These data show that the aberrant cellular protrusions at bristle tips that form 

due to GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 expression are enhanced by loss-of-

function allele of twf. This suggests that the ck/MyoVIIa function which regulates the 

formation of these actin-based cellular protrusions is negatively regulated by twinfilin. 

However more numbers will be needed to substantiate this conclusion. 

3.3.3 Over-expression of GFP-Quail or GFP-Singed does not result in 
the formation of multiple hairs per cell. 

Actin filaments in hairs and bristles are cross linked into ordered parallel 

bundles by the sequential recruitment of actin bundling proteins. One of the first 

associated with hairs is Quail followed by Singed and Forked (Guild et al. 2005). To 

investigate if Quail and Singed also have the ability to regulate the number of hairs 

formed per cell, we over-expressed GFP tagged Quail and Singed protein in thoracic 

epithelial cells. 

Over-expression of GFP-Quail does not cause multiple hairs to form per cell 

(n=3/3; Fig. 43). Over-expression of GFP-Singed causes mild split hair defects (n=2/2; Fig. 
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44 and 45). Over-expression of GFP-Singed using the UAS-GFP-Singed6-3X transgenic line 

causes polarity defects in addition to the split hair defects (Fig. 44), the polarity defects 

are however not seen when the UAS-GFP-Singed6-2II transgenic line is used for over-

expression (Fig. 45) suggesting that the polarity defects could be due to where the UAS-

GFP-Singed6-3X transgene is inserted into the genome rather than the consequence of 

GFP-Singed over-expression. The effect of Forked over-expression was not studied due to 

lack of available reagents. This shows that out of the four proteins over-expressed only 

GFP-ck/MyoVIIa and Alpha-actinin-GFP show the ability to form multiple bona fide hairs 

per cell at the levels each of these proteins were expressed in these experiments. 

3.3.4 GFP-Quail appears to partially rescues the length of split hairs 
in cells lacking ck/MyoVIIa but fails to rescue the hair-actin bundle 
association defects 

Actin bundling proteins are known to overlap in function to some extent (Cant et 

al. 1998). To investigate if Quail or Singed can rescue some aspects of ck/MyoVIIa 

function, we over-expressed GFP-Quail or GFP-Singed in thoracic epithelial cells while 

knocking down ck/MyoVIIa levels using a ck/MyoVIIa-specific RNAi hairpin. Over-

expression of GFP-Quail appears to partially rescues the short hair defects seen in cells 

with knocked down ck/MyoVIIa levels but fails to rescue the split hair defect (n=4/4; Fig. 

46). GFP-Singed fails to rescue either the hair-actin bundle elongation defect or the split 

hair defects seen in cell lacking ck/MyoVIIa (n=3/3; Fig. 47) 
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3.3.5 Knockdown of forked using a forked-specific RNAi hairpin 
construct 

MyTh4- FERM myosins like Myo10 and MyoXV (Tokuo and Ikebe 2004; Liu et al. 

2008; Watanabe et al. 2010) have been implicated in the transport of cargo along actin 

filaments in filopodia. To investigate if the split hair phenotype, seen in ck/MyoVIIa 

mutants, is due to disruption in the transport of known actin bundling proteins we 

analyzed the loss-of-function hair phenotypes in sn, quail and forked mutants. Hairs in 

quail1/quail6-396 mutant flies do not show split hair phenotype (Guild et al. 2005; data not 

shown). sn3 mutants rarely cause split hair defects (data not shown) similarly cells with 

knocked down forked protein levels using forked-RNAi also rarely show split hair 

defects (n=5/5; Fig 48). Cells with knocked down forked protein levels also exhibit hairs 

with a characteristic corkscrew like morphology (Fig. 48 and Guild et al. 2005) not seen 

in cells lacking ck/MyoVIIa. Thus the loss-of-function phenotypes of quail, singed and 

forked  mutants again confirm that they do not play a direct role in actin bundle 

association in hair morphogenesis hence they are unlikely to be effectors of ck/MyoVIIa 

function in hair-actin bundle association. 

3.3.6 Knocking down Alpha-actinin levels using an RNAi hairpin 
causes split hair defects 

Alpha-actinin has been shown to localize to F-actin in lamellipodia (Langanger et 

al. 1984), and GFP tagged Alpha-actinin associates with filopodia (Svitkina et al. 2003). To 

investigate if Alpha-actinin plays a role in bundling F-actin in hairs and bristles or in 
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associating hair-actin bundles we generated clones of P{lacW}ActnG0077 homozygous 

mutant thoracic epithelial cells and followed hair morphogenesis using time-lapse 

microscopy (n=2/2; Fig. 49). This mild loss-of-function allele of alpha-actinin does not 

cause hair defects. We attempted to generate homozygous mutant clones of Actn14, a null 

allele of alpha-actinin (Wahlstrom et al. 2006), but were unsuccessful (one pupae with a 

large clone died before the onset of hair morphogenesis). We therefore knocked down 

Alpha-actinin levels using an Alpha-actinin specific hairpin construct with the 

P{w[+mW.hs]=GawB}apmd544-GAL4 driver. Expression of this UAS-Alpha-actinin-

RNAiGD1354, v7760 III with UAS-Dicer2 in thoracic epithelial cells, using the strong 

P{w[+mW.hs]=GawB}apmd544-GAL4 driver causes split hair defects (n=3/3; Fig. 50). 

However, driving UAS-Alpha-actinin-RNAiGD1354, v7760 III with the mild MS1096-GAL4 

driver does not show any hair defects (data not shown), which is consistent with the lack 

of hair defects seen in homozygous mutant clones of mild loss-of-function allele 

P{lacW}ActnG0077. Knockdown of Alpha-actinin using UAS-Alpha-actinin-RNAiGD1354, v7760 III 

was confirmed using western blot analysis of larval lysates expressing the hairpin under 

the control of P[Act5C-GAL4]25FO1, II a ubiquitous GAL4 driver (Jennifer Sallee; data not 

shown). The mild split hair phenotype seen when Alpha-actinin levels are knocked down 

by driving UAS-Alpha-actinin-RNAiGD1354, v7760 III and UAS-Dicer2 with a strong GAL4 

driver but not with a mild GAL4 driver can be interpreted in two ways: 1) Driving the 

hairpin construct with a mild driver does not knock down Alpha-actinin levels enough 
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to perturb its function in hair-actin bundle association, 2) Alternatively, the split hair 

defects caused by UAS-Alpha-actinin-RNAiGD1354, v7760 III when co-expressed with UAS-

Dicer2 with a strong GAL4 driver is a secondary defect caused by the destabilization of 

the actin bundles themselves rather than because of a direct role of Alpha-actinin in actin 

bundle association in hairs. The premise of the second interpretation is that a protein 

that is directly involved in hair-actin bundle association would usually show defects 

ranging from mild to severe split hair defects as the level of the protein goes down 

(similar to ck/MyoVIIa). On the other hand, if a protein is involved in actin filament 

formation or in bundling actin filaments, it would show no split hair defects until the 

level of the protein falls below a critical level such that the bundles themselves are too 

severely destabilized to be able to associate with other bundles correctly, leading to a 

split hair phenotype. 

3.3.7 Over-expression of Alpha-actinin-GFP leads to the formation of 
multiple hairs per cell 

To investigate if Alpha-actinin over-expression leads to the formation of multiple 

hairs per cell similar to ck/MyoVIIa over-expression we expressed Alpha-actinin-GFP in 

thoracic epithelial cells using the P{w[+mW.hs]=GawB}apmd544-GAL4 driver. Over-

expression of Alpha-actinin-GFP in thoracic epithelial cells gives rise to multiple hairs per 

cell (n=7/7; Fig. 51 and movie S-51) similar to over-expression of ck/MyoVIIa. In addition 

to multiple hairs per cell Alpha-actinin-GFP over-expression also causes cell shape 

defects not seen with ck/MyoVIIa over-expression (chapter 2; Fig. 13). Multiple hairs 
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formed due to Alpha-actinin-GFP over-expression appear floppy compared to multiple 

hairs formed due to ck/MyoVIIa over-expression this is particularly apparent when the 

time-lapse video is viewed (compare with chapter 2; Fig. 13). This suggests that multiple 

hairs caused by Alpha-actinin-GFP over-expression lack stiffness. The fact that Alpha-

actinin-GFP over-expression can cause multiple hairs suggests that it could function with 

ck/MyoVIIa in regulating the number of bona fide hairs per cell. The difference in 

morphology of the hairs that form due to Alpha-actinin-GFP over-expression versus 

ck/MyoVIIa over-expression could be due to lack of either ck/MyoVIIa or a ck/MyoVIIa 

effector that is limiting and necessary for providing stiffness to hairs. 

3.3.8 Over-expression of Alpha-actinin-GFP causes actin bundles to 
dissociate from the membrane and collapse to the center of the 
bristle 

Unlike actin bundles in hairs that are attached to the membrane only at the tip, 

the actin bundles that run along the length of bristles are associated with the membrane 

along their entire length (Tilney et al. 1996a) and as such the actin bundles are found at 

the periphery of the bristle. When we over-expressed Alpha-actinin-GFP in bristle cells 

actin bundles that run along the length of the bristle appear to be more centrally located 

(as judged by the silhouette caused by cytoplasmic component of Alpha-actinin-GFP; Fig. 

52A and B; n=3/3) suggesting that over-expression of Alpha-actinin-GFP disrupts the 

membrane-actin bundle association (n=7/7). This dissociation of the actin bundles from 

the membrane does not seem to significantly reduce the actin bundle elongation or 
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bristle growth (Fig. 52B). The dissociation of the actin bundles from the membrane 

seems to occur very early during bristle morphogenesis but does not stall bristle growth 

(Fig. 52A).  

3.3.9 Alpha-actinin-GFP fails to rescue the split and short hair defects 
seen in cells lacking ck/MyoVIIa 

Knockdown of Alpha-actinin causes split hair defects, while over-expression of 

Alpha-actinin-GFP leads to the formation of multiple hairs per cell. These two 

phenotypes closely resemble the loss-of-function and gain-of-function phenotypes of 

ck/MyoVIIa (chapter 2). This suggests that Alpha-actinin could function as an effector of 

ck/MyoVIIa or independently function in associating actin bundles to form hairs and in 

regulating the number of hairs formed per cell. To investigate this we over-expressed 

Alpha-actinin-GFP in thoracic epithelial cells while concurrently knocking down 

ck/MyoVIIa levels using a ck/MyoVIIa-specific RNAi hairpin construct. Alpha-actinin-

GFP fails to rescue the split hair phenotype seen in cells lacking ck/MyoVIIa (n=3/3; Fig. 

53). However over-expression of Alpha-actinin-GFP increases the number of split 

hairs/hair-actin bundles per cell to greater then 8-10 per cell, the maximum number seen 

in ck/MyoVIIa null cells (chapter 2). The increase in the number of actin bundles (split 

hairs) suggests that the multiple hair phenotype seen due to Alpha-actinin-GFP over-

expression is caused due to formation of more than the normal complement of hair-actin 

bundles per cell. The lack of hair-actin bundle association in the absence of ck/MyoVIIa 
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suggests that Alpha-actinin does not play a role in actin bundle association or is 

insufficient for actin bundle association in the absence of ck/MyoVIIa function.  

3.3.10 Modulation of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 over-
expression phenotype by DN-ziptail 

ck/MyoVIIa and zip/MyoII show genetic interaction in bristle and hair 

morphogenesis (Winter et al. 2001; Franke et al. 2010). The split hair and bristle 

phenotypes of zip/MyoII loss-of-function alleles suggests that like ck/MyoVIIa, zip/MyoII 

plays a role in the association of actin bundles to form hairs and bristles. To understand 

the genetic interaction between ck/MyoVIIa and zip/MyoII we co-expressed DN-ziptail 

(Franke et al. 2010) and GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 a deletion allele of 

ck/MyoVIIa that causes mild split hair phenotype. 

Co-expressing DN-ziptail and GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 in bristles 

leads to destabilizing of actin bundles not seen when either is expressed alone (Fig. 54). 

Bristles co-expressing these two deletion mutants also appear to be flaccid near their tips 

and occasionally start growing backwards (n=2/2; Fig. 54). DN-ziptail does not affect the 

knob-like localization of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 at the barbed ends of 

actin filaments. In fact barbed ends exposed due to breaking of the destabilized actin 

bundles show localization of GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 at their tips and start 

growing independently (Fig. 54). This suggests that both ck/MyoVIIa and zip/MyoII 

function contribute to actin bundle stability in bristle morphogenesis.  
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3.4 Discussion: 

3.4.1 Drosophila twinfilin likely negatively regulates ck/MyoVIIa 
function in regulating the length of actin-based aberrant cellular 
protrusions 

Mammalian twinfilin has been shown to be a negative regulator of F-actin 

elongation (Falck et al. 2004; Helfer et al. 2006; Moseley et al. 2006; Paavilainen et al. 

2007). Mammalian twinfilin has been shown to localize to stereocilia tips in a MyoVIIa 

dependent manner (Rzadzinska et al. 2009). Drosophila twinfilin has also been shown to 

negatively regulate F-actin elongation (Wahlstrom et al. 2001; Wang et al. 2010).  

GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21  a deletion allele of ck/MyoVIIa has been 

shown to induce the formation of aberrant actin based cellular protrusions in hairs and 

bristles (chapter 2). When GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 is expressed in a 

twinfilin loss-of-function mutant background we see the formation of long aberrant 

cellular protrusions  from bristles. These long aberrant cellular protrusions are similar to 

ones that form when GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 is expressed in a ck13 (null) 

mutant background. The enhancement of the aberrant cellular protrusions that form on 

GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 expression by the lack of twinfilin suggests that 

twinfilin regulates ck/MyoVIIa function in elongation of actin filaments. 
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3.4.2 ck/MyoVIIa function in hair-actin bundle association is a unique 
function not shared by Singed, Quail or Alpha-actinin 

ck/MyoVIIa loss-of-function mutants are characterized by split hairs, where the 

actin bundles fail to associate together to form a single hair (chapter 2). What is not 

known is if ck/MyoVIIa directly contributes to actin bundle association or functions 

through other effector proteins. Over-expression of GFP-Quail, GFP-Singed, two actin 

bundling proteins known to play roles in hair and bristle morphogenesis (Guild et al. 

2005) and Alpha-actinin-GFP, a known actin bundling protein (Meyer and Aebi 1990; 

Djinovic-Carugo et al. 1999), all fail to rescue the loss-of-function split hair phenotype of 

ck/MyoVIIa (Fig. 46, 47, 53). These actin bundling proteins localize to the growing hair 

bundles in the absence of ck/MyoVIIa but fail to associate the actin bundles into single 

hairs suggesting that they are insufficient for associating these bundles into single hairs 

in the absence of ck/MyoVIIa. This suggests that either ck/MyoVIIa directly contributes 

to association of actin bundles or functions through a yet unknown effector. 

3.4.3 GFP-Quail can compensate for ck/MyoVIIa function in hair-actin 
bundle elongation 

Over-expression of GFP-Quail partially rescues the hair-actin bundle elongation 

defects seen in ck/MyoVIIa loss-of-function mutants (Fig. 46). This suggests that Quail 

functions with ck/MyoVIIa in actin bundle elongation. One possibility is that ck/MyoVIIa 

is essential for the proper temporal and spatial localization of Quail and over-expression 

of GFP-Quail makes the function of ck/MyoVIIa redundant. Moreover MyTH4-FERM 
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myosins like MyoXV have been shown to transport cargo along filopodia (Liu et al. 

2008) and this model would be consistent with known functions of MyTH4-FERM 

myosins. MyoVIIa in stereocilia has also been shown to transport actin bundling 

proteins like harmonin (Boeda et al. 2002; Bahloul et al. 2010). This again favors the 

argument that ck/MyoVIIa functions in a similar way in transporting Quail along the 

growing actin bundle in hairs.  

Quail protein is associated with the growing hair early during hair 

morphogenesis at around 30hrs APF and is not readily detectable after 40Hrs APF 

(Guild et al. 2005). Over-expression of Quail has been shown to partially compensate for 

Singed function in actin bundle formation in egg chambers suggesting that actin 

bundling proteins can overlap in some aspects of their function (Cant et al. 1998). This 

opens up the possibility that rescue of the actin bundle elongation defects of ck/MyoVIIa 

but not the hair-actin bundle association defects could be the result of over-expressed 

Quail compensating for some aspects of ck/MyoVIIa function. 

The partial rescue of hair-actin bundle elongation defects by over-expression of 

GFP-Quail is also unexpected as an allelic combination of loss-of-function trans-

heterozygotes of quail has been shown to cause increases in bristle length by 23% (Guild 

et al. 2005). 



 

165 

3.4.4 Alpha-actinin and ck/MyoVIIa co-operate to determine the 
number of hair-actin bundles that form at the distal vertex of a cell 

ck/MyoVIIa near null mutant clones are characterized by formation of up to 8-10 

actin bundles at the distal vertex of hexagonal epithelial cells that fail to associate 

together to form a single hair (chapter 2). The formation of actin bundles in the absence 

of ck/MyoVIIa suggests that ck/MyoVIIa is not essential for the formation of these actin 

bundles. However over-expression of ck/MyoVIIa causes multiple hairs that are 

comparable in width and length to wild-type hair. The formation of more than the 

normal complement of hairs of comparable volume to wild-type hairs is likely to require 

the formation of more than the normal complement of actin bundles i.e., >8-10. This 

suggests that ck/MyoVIIa indirectly regulates the number of actin bundles that associate 

together to from hairs.  

Over-expression of Alpha-actinin-GFP phenocopies the multiple hair phenotype 

of ck/MyoVIIa over-expression, suggesting that ck/MyoVIIa might regulate the number 

of hairs formed per cell in conjunction with Alpha-actinin. Over-expression of Alpha-

actinin-GFP in a ck/MyoVIIa null background leads to the formation of extra (at times 

>80; See Fig. 53) hair-actin bundles per cell. The formation of increased number of actin 

bundles in the absence of ck/MyoVIIa again suggests that ck/MyoVIIa indirectly 

regulates the number of hair-actin bundles formed per cell possibly via Alpha-actinin 

function. One plausible model could be that ck/MyoVIIa functions to efficiently 

transport Alpha-actinin to the site of hair-actin bundle initiation (Fig. 55). 
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3.4.5 Alpha-actinin could function to couple actin filament bundles to 
the lateral membrane in bristles 

Over-expression of Alpha-actinin-GFP causes the actin bundles that are associated 

with the plasma membrane along the length of the bristle to collapse to the center of the 

bristle (Fig. 52). These actin bundles are attached to the lateral membrane in wild-type 

bristles and as such are arranged at the periphery of the bristle. This suggests that Alpha-

actinin could play a role in coupling the actin bundles of the bristle to the lateral plasma 

membrane. Alpha-actinin has been implicated in bundling actin filaments as well as in 

coupling the actin cytoskeleton to the membrane in cadherin based adherens junctions 

(Yamada and Geiger 1997). The nature of the molecular complex that couples the actin 

cytoskeleton to the membrane in bristles is not known. Our interpretation of the 

phenotype we see is that when over-expressed, Alpha-actinin-GFP, saturates protein 

binding sites associated with the plasma membrane thereby disrupting the linkage 

between the plasma membrane and the alpha-actinin/F-actin bundles.  

3.4.6 ck/MyoVIIa and zip/MyoII co-operate to provide stability to actin 
bundles in bristle. 

Driving DN-ziptail and GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 in growing bristles 

causes the bristles to bend over at the tips and start growing backwards (Fig. 54). 

Expression of the two deletion alleles also causes breaks in the actin bundles along the 

length (Fig. 54) The bending over of the bristle tips and breaks along the length when 
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both DN-ziptail and GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 is expressed suggests that both 

zip/MyoII and ck/MyoVIIa co-operate to provide stability to actin bundles in bristles.  

ck/MyoVIIa could indirectly influence actin bundle stability in bristles by 

transporting actin bundling proteins like Singed known for cross-linking actin bundles in 

bristles (Wulfkuhle et al. 1998). zip/MyoII on the other hand has been shown to 

depolymerize actin filament bundles (Ishikawa et al. 2003; Haviv et al. 2008) and 

expressing DN-ziptail could destabilize actin bundles in bristles in a similar manner. 

However, this enhancement of the GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 induced bristle 

defects by DN-ziptail contrasts the published observations that ck/MyoVIIa and zip/MyoII 

function antagonistically (Winter et al. 2001; Franke et al. 2010). Further experiments will 

be needed to understand the molecular basis of these different observations. 
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Figure 39: Knockdown of Twinfilin levels in bristles is primarily characterized 
by the destabilization of actin bundles.  

 

Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; UGM}II / P{w+, 

UAS twf-RNAi}II ; P{w[+mC]=UAS-Dcr-2.D}10III / +. A. Figure shows panels from a time-

lapse video of bristle morphogenesis. Knockdown of twf using a twf specific RNAi 
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construct during bristle morphogenesis leads to destabilization of actin bundles causing 

breaks that start growing at an angle to the central, long axis of the bristle (see yellow 

arrows and box). B. Enlarged image of the yellow box in panel (A). Yellow arrowheads 

mark actin bundles that grow at an angle to the bristle’s main axis. Scale bar for all 

panels=20µm. Time 0 in the first panel is ~36hrs APF. 
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Figure 40: Knockdown of Twinfilin causes membrane blebs, where the actin 
bundles of the bristle separate from the membrane. 

 

Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; UGM}II / P{w+, 

UAS twf-RNAi}II ; P{w[+mC]=UAS-Dcr-2.D}10III / +. A. Figure shows panels from a time-

lapsed video of bristle morphogenesis in pupae with Twinfilin levels knocked down 

using a twinfilin-specific RNAi hairpin. Yellow arrowheads point to one of the splayed 
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actin bundles at the tip of a macrochaetae. B. Shows an enlarged image of the yellow 

rectangle in time-lapse A. Yellow arrows point at blebs, where the F-actin bundles 

separate from the membrane. Scale bar for all panels=20µm. Time 0 in the first panel is 

~36hrs APF. 
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Figure 41: A pupa homozygous for a twinfilin hypomorphic mutant and over-
expressing P{w+, GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21}2-3II  has bristles that 

eventually degenerate into filopodia-like structures. 

 

Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; URM}II / P{w+, 

GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21}2-3II; P{w[+mC]=EP}twfEP3701 / 

P{w[+mC]=EP}twfEP3701. Figure shows panels from a time-lapsed video of bristle 

morphogenesis in a P{w[+mC]=EP}twfEP3701 pupae over-expressing GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21. Yellow arrowhead at time 0 min points to long filopodia-like 

structures originating from the growing bristle. The yellow arrowhead, at time point 71 
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min, points to an aberrant branch of the growing bristle. Yellow arrowheads at time 

point 335min and 2407 min point to the filopodia-like structures that remain after the 

bristle degenerates. Scale bar for all panels=20µm. Time 0 in the first panel is an arbitrary 

start point. 
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Figure 42: Knocking down Twinfilin with Twinfilin-RNAi does not enhance 
the length of aberrant cellular protrusions from hairs induced by GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21 expression. 

 

Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; URM}II / 

P{w+,UAS-Twinfilin-RNAi}GD10342II; P{w+, GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21}HT3III 

/ +. Figure shows panels from a time-lapsed video of hair morphogenesis in thoracic 

epithelial cells expressing GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21  and Twinfilin-RNAi. 

Yellow arrows show split hairs with short aberrant cellular protrusions at their ends that 

also accumulate GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 in knob-like structures. These 

aberrant protrusions are similar in length to ones seen with expression of GFP-

ck/MyoVIIa-ΔMyTH41,FERM1,21 alone. Scale bar for all panels=10µm. Time 0 in the first 

panel is an arbitrary start point.  
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Figure 43: Over-expression of GFP-Quail does not cause a multiple hair 
phenotype. 

 

Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; URM}II / P{w+; 

UAS GFP-Quail}6-2II. Figure shows panels from a time-lapsed video of hair 

morphogenesis in thoracic epithelial cells over-expressing GFP-Quail. Over-expression 

of GFP-Quail does not cause multiple hair defects. Yellow arrows point to an example of 

a single hair emerging from an epithelial cell. Red arrowheads point to the comet-like 

extensions seen at the base of hairs labeled with GFP-Quail. Scale bar for all 

panels=10µm. Time 0 in the first panel is ~ 36hrs APF.  
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Figure 44: Over-expression of GFP-Singed using the P{w+, UAS GFP-Singed}6-
3x transgene causes split hair and polarity defects. 

 

Genotype: w1118, P{w+, UAS GFP-Singed }6-3x / w1118 or Y; 

P{w[+mW.hs]=GawB}apmd544, P{w+; URM}II / +. Figure shows panels from a time-lapsed 

video of hair morphogenesis in thoracic epithelial cells over-expressing GFP-Singed. 

Over-expression of GFP-Singed using the P{w+, UAS GFP-Singed}6-3x transgene causes 

split hair defects (yellow arrowheads) accompanied by polarity defects (yellow arrows). 

Scale bar for all panels=10µm. Time 0 in the first panel is ~36hrs APF. 
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Figure 45: Over-expression of GFP-Singed using the P{w+; UAS GFP-Singed}6-2, II 
transgene causes occasional split hair defects. 

 

Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; URM}II / P{w+; 

UAS GFP-Singed }6-2, II. Figure shows panels from a time-lapsed video of hair 

morphogenesis in thoracic epithelial cells over-expressing GFP-Singed. Over-expression 

of GFP-Singed using the P{w+; UAS GFP-Singed}6-2, II transgene shows occasional split 

hair defects (white arrows) but does not exhibit polarity defects. Scale bar for all 

panels=10µm. Time 0 in the first panel is ~36hrs APF. 
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Figure 46: GFP-Quail fails to rescue the ck/MyoVIIa loss-of-function, split hair 
phenotype but partially rescues the length defects. 

 

Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; URM}II / P{w+; 

UAS GFP-Quail}6-2II; P{w+; UAS ck/MyoVIIa-RNAi}III / +. Figure shows time-lapsed 

video of hair morphogenesis in thoracic epithelial cells over-expressing GFP-Quail and 

ck/MyoVIIa-RNAi, a ck/MyoVIIa-specific hairpin construct. Over-expression of GFP-

Quail fails to rescue the hair-actin bundle association defects seen in ck/MyoVIIa loss-of-

function mutants but partially rescues the defects in actin elongation. White arrows 

point to split hairs. Note the split hairs grow close to the 7-10µm length of a wild-type 

hair. Scale bar for all panels=10µm. Time 0 in the first panel is ~ 36hrs APF. 
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Figure 47: GFP-Singed over-expression fails to rescue the actin bundle 
association defects and the hair-actin bundle elongation defects in cells lacking 

ck/MyoVIIa function. 

 

Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; URM}II / P{w+; 

UAS GFP-Singed}5-4II; P{w+; UAS-ck/MyoVIIa-RNAi}III /+. Figure shows panels from a 

time-lapsed video of hair morphogenesis in thoracic epithelial cells over-expressing 

GFP-Singed and with ck/MyoVIIa levels knocked down using a ck/MyoVIIa-specific 

hairpin (UAS-ck/MyoVIIa-RNAi). Yellow arrows point to split hairs emerging from a 

single epithelial cell. Scale bar for all panels=10µm. Time 0 in the first panel is ~ 36hrs 

APF. 
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Figure 48: Knockdown of forked levels in thoracic epithelial cells leads to the 
formation of hairs with a cork screw-like morphology and occasional split hairs. 

 

Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; UGM}II / P{w+, 

UAS f-RNAi}II ; P{w[+mC]=UAS-Dcr-2.D}10III / P{w+, UAS f-RNAi}III. Figure shows 

panels from a time-lapsed video of hair morphogenesis in thoracic epithelial cells 

expressing P{w+, UAS f-RNAi}. Knockdown of forked levels causes the formation of 

hairs with a cork screw-like morphology (yellow arrow) with occasional split hair 

defects (yellow arrowheads). Scale bar for all panels=10µm. Time 0 in the first panel is ~ 

36hrs APF. 
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Figure 49: Clones of mild loss-of-function alpha-actinin mutants do not exhibit 
split hair defects. 

 

Genotype: P{w[+mC]=lacW}ActnG0077, w*, P{ry[+t7.2]=neoFRT}19A / 

P[H2Av:mRFP,w+]7X, w 1118, P{ry[+t7.2]=neoFRT}19A; P[w[+mW.hs]=GawB]T155, 

P[w[+mC]=UAS-FLP1.D]JD2, P{w+; URM}III / +. Figure shows panels from a time-lapsed 

video of hair morphogenesis in clones of P{w[+mC]=lacW}ActnG0077 mutant cells, a mild 

loss-of-function allele of alpha-actinin. Yellow arrows point to a growing hair in a control, 

wild-type cell and yellow arrowheads point to a hair growing in a 

P{w[+mC]=lacW}ActnG0077 homozygous mutant cell. Hairs in P{w[+mC]=lacW}ActnG0077 

mutant cells are indistinguishable from hairs in control cells. Clones of 

P{w[+mC]=lacW}ActnG0077 mutant cells are negatively marked by the lack of H2Av: mRFP 

(Histone RFP) in the nucleus. F-actin is labeled using URM. Scale bar for all 

panels=10µm. Time 0 in the first panel is ~ 36hrs APF. 
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Figure 50: RNAi mediated knockdown of Alpha-actinin causes split hair 
defects. 

 

Genotype: w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; UGM}II ; 

P{w[+mC]=UAS-Dcr-2.D}10III / P{w+,UAS Alpha-actinin-RNAi}GD1354,v7760III / +. Figure 

shows panels from a time-lapsed video of hair morphogenesis in thoracic epithelial cells 

with Alpha-actinin levels knocked down using Alpha-actinin-specific RNAi. Yellow 

arrows point to 3 split hairs / pre-hairs that emerge from a single epithelial cell. Scale bar 

for all panels=10µm. Time 0 in the first panel is ~ 36hrs APF. 
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Figure 51: Over-expression of Alpha-actinin-GFP causes multiple hair defects. 

 

Genotype: : w1118 / w1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; URM}II / + ; P{w+; 

UAS Alpha-actinin-GFP}19-2III / +. Figure shows hair morphogenesis in thoracic epithelial 

cells over-expressing Alpha-actinin-GFP in epithelial cells. Yellow arrowheads point to 

multiple hairs/pre-hairs that form in a single epithelial cell (outlined with a white dotted 

line). Note each hair is of comparable length and thickness as wild-type hair even in cells 

with 5 hairs per cell. Scale bar for all panels=10µm. Time 0 in the first panel is ~ 36hrs 

APF 
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Figure 52: Over-expression of Alpha-actinin-GFP causes actin bundles to 
separate from the membrane and collapse to the center of the growing bristles. 
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Genotype: w 1118 / w 1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; URM}II / + ; P{w+; 

UAS Alpha-actinin-GFP}19-2III / +. Figure shows panels from a time-lapsed video of bristle 

morphogenesis. A. A bristle expressing Alpha-actinin-GFP shows separation of the actin 

bundles from the cell-membrane very early during bristle growth. B. Another example 

of separation of actin bundles from the cell membrane. Note over-expression of Alpha-

actinin-GFP does not seem to disrupt the elongation of the actin bundle. Yellow arrow 

points to the actin bundles collapsed to the center of the bristle. Yellow arrowheads 

point to the cell membrane. White dotted line in panel B outlines the bristle cell. Scale 

bar for all panels=10µm. Time 0 in the first frame of panel A is ~32-34 hrs APF. 
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Figure 53: Over-expression of Alpha-actinin-GFP in the absence of ck/MyoVIIa 
leads to the formation of increased number of hair-actin bundles that fail to associate. 

 

Genotype: w 1118 / w 1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; URM}II / + ; 

P{w+; UAS Alpha-actinin-GFP}19-2III / P{w+, UAS-ck/MyoVIIa-RNAi}III. Figure shows 

panels from a time-lapsed video of hair morphogenesis in thoracic epithelial cells over-
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expressing Alpha-actinin-GFP and with ck/MyoVIIa levels knocked down using 

ck/MyoVIIa-specific hairpin. A. Time-lapse shows increased number of actin bundles per 

cell that fail to associate in the absence of ck/MyoVIIa. B. Enlarged view of the cell with 

more than 78 actin bundles in the cell compared to a maximum of 8 actin bundles in cells 

that lack ck/MyoVIIa. Yellow arrows point to individual actin bundles. Scale bar for all 

panels=10µm. Time 0 in the first frame panel A is ~ 36hrs APF. 
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Figure 54: Co-expressing DN-ziptail and GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21 
destabilizes actin bundles in bristles and causes breaks. 
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Genotype: w 1118 / w 1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+; URM}II / 

P{w+,UAS DN-ziptail}22-12II; P{w+, GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21}HT3III / +. 

Figure shows panels from a time-lapsed video of bristle morphogenesis in pupa 

expressing P{w+,UAS DN-ziptail}22-12II and P{w+, GFP-ck/MyoVIIa-

ΔMyTH41,FERM1,21}HT3III. White arrows points to the tip of the bristle that is flaccid. 

White double arrows point to breaks in the actin bundles. Note the accumulation of 

P{w+, GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21}HT3III at the tip of broken actin bundles that 

start growing independently. Scale bar for all panels=10µm. Time 0 in the first panel is 

an arbitrary start point. 
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Figure 55: A plausible model of how ck/MyoVIIa could function to efficiently 
transport proteins necessary for bristle and hair morphogenesis. 
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4. Slam acts as a scaffold protein that brings together 
ck/MyoVIIa and other effectors of hair morphogenesis at 
the distal vertex of epithelial cells. 

 

4.1 Introduction: 

Epithelial cells exhibit planar polarity. Hairs emerge from the distal vertex of 

these epithelial cells, and are a useful model system to study the cross-talk between the 

signaling pathway that sets up the cellular polarity and the cellular proteins that bring 

about changes in the actin cytoskeleton in response to polarity cues (Strutt 2001a). 

In Chapter 2, we discussed how ck/MyoVIIa is involved in the morphogenesis of 

hairs. It is unclear, however, how ck/MyoVIIa function is temporally and spatially 

regulated by the planar polarity pathway. In this study, we used fragments of the 

ck/MyoVIIa tail domain as bait to screen for binding partners using a yeast-two-hybrid 

assay. We identified among others, a novel membrane-associated protein, Slow as 

molasses (Slam) as one of the interactors of the ck/MyoVIIa tail. Slam appears to be a good 

candidate for the missing link between the planar polarity pathway and regulators of 

hair morphogenesis like ck/MyoVIIa. Slam shows a polarized distribution in epithelial 

cells and has been shown to be important for polarized membrane growth during the 

cleavage of the Drosophila embryo (Lecuit et al. 2002).  
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Slam has also been shown to directly bind to Goα (Giot et al. 2003), part of the trimeric G-

proteins associated with Frizzled (Katanaev et al. 2005; Katanaev and Tomlinson 2006a), 

which is part of the planar polarity pathway. 

In this study, we look at slam loss-of-function and gain-of-function phenotypes in 

hair and bristle morphogenesis and propose a model as to how Slam functions as a 

scaffold protein that brings ck/MyoVIIa and other effectors of hair morphogenesis to the 

distal vertex of epithelial cells.  

 

4.2 Material and methods 

4.2.1 Fly Husbandry and stocks: 

Flies were raised and crosses were performed at 25˚C on standard yeast-

cornmeal-agar medium using standard methods (Roberts 1998). The stocks used in the 

study are listed in Table 5. 

 

Table 5: List of fly stocks used in chapter 4 

Fly Stocks Source 

P[GawB]BxMS1096, w1118 Bloomington 

P[GawB]BxMS1096, w1118, P{w+,UGM}X Bloomington and this study 

mwhRdeMed David Huen 

P[UAS-FLP1.D]JD2 Bloomington 

P[w[+mW.hs]=GawB]T155 Bloomington 

P[w[+mW.hs]=GawB]T155, P[w[+mC]=UAS-FLP1.D]JD2, P{w+; URM}III Bloomington and this study 
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w1118; P{Ubi-GFP(S65T)nls}2L P{neoFRT}40A/ CyO, P{w[+mC]=Dfd-EYFP}2; 

P[w[+mW.hs]=GawB]T155, P[w[+mC]=UAS-FLP1.D]JD2, P{w+; URM}III / 

TM6B, Tb1 

Bloomington 

P[sGMCAB2, w+]II  

P{w+; URM}II and P{w+; URM}III This study 

P{w+,UGM}II and P{w+,UGM}III (Bloor and Kiehart 2001) 

P[GawB]apmd544 Bloomington (O'Keefe et al. 1998) 

P[GawB]apmd544, P{w+; URM}II Bloomington and this study 

P[GawB]apmd544, P[sGMCAB2, w+]II Bloomington and this study 

P[GawB]apmd544, P{w+,UGM}II Bloomington and this study 

w1118; P{w[+mC]=UAS-Dcr-2.D}10III Bloomington and VDRC 

P[GawB]apmd544, P{w+,UGM}II / CyO, P{w[+mC]=Dfd-EYFP}2 ; 

P{w[+mC]=UAS-Dcr-2.D}10III / TM6B, Tb1 
Bloomington and this study 

P[GawB]apmd544, P{w+; URM}II / CyO, P{w[+mC]=Dfd-EYFP}2 ; P{ w+; UAS 

GFP-ck/MyoVIIa-ΔMyTH41,FERM1,21}HT3, III / TM2, Ubx* 

 

Bloomington and this study 

P[GawB]apmd544, P{w+; URM}II / CyO, P{w[+mC]=Dfd-EYFP}2 ; P{ w+; UAS 

ck/MyoVIIa-RNAi}III / TM6B, Tb1 

 

Bloomington and this study 

P[GawB]apmd544, P{w+; URM}II / CyO, P{w[+mC]=Dfd-EYFP}2 ; mwhRdeMed / 

TM6B, Tb1 

 

Bloomington and this study 

P{ w+; UAS GFP-Slam}1-1, II / CyO, P{w[+mC]=Dfd-EYFP}2 ; mwhRdeMed / 

TM6B, Tb1 

 

Bloomington and this study 

w* baz4 P{w[+mW.hs]=FRT(w[hs])}9-2/FM7a, P{Dfd-GMR-nvYFP}1 Bloomington 

w*; snaSco/CyO, P{w[+mC]=Dfd-EYFP}2 Bloomington 
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w*; snaSco / CyO, P{Dfd-GMR-nvYFP}2 Bloomington 

w*; ry506 Dr1/ TM6B, P{w[+mC]=Dfd-EYFP}3, Sb1 Tb1 ca1 Bloomington 

w*; ry506 Dr1/ TM6B, P{Dfd-GMR-nvYFP}4, Sb1 Tb1 ca1 Bloomington 

P{ w+; UAS ck/MyoVIIa-RNAi}III Mark Chee  

slam waldo1 FRT 40A (Stein et al. 2002) 

P{ w+; UAS Slam-RNAi}24050, III Dietzl et al. 2007 and VDRC 

P{ w+; UAS GFP-Slam}1-1, II This study 

P{ w+; UAS RFP-Slam}21-2, II This study 

P{ w+; UAS Slam-HA} II (Lecuit et al. 2002) 

P{UAS-RhoGEF2.4xPDZ.myc}III (Wenzl et al. 2010) 

P{UAS-RhoGEF2.4xPDZ.RFP}III  (Wenzl et al. 2010) 

y1 w*; P{UASp-T7.RhoGEF2}5,III (Wenzl et al. 2010) 

y1 w*; P{UASp-T7.RhoGEF2}6b, II (Wenzl et al. 2010) 

y1 w*; P{UASp-T7.RhoGEF2.DeltaPDZ}4a, III (Wenzl et al. 2010) 

 

4.2.2 Yeast-two hybrid screen 

 A 0-4 hour w1118, Drosophila melanogaster embryo cDNA library cloned into 

pGADT7-AD with an EcoR1-Not1-Sal1 adapter (Dahanukar et al. 1999) was used to 

screen for proteins that directly interact with ck/MyoVIIa tail fragments as bait. 

  Bait constructs were transformed into AH109 cells using standard methods. The 

activation domain (AD) library was co-transformed into AH109 cells containing the bait 

plasmid. Cells, co-transformed with a bait fragment and the AD library, were then 

plated on triple selection media Trp-, Leu-, His- and 20mM 3-AT. Trp-, Leu- were used to 
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select for bait and prey respectively, and His- was used to select for interaction between 

the bait and prey plasmids. 20mM 3-AT was used to suppress background expression of 

HIS. 

Yeast were plated to get 4X106 colonies to get a good representation of the 

cDNA’s in the library of 1X106 original, independent clones. Yeast two-hybrid 

interactors of ck/MyoVIIa were identified using baits consisting of parts of the 

ck/MyoVIIa tail domain: XX-MyTH41,FERM1,21 MyTH71SH3Tail- XX (amino acids 981 

SEDEEDL…..LFNIEEA 1644) fused to the DNA-binding domain of the GAL4 protein 

(Fig. 56A). Bait fragments include extra amino acids upstream and downstream of each 

conserved domain denoted by –XX. The list of proteins that interacted with the XX-

MyTH41,FERM1,21 MyTH71SH3Tail- XX domains is listed in Table 6. Yeast two hybrid 

screens for interactors with two other ck/MyoVIIa tail fragments: XX-MyTH42,FERM1,22-

XX (amino acids 1680 PKRTMSK….MLLIAIN 2087) and XX- SH3Tail MyTH42,FERM1,22-

XX (1544 DIRDLVV…… MLLIAIN 2087) failed to yield any interactors.  

Bait constructs of ck/MyoVIIa tail fragments were made in the CLONTECH 

pGBT9 DNA-BD vector (GenBank Accession # U07646; see Fig. 56A). The ck/MyoVIIa 

tail fragments were cloned using yeast recombination. Fragments of ck/MyoVIIa tail 

were amplified with primers (Table 7) with overhangs compatible with the pGBT9 

DNA-BD multiple cloning site to allow for recombination. Tail fragments were cloned in 

frame between EcoR1 and BamH1. The EcoR1 site was converted to a Kpn1 site to allow 
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for identification of clones with successful insertion of the ck/MyoVIIa fragments. 

Putative bait constructs were sequenced to check for fidelity.  
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Table 6: ck/MyoVIIa yeast two-hybrid interactors 

 

Clone No Gene Designation 
Cytological 

location 
Biological 
Process 

Plate 1     

Clone 
1 

Atf6 CG3136 41D4-41E1 
DNA binding 

Transcription factor 
activity 

Clone  
2 

Atf6 CG3136 41D4-41E1 
DNA binding 

Transcription factor 
activity 

Clone  
3 

_ CG11267 69F5-69F5 
Unfolded protein 

binding 

Clone  
4 

Nup358/RanBP2 CG11856 96C8-96C8 
NLS-bearing substrate 
import into nucleus; 
Ran GTPase binding 

Clone 
6 

Hunchback/ Rg-
pbx 

CG9786 85A5-85A5 
Neuroblast fate 

determination; torso 
signaling pathway 

Clone 
 7 

Nelf-E CG5994 66D8-66D8 
Transcriptional 

repressor complex; 
neurogenesis 

Clone  
16 

_ CG3163 60B4-60B5 _ 

Clone 
28 

RpL17 CG3203 6C10-6C10 
Centrosome 

duplication, mitotic 
spindle organization 

Clone  
29 

_ CG11723 22D1-22D1 DNA binding 

Clone 
32 

_ CG6543 50C6-50C6 

Microtubule 
associated complex; 
enoyl-CoA hydratase 

activity 

Clone 
38 

Atf6 CG3136 41D4-41E1 
DNA binding 

Transcription factor 
activity 

Clone 
43 

wntD, Wnt8, 
DWnt8 

CG8458 87E4-87E4 

Pole cell migration, 
ventral furrow 
formation; Wnt 

receptor signaling 
pathway 
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Plate 2     

Clone 
4 

Slam CG9506 26C4-26C4 

Cellular membrane 
organization; 

protein localization; 
germ cell migration 

Clone 
15 

mt:Cyt-b CG34090 _ 
Electron carrier 

activity 

Clone 
24 

RpS10b /  M(1)n CG14206 18D3-18D3 
Structural 

constituent of 
ribosome 

Clone 
25 

_ CG3061 88A4-88A4 
Heat shock protein 

binding; protein 
folding 

Clone 
32 

RpL3 CG4863 86D8-86D8 
Structural 

constituent of 
ribosome 

Clone 
40 

RpL34b CG9354 
85D15-
85D15 

Structural 
constituent of 

ribosome 
Clone 

45 
SDS3 CG14220 18D3-18D3 Sin3-type complex 

Clone 
47 

_ CG3061 88A4-88A4 
Heat shock protein 

binding, protein 
folding 

     
Plate 3     

Clone 
4 

Atf6 CG3136 41D4-41E1 
DNA binding 

Transcription factor 
activity 

Clone 
32 

RpS26 / M(2)m CG10305 36F2-36F6 
Structural 

constituent of 
ribosome 

Clone 
35 

_ CG10992 12C4-12C4 

Autophagic cell 
death ; cysteine-

type endopeptidase 
activity 

Clone 
41 

Slam CG9506 26C4-26C4 

Cellular membrane 
organization; 

protein localization; 
germ cell migration 
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Clone 
45 

RpL32 CG7939 99D3-99D3 
Structural 

constituent of 
ribosome 

     
Plate 4     

Clone 
5 

RpS6 CG10944 7C1-7C2 
Structural 

constituent of 
ribosome 

Clone 
6 

LanA /  lamA CG10236 65A8-65A9 
Axon guidance; 

mesoderm 
development 

Protein interactors from yeast two-hybrid screen with ck/MyoVIIa tail fragment 
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A. pGBT9-DNA-BD-ck/MyoVIIa-tail fragments: 
……..GTG GAG ACT GAT ATG CCT CTA ACA TTG AGA CAG CAT AGA ATA AGT GCG ACA TCA TCA 

TCG GAA GAG AGT AGT AAC AAA GGT CAA AGA CAG TTG ACT GTA TCG CCG GAA TTC CCG GGG ATC CGT 
CGA CCT GCA GCC AAG CTA ATT CCG GGC GAA TTT CTT ATG ATT TAT GAT TTT TAT TAT TAA ATA AGT TAT 
AAA AAA AAT AAG TGT ATA CAA ATT TTA AAG TGA CTC TTA GGT TTT AAA ACG 

 

 

B. pGBKT7-DNA-BD-LeuZip-ck-CC-ck/MyoVIIa-tail fragments: 
………GTG GAG ACT GAT ATG CCT CTA ACA TTG AGA CAG CAT AGA ATA AGT GCG ACA TCA TCA 

TCG GAA GAG AGT AGT AAC AAA GGT CAA AGA CAG TTG ACT GTA TCG CCG GAA TTT GTA ATA CGA CTC 
ACT ATA GGG CGA GCC GCC ATC ATG GAG GAG CAG AAG CTG ATC TCA GAG GAG GAC CTG CAT ATG GCC 
ATG GAG GCC GAA TTC ATG AAA CAA CTT GAA GAC AAG GTT GAA GAA TTG CTT TCG AAA AAT TAT CAC 
TTG GAA AAT GAG GTT GCC AGA TTA AAG AAA TTA GTT GGC GAA CAC GAG CTG GAG CGT CGG GAA ATT 
CAG GAG CAA TTG GAG AAT CGT CGT CGA GTG GAG GTC AAT ATG AAT ATT ATC AAT GAT GCA GGG ATC 
CGT CGA CCT GCA GCG GCC GCA TAA CTA GCA TAA CC 

 

 

C. pGADT7-GAL4-AD-Slam or ck/MyoVIIa fragments: 
……….ACT ACA ATG GAT GAT GTA TAT AAC TAT CTA TTC GAT GAT GAA GAT ACC CCA CCA AAC 

CCA AAA AAA GAG ATC TTT AAT ACG ACT CAC TAT AGG GCG AGC GCC GCC ATG GAG TAC CCA TAC GAC 
GTA CCA GAT TAC GCT CAT ATG GCC ATG GAG GCC AGT GAA TTC CAC CCG GGT GGG CAT CGA TAC GGG 
ATC CAT CGA GCT CGA GCT GCA GAT GAA TCG TAG ATA CTG AAA AAC CCC GCA  AGT TCA CTT CAA CTG 
TGC ATC GTG CAC CAT CT 

 

Figure 56: Figure shows a schematic of yeast two-hybrid DNA-binding domain 
and activation domain constructs. 

 

The enzyme recognition site EcoR1 is in bold and is underlined and the BamH1 

enzyme recognition site is in bold and in italics. A. Diagram and partial sequences of 

ck/MyoVIIa tail fragment bait constructs. Sequences in brown font are the partial 

sequences of GAL4 DNA-binding domain followed by the multiple cloning site of the 

pGBT9 vector in black font. The ck/MyoVIIa tail fragments were cloned between the 
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EcoR1 and the BamH1 restriction enzyme recognition sites. The EcoR1 restriction 

enzyme recognition site was converted to a Kpn1 restriction enzyme recognition site to 

allow for identification of clones with successful insertion of the sequences encoding the 

ck/MyoVIIa fragments. B. Diagram and partial sequences of ck/MyoVIIa dimerized tail 

fragment bait constructs. Sequences in brown font are the partial sequences of GAL4 

DNA-binding domain followed by the pGBKT7 vector backbone sequences in black 

font. Sequences encoding the c-Myc epitope tag are in red font. The leucine zipper 

encoding sequences are in orange font and the ck/MyoVIIa coiled-coil encoding 

sequences are in blue font. The ck/MyoVIIa tail fragment encoding sequences were 

cloned in frame between the ck/MyoVIIa coiled-coil encoding sequences and the BamH1 

restriction enzyme recognition sequences using yeast recombination. C. Diagram and 

partial sequences of ck/MyoVIIa or Slam GAL4-activation domain constructs. Sequences 

in dark blue font are the partial sequences encoding the GAL4-activation domain 

followed by the pGADT7 vector backbone sequences in black font. Sequences encoding 

the HA epitope tag are in dark green font. The ck/MyoVIIa or Slam fragment encoding 

sequences were cloned in frame downstream of the HA epitope tag encoding sequences 

using yeast recombination. The sequences shown in red font were replaced by 

recombination with sequences that encode fragments of ck/MyoVIIa or Slam. A stop 

codon (TGA) was introduced just after the last nucleotide encoding ck/MyoVIIa or Slam 

fragments. 
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Table 7: List of primers used in chapter 4 

Construct Primers 

Primers for ck/MyoVIIa bait constructs: 

recyeast4myth1fp: 5’aac aaa ggt caa aga cag ttg act gta tcg ccg ggt acc TCC 

GAG GAT GAG GAG GAT CTA 
pGBT9-DNA-BD-XX-MyTH41-XX: 

recyeast4myth1rp: 5’att cgc ccg gaa tta gct tgg ctg cag gtc gac gga tcc TCG 

GGC CGT GGT GGC GGA ATC 

recyeastferm1fp: 5’aac aaa ggt caa aga cag ttg act gta tcg ccg ggt acc GAG 

GAG CGA CTG AAG CGT ACT 
pGBT9-DNA-BD-XX-FERM1,21-XX: 

recyeastferm1rp: 5’att cgc ccg gaa tta gct tgg ctg cag gtc gac gga tcc AAC AGT 

GGA AAG GCT GAA AGT 

recyeast4myth2fp: 5’aac aaa ggt caa aga cag ttg act gta tcg ccg ggt acc CCG 

AAA CGA ACA ATG TCG AAA 
pGBT9-DNA-BD-XX-MyTH42-XX: 

recyeast4myth2rp: 5’att cgc ccg gaa tta gct tgg ctg cag gtc gac gga tcc CAG 

GGA GAA GCC CTC GCT GGT 

recyeastferm2fp: 5’aac aaa ggt caa aga cag ttg act gta tcg ccg ggt acc CCG 

CCG CAT CAG GTG GAG GTG 
pGBT9-DNA-BD-XX-FERM1,22-XX: 

recyeastferm2rp: 5’att cgc ccg gaa tta gct tgg ctg cag gtc gac gga tcc GTT AAT 

GGC TAT CAA TAG CAT 

recyeastsh3fp: 5’aac aaa ggt caa aga cag ttg act gta tcg ccg ggt acc GAT ATC 

CGT GAT CTG GTT GTC 
pGBT9-DNA-BD-XX-SH3Tail-XX: 

recyeastsh3rp: 5’att cgc ccg gaa tta gct tgg ctg cag gtc gac gga tcc CGC CTC 

CTC GAT GTT GAA CAG 
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recyeast4myth1fp: 5’aac aaa ggt caa aga cag ttg act gta tcg ccg ggt acc TCC 

GAG GAT GAG GAG GAT CTA pGBT9-DNA-BD-XX-

MyTH41,FERM1,21- XX: recyeastferm1rp: 5’att cgc ccg gaa tta gct tgg ctg cag gtc gac gga tcc AAC AGT 

GGA AAG GCT GAA AGT 

recyeast4myth2fp: 5’aac aaa ggt caa aga cag ttg act gta tcg ccg ggt acc CCG 

AAA CGA ACA ATG TCG AAA pGBT9-DNA-BD-XX-

MyTH42,FERM1,22-XX: recyeastferm2rp: 5’att cgc ccg gaa tta gct tgg ctg cag gtc gac gga tcc GTT AAT 

GGC TAT CAA TAG CAT 

recyeast4myth1fp: 5’aac aaa ggt caa aga cag ttg act gta tcg ccg ggt acc TCC 

GAG GAT GAG GAG GAT CTA 
pGBT9-DNA-BD-XX-

MyTH41,FERM1,21 MyTH71SH3Tail- 

XX: 
recyeastsh3rp: 5’att cgc ccg gaa tta gct tgg ctg cag gtc gac gga tcc CGC CTC 

CTC GAT GTT GAA CAG 

recyeastsh3fp: 5’aac aaa ggt caa aga cag ttg act gta tcg ccg ggt acc GAT ATC 

CGT GAT CTG GTT GTC pGBT9-DNA-BD-XX- SH3Tail 

MyTH42,FERM1,22-XX: recyeastferm2rp: 5’att cgc ccg gaa tta gct tgg ctg cag gtc gac gga tcc GTT AAT 

GGC TAT CAA TAG CAT 
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P1 fleuzipckcc: 5’ ATG AAA CAA CTT GAA GAC AAG GTT GAA GAA 

TTG 

 

P2 rleuzipckcc: 5’ G ACG CTC CAG CTC GTG TTC GCC AAC TAA TTT 

CTT TAA TCT GGC AAC C 

 

P3 fleuzipckcc: 5’ G AAA TTA GT T GGC GAA CAC GAG CTG GAG CGT 

CGG GAA ATT CAG 

 

P4 rleuzipckcc: 5’ TGC ATC ATT GAT AAT ATT CAT ATT GAC CTC CAC 

TCG 

 

eP fleuzipckcc: 5’ atg gcc atg gag gcc gaa ttc ATG AAA CAA CTT GAA GAC 

AAG G 

 

pGBKT7-DNA-BD-LeuZip-ck-cc: 

eP rleuzipckcc: 5’ agg tcg acg gat ccc TGC ATC ATT GAT AAT ATT CAT 

ATT GAC C 

 

Primers for dimerized ck/MyoVIIa bait constructs:  

Y2 1M4 F1: 5’att atc aat gat gca AAT GTC AAT CAT CAG TAT GCT AAG 

AAA GC pGBKT7-DNA-BD-LeuZip-ck-cc-

MyTH41,FERM1,21 MyTH71SH3Tail: Y2 SH3 R1: 5’ ggc cgc tgc agg tcg acg gat ccc AAG GGT GGG CAG CAC GTA 

CAC GG 
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Y2 SH3 F1: 5’ att atc aat gat gca GGC CTG AAG AAA CGA TCG AAA TAT 

GTC pGBKT7-DNA-BD-LeuZip-ck-cc-

SH3Tail MyTH42,FERM1,22 MyTH72: Y2 2M4FM7 R1: 5’ agg tcg acg gat ccc GTT GGC TCG AAT GGT TCG ATT 

TTT GTT C 

Y2 1M4 F1: 5’att atc aat gat gca AAT GTC AAT CAT CAG TAT GCT AAG 

AAA GC pGBKT7-DNA-BD-LeuZip-ck-cc-

MyTH41,FERM1,21: Y2 1M4F R1: 5’ ggc cgc tgc agg tcg acg gat ccc GTA GAA ACG AGA AAA 

GAG CAG AGG CC 

Y2 2M4 F1: att atc aat gat gca AGT GAG GAA TTG TGG CGC TAC TCC C 
pGBKT7-DNA-BD-LeuZip-ck-cc-

MyTH42,FERM1,22: 
Y2 2M4F R1: 5’ ggc cgc tgc agg tcg acg gat ccc GGT GGT TTG CTT CAC CTC 

AAA GAA AGC G 

Y2 2M4 F1: 5’ att atc aat gat gca AGT GAG GAA TTG TGG CGC TAC TCC C 

pGBKT7-DNA-BD-LeuZip-ck-cc-

MyTH42,FERM1,22 MyTH72: 

Y2 2M4FM7 R1: 5’ agg tcg acg gat ccc GTT GGC TCG AAT GGT TCG ATT 

TTT GTT C 

 

Y2 1M4 F1: 5’att atc aat gat gca AAT GTC AAT CAT CAG TAT GCT AAG 

AAA GC pGBKT7-DNA-BD-LeuZip-ck-cc-

MyTH41: Y2 1M4 R1: 5’ ggc cgc tgc agg tcg acg gat ccc CAT GAT GGG CTT TTT GGA 

TTT GG 

Y2 1F F1: 5’ att atc aat gat gca GCC ACC AAA TCC AAA AAG CCC ATC 
pGBKT7-DNA-BD-LeuZip-ck-cc-

FERM1,21: 
Y2 1M4F R1: 5’ ggc cgc tgc agg tcg acg gat ccc GTA GAA ACG AGA AAA 

GAG CAG AGG CC 

Y2 1M7 F1: 5’ att atc aat gat gca TGG CCT CTG CTC TTT TCT CGT TTC TA 
pGBKT7-DNA-BD-LeuZip-ck-cc-

MyTH71: 
Y2 1M4FM7 R1: 5’ ggc cgc tgc agg tcg acg gat ccc CAA GGC TAT GAC ATA 

TTT CGA TCG 



 

206 

 

Y2 SH3 F1: 5’ att atc aat gat gca GGC CTG AAG AAA CGA TCG AAA TAT 

GTC pGBKT7-DNA-BD-LeuZip-ck-cc-

SH3Tail: Y2 SH3 R1: 5’ ggc cgc tgc agg tcg acg gat ccc AAG GGT GGG CAG CAC GTA 

CAC GG 

Slam and ck/MyoVIIa activation domain construct primers: 

FPADCONI: 5’ atg gag gcc agt gaa CTC CAG TCG GAT CCG GTC AC 
pGADT7-GAL4-AD-Slam CONI: 

RPADCONI: 5’ agc tcg atg gat ccc TCA AGA TCG GCG TAT CGG ACT G 

FPADCON II: 5’ atg gag gcc agt gaa CAG GCG CCG CCA GTG CCA GC 
pGADT7-GAL4-AD-Slam CONII: 

RPADCONII: 5’: agc tcg atg gat ccc TCA GAC CTC CAC GGC CCT CCG GTC 

FPADCONIII: 5’ atg gag gcc agt gaa CAG GCG CCG CCA GTG CCA GC 
pGADT7-GAL4-AD-Slam CONIII: 

RPADCONIII: 5’ agc tcg atg gat ccc TCA AGA TCG GCG TAT CGG ACT G 

FPADCONIV: 5’ atg gag gcc agt gaa GCA CAT GCC GCA GAT CTC 
pGADT7-GAL4-AD-Slam CONIV: 

RPADCONIV: 5’ agc tcg atg gat ccc TCA GCG CTT AAT GCG TCG CGG AG 

FPADCONV: 5’ atg gag gcc agt gaa ATG CCA GAA AGC CAC AGT TAC 
pGADT7-GAL4-AD-Slam CONV: 

RPADCONV: 5’ agc tcg atg gat ccc TCA AGT GAA CTT GGG GTG CTT GGC 

FPADCONCKM2FM7: 5’ atg gag gcc agt gaa TAC TCC CGG GAT CCC ATT 

AAG G pGADT7-GAL4-AD-ck/MyoVIIa-

MyTH42,FERM1,22 MyTH72 CON: RPADCONCKM2FM7: 5’ agc tcg atg gat ccc TCA GTT GGC TCG AAT GGT 

TCG 

FPSlam: 5’ ATG CCA GAA AGC CAC AGT TAC AAA CTG 
UAS-GFP-Slam: 

RPSlam: 5’ TCA GAC CTC CAC GGC CCT CCG GTC CAT CAG G 

FPSlam: 5’ ATG CCA GAA AGC CAC AGT TAC AAA CTG UAS-RFP-Slam: 

 RPSlam: 5’ TCA GAC CTC CAC GGC CCT CCG GTC CAT CAG G 
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Table 7 lists the primers used for cloning different constructs used in this study. 

Nucleotides in lower case are complementary to sequences in the vector multiple 

cloning sites. Nucleotides in small caps are the stop codon. Nucleotides in uppercase are 

complementary to ck/MyoVIIa or Slam fragment encoding sequences. Underlined 

nucleotides in primers P2 rleuzipckcc and P3 fleuzipckcc are complementary to the 

beginning of ck/MyoVIIa-Coiled Coil (ck-cc) domain and the end of GCN4 leucine zipper 

(LeuZip) fragment, respectively. 
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4.2.2.1 ck/MyoVIIa bait constructs: 

pGBT9-DNA-BD-XX-MyTH41-XX: A stretch of DNA encoding the ck/MyoVIIa 

tail fragment which spans the MyTH41 domain (amino acids 981 SEDEEDL ….. 

DSATTAR 1273) was amplified using primers recyeast4myth1fp and recyeast4myth1rp 

and cloned into the multiple cloning site of vector pGBT9. 

pGBT9-DNA-BD-XX-FERM1,21-XX: A stretch of DNA encoding the ck/MyoVIIa 

tail fragment which spans the FERM 1,21 domain (amino acids 1220 EERLKRT…… 

TFSLSTV 1530) was amplified using primers recyeastferm1fp and recyeastferm1rp and 

cloned into the multiple cloning site of vector pGBT9. 

pGBT9-DNA-BD-XX-MyTH42-XX: A stretch of DNA encoding the ck/MyoVIIa 

tail fragment which spans the MyTH2 domain (amino acids 1680 PKRTMSK….TSEGFSL    

1898) was amplified using primers recyeast4myth2fp and recyeast4myth2rp and cloned 

into the multiple cloning site of vector pGBT9. 

pGBT9-DNA-BD-XX-FERM1,22: A stretch of DNA encoding the ck/MyoVIIa tail 

fragment which spans the FERM1,22 domain (amino acids 1839 PPHQVEV….. MLLIAIN 

2087) was amplified using primers recyeastferm2fp and recyeastferm2rp and cloned into 

the multiple cloning site of vector pGBT9. 

pGBT9-DNA-BD-XX-SH3-XX FP: A stretch of DNA encoding the ck/MyoVIIa 

tail fragment which spans the SH3Tail domain (amino acids 1544 DIRDLVV…. LFNIEEA 
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1644) was amplified using primers recyeastsh3fp and recyeastsh3rp and cloned into the 

multiple cloning site of vector pGBT9. 

pGBT9-DNA-BD-XX-MyTH41,FERM1,21-XX: A stretch of DNA encoding the 

ck/MyoVIIa tail fragment which spans the MyTH41FERM1,21 domains (amino acids 981 

SEDEEDL…. TFSLSTV 1530) was amplified using primers recyeastmyth1fp and 

recyeastferm1rp and cloned into the multiple cloning site of vector pGBT9. 

pGBT9-DNA-BD-XX-MyTH42,FERM1,22-XX: A stretch of DNA encoding the 

ck/MyoVIIa tail fragment which spans the MyTH42FERM1,22 domains (amino acids 1680 

PKRTMSK….MLLIAIN 2087) was amplified using primers recyeastmyth2fp and 

recyeastferm2rp and cloned into the multiple cloning site of vector pGBT9. 

pGBT9-DNA-BD-XX- SH3Tail MyTH42,FERM1,22-XX: A stretch of DNA 

encoding the ck/MyoVIIa tail fragment which spans the SH3Tail MyTH42 FERM 1,22 

domains (1544 DIRDLVV…… MLLIAIN 2087) was amplified using the primers 

recyeastsh3fp and recyeastferm2rp and cloned into the multiple cloning site of vector 

pGBT9. 

pGBT9-DNA-BD-XX-MyTH41,FERM1,21M7 SH3Tail –XX: A stretch of DNA 

encoding the ck/MyoVIIa tail fragment which spans the MyTH41FERM1,21 MyTH7 

SH3Tail domains (amino acids 981 SEDEEDL…..LFNIEEA 1644) was amplified using 

primers recyeast4myth1fp and recyeastsh3rp and cloned into the multiple cloning site of 

vector pGBT9. 
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4.2.2.2 Dimerized ck/MyoVIIa bait constructs: 

To generate dimerized fragments of ck/MyoVIIa bait constructs, the pGBKT7 

vector was modified by adding a leucine zipper, 

(MKQLEDKVEELLSKNYHLENEVARLKKLVGE) protein fragment followed by the 

ck/MyoVIIa coiled-coil fragment (HELERREIQEQLENRRRVEVNMNIINDA) added 

downstream of the DNA-BD (Fig. 56B). The GCN4 leucine zipper fragment was 

amplified using primers P1 fleuzipckcc and P2 rleuzipckcc. The P2 rleuzipckcc primer 

adds extra nucleotides that are complementary with the 5’ end of the ck/MyoVIIa coiled-

coil fragment. The ck/MyoVIIa coiled-coil fragment was amplified using primers P3 

fleuzipckcc and P4 rleuzipckcc. The P3 fleuzipckcc primer adds extra nucleotides that 

are complementary to the 3’ end of the GCN4 Leucine zipper fragment. The two PCR 

fragments, the GCN4 leucine zipper fragment and the ck/MyoVIIa coiled-coil domain 

fragment, with complementary 3’ and 5’ ends, respectively, were allowed to anneal and 

form the template, leuzip-ck-cc. Forward primer, eP fleuzipckcc, and reverse primer, eP 

rleuzipckcc, were designed with sequence complementary to the 5’ end of the ORF that 

encodes the GCN4 leucine zipper and the 3’ end of the ORF that encodes the ck/MyoVIIa 

coiled-coil, respectively. These primers were then used to amplify the fused LeuZip-ck-

cc fragment using the SOEing PCR strategy (Horton 1995). Primers, eP fleuzipckcc and 

eP rleuzipckcc were also used to add overhangs at the 5’ and 3’ end of the amplified 

LeuZip-ck-cc fragment that are complementary to the pGBKT7 vector multiple cloning 



 

211 

site, thus allowing for cloning using yeast recombination. The different tail fragments of 

ck/MyoVIIa were then cloned downstream of this leucine zipper-ck-cc tandem coding 

sequences to force the tail fragments to dimerize. 

The different fragments of ck/MyoVIIa tail used for dimerized baits: 

pGBKT7-DNA-BD-LeuZip-ck-cc-MyTH41,FERM1,21 MyTH71,SH3Tail: DNA 

encoding a ck/MyoVIIa tail fragment spanning the MyTH41,FERM1,21 MyTH71SH3Tail 

domains (1003 AA) NVNHQ…..VYVLPTL (1628) was amplified and cloned 

downstream of sequences encoding the leucine zipper-ck-cc in the modified pGBKT7 

plasmid (pGBKT7-DNA-BD-LeuZip-ck-cc) using primers Y2 1M4 F1 and Y2 SH3 R1. 

pGBKT7-DNA-BD-LeuZip-ck-cc-SH3Tail MyTH42,FERM1,22 MyTH72: DNA 

encoding a ck/MyoVIIa tail fragment spanning the SH3Tail MyTH42,FERM1,22 MyTH72 

domains (1555 AA)GLKKRSKYVIAL…… NRTIRAN (2167) was amplified and cloned 

downstream of sequences encoding the leucine zipper-ck-cc in the modified pGBKT7 

plasmid using primers Y2 SH3 F1 and Y2 2M4FM7 R1. 

pGBKT7-DNA-BD-LeuZip-ck-cc-MyTH41,FERM1,21: DNA encoding a 

ck/MyoVIIa tail fragment spanning the MyTH41,FERM1,21 domains (1003) 

NVNHQYAKK…..WPLLFSRFY (1467) was amplified and cloned downstream of 

sequences encoding the leucine zipper-ck-cc in the modified pGBKT7 plasmid using 

primers Y2 1M4 F1 and Y2 1M4F R1. 
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pGBKT7-DNA-BD-LeuZip-ck-cc-MyTH42,FERM1,22 : DNA encoding a 

ck/MyoVIIa tail fragment spanning the MyTH42,FERM1,22 domains (1695) 

SEELWR……FEVKQTT (2074) was amplified and cloned downstream of sequences 

encoding the leucine zipper-ck-cc in the modified pGBKT7 plasmid using primers Y2 

2M4 F1 and Y2 2M4F R1. 

pGBKT7-DNA-BD-LeuZip-ck-cc-MyTH42,FERM1,22 MyTH72: DNA encoding a 

ck/MyoVIIa tail fragment spanning the MyTH42,FERM1,22 MyTH72 domains (1695) 

SEELWR…..RTIRAN (2167) was amplified and cloned downstream of sequences 

encoding the leucine zipper-ck-cc in the modified pGBKT7 plasmid using primers Y2 

2M4 F1 and Y2 2M4FM7 R1. 

pGBKT7-DNA-BD-LeuZip-ck-cc-MyTH41: DNA encoding a ck/MyoVIIa tail 

fragment spanning the MyTH41 domain (1003) NVNHQYAKKA…..KSKKPIM (1251) 

was amplified and cloned downstream of sequences encoding the leucine zipper-ck-cc in 

the modified pGBKT7 plasmid using primers Y2 1M4 F1 and Y2 1M4 R1. 

pGBKT7-DNA-BD-LeuZip-ck-cc-FERM1,21: DNA encoding a ck/MyoVIIa tail 

fragment spanning the FERM1,21 domain (1243) ATKSKKPIM…..LLFSRFY (1467) was 

amplified and cloned downstream of sequences encoding the leucine zipper-ck-cc in the 

modified pGBKT7 plasmid using primers Y2 1F F1 and Y2 1M4F R1. 

pGBKT7-DNA-BD-LeuZip-ck-cc-MyTH71: DNA encoding a ck/MyoVIIa tail 

fragment spanning the MyTH71 domain (1459) WPLLFS…..LKKRSKYVIAL (1566) was 
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amplified and cloned downstream of sequences encoding the leucine zipper-ck-cc in the 

modified pGBKT7 plasmid using primers Y2 1M7 F1 and Y2 1M4FM7 R1. 

pGBKT7-DNA-BD-LeuZip-ck-cc-SH3Tail: DNA encoding a ck/MyoVIIa tail 

fragment spanning the SH3Tail domain (1555) GLKKRS…..TVYVLPTL (1628) was 

amplified and cloned downstream of sequences encoding the leucine zipper-ck-cc in the 

modified pGBKT7 plasmid using primers Y2 SH3 F1 and Y2 SH3 R1. 

4.2.2.3 Slam and ck/MyoVIIa activation-domain (AD) constructs:  

DNA encoding fragments of Slam or ck/MyoVIIa ORF were cloned downstream 

of GAL4 activation domain in the pGADT7 vector. The vector also adds an HA epitope 

tag upstream of the cloned fragment. The fragments were amplified using primers that 

have sequence overlapping with the vector multiple cloning sites (MCS) (shown in 

lower case, in Table 7) to allow for cloning using yeast recombination. 

pGADT7-GAL4-AD-Slam CONI: A fragment of the Slam ORF encoding amino-

acids (167 AA) LQSDPV….SPIRRS (763 AA) was amplified with primers FPADCONI 

and RPADCONI and cloned into pGADT7. 

pGADT7-GAL4-AD-Slam CONII: A fragment of the Slam ORF encoding amino-

acids (562 AA) QAPPVPA…… MDRRAVEV (1196 AA) was amplified with primers 

FPADCON II and RPADCONII and cloned into pGADT7. 
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pGADT7-GAL4-AD-Slam CONIII: A fragment of the Slam ORF encoding 

amino-acids (562 AA) QAPPVPAPRP……. NDPMDNSPIRRS (763 AA) was amplified 

with primers FPADCON III and RPADCON III and cloned into pGADT7. 

pGADT7-GAL4-AD-Slam CONIV: A fragment of the Slam ORF encoding 

amino-acids (307 AA) AHAADLKEKVNK…… PIVQVTPRRIKR (561 AA) was amplified 

with primers FPADCONIV and RPADCONIV and cloned into pGADT7. 

pGADT7-GAL4-AD-Slam CONV: A fragment of the Slam ORF encoding amino-

acids (1 AA) MPESHSYKLKR……… FNKFIGDMAAKHPKF (305 AA) was amplified 

with primers FPADCONV and RPADCONV and cloned into pGADT7. 

pGADT7-GAL4-AD-ck/MyoVIIa-MyTH42,FERM1,22 MyTH72CON: DNA 

encoding a ck/MyoVIIa (Accession number: AAF53435 1-2167aa) tail fragment spanning 

the MyTH42FERM1,22,MyTH7l domains (amino acids 1701 YSRDPIK….RTIRAN 2167) 

was amplified using primers FPADCONCKM2FM7 and RPADCONCKM2FM7 and 

cloned into the multiple cloning site of vector pGADT7. 

4.2.2.4 GFP and RFP tagged Slam constructs: 

pUAST GFP-Slam construct: The full length Slam ORF was subcloned from the 

pOT2 LD22808 cDNA clone obtained from DGRC, Bloomington, IN (Accession No: 

AA940693). The Slam ORF was PCR amplified using primers FPSlam and RPSlam and 

TOPO® cloned into the pCR®8/GW/TOPO® vector. The resulting Slam-

pCR®8/GW/TOPO® plasmid was used to recombine the Slam-ORF into the destination 



 

215 

vector pTGW (emb.carnegiescience.edu/labs/murphy/Gateway 

vectors.html#_The_Drosophila_Gateway) using LR recombination to generate pUAST-

GFP-Slam. 

pUAST RFP-Slam construct: The full length Slam ORF was subcloned from the 

pOT2 LD22808 cDNA clone obtained from DGRC, Bloomington, IN (Accession No: 

AA940693). The Slam ORF was PCR amplified using primers FPSlam and RPSlam and 

TOPO® cloned into the pCR®8/GW/TOPO® vector. The resulting Slam-

pCR®8/GW/TOPO® plasmid was used to recombine the Slam-ORF into the destination 

vector pTRW (emb.carnegiescience.edu/labs/murphy/Gateway 

vectors.html#_The_Drosophila_Gateway) using LR recombination to generate pUAST-

RFP-Slam. 

4.2.3 Time-lapse confocal microscopy and image analysis 

A Zeiss Axiovert 200M microscope was used with a Perkin Elmer spinning disc 

confocal head for time-lapse microscopy. Images were collected using a Zeiss Plan 

Apochromat 63x / 1.4 NA oil objective. 488nm and 568nm laser lines were used to excite 

GFP and RFP, respectively. 

Images were collected using the MetaMorph software 

(http://www.moleculardevices.com/Products/Software/Meta-Imaging-

Series/MetaMorph.html). Z stacks of optical sections of the samples were taken that 

ranged from the tip of the growing hair to its base (z slices were separated by 0.5µm). 
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The z stacks were repeated at 5-10 minute intervals. Because of their length, optical 

sections of bristles were taken of the region of interest (z slices were separated by 0.5µm) 

and the z stacks were repeated at 5-10 minute intervals. 

Collected images were z-projected over time using Image J 

(http://rsbweb.nih.gov/ij/). A maximum projection of z stacks over time was used to 

make time-lapsed videos of hair and bristle morphogenesis. 

Stacks of Z projected time-lapses were cropped using Image J to the area of 

interest and manipulated to correctly orient the specimen image (distal to the left) when 

necessary. The selected time points were copied, montages were assembled using Adobe 

Photoshop and scale bar was added. The montage was then copied into Abobe 

Illustrator, scaled as needed and labels were added.  

4.2.4 Sample preparation 

Late third instar larvae or 0 hour APF pupae of the genotype needed were 

collected by selecting away from the CyO, P{w[+mC]=Dfd-EYFP}2; CyO, P{Dfd-GMR-

nvYFP}2; TM6b Tb,Sb,Hu (Le et al. 2006); TM6B, P{w[+mC]=Dfd-EYFP}3, Sb1 Tb1 ca1; 

TM6B, P{Dfd-GMR-nvYFP}4, Sb1 Tb1 ca1  and other appropriate balancers. Sometimes 

GFP and/or RFP were used to positively select for the appropriate genotype. 

Pupae/Larvae were grown for 33 hours at 25˚C and then imaged for hair morphogenesis. 
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To capture bristle morphogenesis, imaging was started at around 24 hr APF at 

25˚C. The pupal case was removed from the top half of the pupae down to the junction 

between the thorax and abdomen. The sample was mounted on a No 0 cover slip with 

double stick tape such that the dorsal surface of the thorax was against the cover slip. A 

small amount of Halocarbon oil (a 1:1 mixture of halocarbon oil 27 and halocarbon oil 

700, Sigma Aldrich) was added. Capillarity drew the oil between the cover slip and the 

pupae. The cover slip was mounted on a metal cover slip holder for imaging. 

 

4.3 Results 

4.3.1 Identification of direct binding partners of ck/MyoVIIa 

MyTH4-FERM myosins are known to directly bind membrane proteins that help 

to couple the cytoskeleton to the plasma membrane (Zhang et al. 2004; Coluccio et al. 

2008). They also play a role in trafficking proteins along filopodia that are necessary for 

regulating filopodia length (Zhang et al. 2004). Similarly, ck/MyoVIIa loss-of-function 

mutants cause reduced hair and bristle length (Kiehart et al. 2004 and chapter 2) 

suggesting that proteins that bind to ck/MyoVIIa might play a role in regulating hair and 

bristle length.  

ck/MyoVIIa localization is not polarized during hair and bristle morphogenesis 

further suggesting that the polarized growth of hairs from the distal vertex of the 

epithelial cells is either regulated by the polarized distribution of ck/MyoVIIa activating 
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proteins and or other co-effectors of ck/MyoVIIa in hair and bristle morphogenesis. To 

further elucidate the molecular mechanism of ck/MyoVIIa function in regulating the 

length and morphology of actin-rich cellular protrusions like hairs and bristles we 

screened a Drosophila  melanogaster (w1118) embryonic library to identify proteins that 

directly bind to ck/MyoVIIa using a yeast two-hybrid assay (see materials and methods 

for details). The screen yielded 23 direct binding partners of ck/MyoVIIa (Table 6). Of the 

interactors identified, we focused on Slam (slow as molasses; Fig. 57) a novel membrane 

associated protein that has been shown to regulate polarized membrane growth during 

cellularization (Lecuit et al. 2002). Regulating polarized membrane growth would be 

integral to the formation of hairs and bristles that require the polarized addition of 

membrane during their morphogenesis. Thus we investigated Slam function in hair and 

bristle morphogenesis. 

4.3.2 Clones of slamwaldo1 show split hair defects 

slamwaldo1 and slamwaldo2 are two known loss-of-function alleles of Slam and both 

are recessive and embryonic lethal when homozygous (Stein et al. 2002). To investigate 

if slam functions with ck/MyoVIIa in hair morphogenesis we generated homozygous 

mutant clones of slam in thoracic epithelial cells and followed hair morphogenesis using 

URM (RFP-moesin). slamwaldo1 homozygous mutant cells show a range of phenotypes 

with some cells with no apparent hair defects while others show split hair defects (n=2/4; 

Fig. 58). The penetrance of the slamwaldo1 hair phenotype is not complete with only 2/4 
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pupae with clones that show the hair defects. slamwaldo2 clones on the other hand do not 

show any visible hair defects (data not shown). This suggests that Slam does play a role 

in hair morphogenesis. The lack of complete penetrance of the hair defects in slamwaldo1 

mutant clones could be explained by the residual function of the truncated protein 

produced in this mutant (Wenzl et al. 2010) or it could be a function of the size of the 

clones i.e., if the clones are larger it would deplete the residual slam protein in the 

genetically homozygous mutant slam clones. The lack of any phenotype associated with 

the slamwaldo2 (G=L substitution mutation at aa 855) suggests that this mutation though 

lethal due to Slam function in early cellularization (Lecuit 2004) might be redundant in 

Slam function during hair morphogenesis. 
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Figure 57: Schematic of slam mutants and slam activation domain constructs 
and fragments of the slam clones identified as direct interactors of ck/MyoVIIa. 

 

Figure shows the point mutation in the two known alleles of Slam. Figure also 

shows the relative position of Slam AD constructs (I, II, III, IV and V) with respect to the 

full length Slam protein. The Slam AD constructs were used to indentify the different 

fragments of Slam protein necessary for interaction with ck/MyoVIIa (data not shown). 

p2c4 and p3c41 are the two fragments of Slam identified in a yeast two-hybrid screen 

with ck/MyoVIIa tail fragment (amino acids 981 SEDEEDL…..LFNIEEA 1644). 
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4.3.3 Knockdown of Slam using an RNAi hairpin causes split hairs 
and bristle defects 

To further investigate Slam protein function in hair morphogenesis, we knocked 

down Slam in thoracic epithelial cells using Slam-specific RNAi hairpin (P{ w+; UAS 

Slam-RNAi}24050; Dietzl et al. 2007). P{ w+; UAS Slam-RNAi}24050 driven in thoracic 

epithelial cells with P[GawB]apmd544-GAL4 leads to a range of phenotypes with some 

cells showing split hair defects and others with a single hair (n=4/4; Fig. 59). Knockdown 

of Slam levels in bristles causes severe defects. Actin bundles splay at the bristle tip 

(n=4/4; Fig. 60). Actin bundles also break along the length of the bristle and free barbed 

ends of the actin bundles grow at an angle away from the central long axis of the bristle 

(Fig. 61), similar to defects seen with ck/MyoVIIa loss-of-function mutants (chapter 2 and 

Kiehart et al. 2004). The similar hair and bristle defects seen in Slam and ck/MyoVIIa loss-

of-function mutants suggest that they function together in hair and bristle 

morphogenesis. 

4.3.4 GFP-Slam localization during hair and bristle morphogenesis 

Slam protein shows a polarized localization to the basolateral membrane during 

the slow phase of cellularization (Lecuit et al. 2002). Ectopically expressed Slam also 

localizes along the anterior-posterior cell boundaries where is enhances the polarized 

distribution of zip/MyoII (Lecuit et al. 2002; Stein et al. 2002; Zallen and Wieschaus 2004). 

To follow Slam localization during hair and bristle morphogenesis we expressed UAS-

GFP-Slam in thoracic epithelial cells and bristles using P{w[+mW.hs]=GawB}apmd544-
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GAL4. GFP-Slam localizes to the distal vertex of the cell during hair morphogenesis and 

is also associated with the base of the growing hair as it moves from the distal vertex of 

the cell towards the center of the epithelial cell later in hair morphogenesis (n=1/1; Fig. 

62). The polarized distribution of Slam to the distal vertex of the epithelial cells prior to 

the onset and during hair morphogenesis suggests that it might play a role in the 

polarized distribution and or activation of proteins necessary for hair morphogenesis. 

4.3.5 Slam localization is not dependent on ck/MyoVIIa  

To further investigate the relationship between Slam and ck/MyoVIIa function in 

hair and bristle morphogenesis, we looked at GFP-Slam localization in cells with 

ck/MyoVIIa knocked down using a ck/MyoVIIa-specific hairpin. GFP-Slam localization is 

similar in cells with knocked down levels of ck/MyoVIIa as in wild-type cells. 

Specifically, GFP-Slam localizes to the distal vertex of the epithelial cells and associates 

with the base of the actin filaments that fail to associate with one another in ck/MyoVIIa 

deficient cells (n=5/5; Fig. 63). At the end of hair morphogenesis GFP-Slam no longer has 

a polarized distribution and associates uniformly with all the vertices of the epithelial 

cell, similar to control cells (Fig. 62). This suggests that the polarized distribution of Slam 

to the distal vertex of epithelial cells and its association with the base of growing hairs is 

not dependent on ck/MyoVIIa function. 
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4.3.6 Slam localization in a mwhRdeMed mutant background 

The polarized distribution of GFP-Slam is similar to Fz and Dsh localization 

(Axelrod 2001; Strutt 2001b) at the distal vertex of the epithelial cells during hair 

morphogenesis. Hair morphogenesis is restricted to the distal vertex of the epithelial 

cells by two groups of planar polarity genes, Fz and Dsh that positively regulate the site 

of hair initiation and mwh a protein that localizes to the proximal vertex of the epithelial 

cell and prevents hair initiation at the proximal vertices of the epithelial cells (Yan et al. 

2008). To investigate, if mwh restricts GFP-Slam localization to the distal vertex of the cell 

we expressed GFP-Slam in a mwhRdeMed mutant background. Expression of GFP-Slam in a 

mwhRdeMed mutant background causes lethality with very few pupae surviving through 

hair morphogenesis. Analysis of GFP-Slam distribution in mwhRdeMed mutant epithelial 

cells shows increased GFP-Slam at the proximal vertex of the epithelial cells towards the 

end of hair morphogenesis (n=3/4; Fig. 64). However it is difficult to conclude if this is 

caused by high GFP-Slam expression or lack of inhibition by mwh at the proximal vertex 

of the epithelial cells. Further experiments will be required to ascertain if mwh restricts 

Slam localization to the distal vertex of epithelial cells during hair morphogenesis. 

4.3.7 Over-expression of Slam-HA gives a split hair phenotype 

To further investigate the role that Slam plays in hair morphogenesis, we over-

expressed Slam-HA in thoracic epithelial cells and followed hair morphogenesis using 

GFP-Moe (sGMCA) to label F-actin. Over-expression of Slam-HA causes a split hair 
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phenotype (n=2/3 pupae; Fig. 65) similar to the ck/MyoVIIa loss-of-function split hair 

phenotype. The split hair phenotype of Slam-HA over-expression, is seen on over-

expression of GFP-Slam and RFP-Slam too (data not shown) but like Slam-HA over-

expression the split hair phenotype is not 100% penetrant, likely due to differences in 

expression levels of Slam between pupae. 

4.3.8 Over-expression of Rho-GEF2     

Since GFP-Slam localizes to the base of growing hairs and bristles and does not 

localize along the actin filament bundles like ck/MyoVIIa, it is unlikely that Slam plays a 

prominent structural role in the morphogenesis of hairs and bristles. Moreover 

ectopically expressed Slam has been shown to recruit RhoGEF2 (Wenzl et al. 2010) and 

zipper (zip/MyoII) to specific membrane domains (Lecuit et al. 2002; Zallen and 

Wieschaus 2004). Since GFP-Slam has a polarized distribution in epithelial cells during 

hair morphogenesis we looked at the possibility of Slam acting as a scaffold protein that 

is necessary for the localized activation of RhoA at the distal vertex of epithelial cells 

during hair morphogenesis similar to its role in cellularization (Wenzl et al. 2010).  

Slam has been shown to directly bind to RhoGEF2 via its PDZ domain (Wenzl et 

al. 2010). RhoGEF2 is an activator of RhoA (Barrett et al. 1997) and RhoA in turn 

activates Drosophila Rho-associated kinase (Drok) which phosphorylates spaghetti squash 

(sqh) the non-muscle myosin regulatory light chain (MRLC) and activates zip/MyoII 

(Winter et al. 2001; Simoes and Fierro 2005).  
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To study the effect of RhoGEF2 on hair morphogenesis we over-expressed 

RhoGEF2 in thoracic epithelial cells with P{w[+mW.hs]=GawB}apmd544-GAL4 to disrupt 

the putative polarized distribution of RhoGEF2; however no pupae survived for us to be 

able to follow hair morphogenesis. To reduce the levels of over-expressed RhoGEF2 we 

used a milder Ms10906-Gal4 to drive RhoGEF2 in thoracic epithelial cells. MS1096-Gal4 

driven RhoGEF2 did not have any visible effect on hair morphogenesis (n=2/2; Fig. 66). 

4.3.9 Disruption of Slam-RhoGEF2 association causes split hair 
defects 

Since driving full length RhoGEF2 in thoracic epithelial cells to disrupt RhoGEF2 

localized function was not successful, we disrupted Slam-RhoGEF2 interaction using an 

alternate approach. We drove expression of UAS-4xPDZRG2-myc6 construct, a tandem 

repeat of the PDZ domain of RhoGEF2 that has been shown to bind Slam (Wenzl et al. 

2010). The over-expression of the PDZ domain from RhoGEF2 causes split hair defects 

similar to ck/MyoVIIa loss-of-function mutants (n=3/3; 67). Similar defects were seen on 

over-expressing UAS-4xPDZRG2-RFP (data not shown) likely caused by the disruption of 

Slam-RhoGEF2 association. Over-expression of P{w+, UASp-T7.RhoGEF2.DeltaPDZ}4aIII, 

a RhoGEF2 construct that lacks the PDZ domain necessary for Slam binding however 

rarely gives split hair defects (data not shown). 

 



 

226 

4.4 Discussion 

4.4.1 Slam shows a polarized distribution during hair morphogenesis 
and likely links the Fz pathway to effectors of hair morphogenesis 

In this study we identified Slam as a direct interactor of ck/MyoVIIa, another 

effector that regulates the number of hairs formed per cell. We show that Slam has a 

polarized distribution at the distal vertex of the epithelial cell prior to and during hair 

morphogenesis. We also show that Slamwaldo1 clones show split hair defects similar to 

ck/MyoVIIa loss-of-function mutations. Over-expression of Slam-HA causes split hair 

defects presumably by sequestering away Slam binding partners necessary for hair 

morphogenesis by the cytoplasmic component of Slam away from membrane associated 

Slam at the distal vertex of epithelial cells where pre-hairs form.  

We also show that over-expression of 4xPDZRG2-myc6 causes split hair defects 

(Fig. 67). This construct of four tandem repeats of RhoGef2 PDZ domain has been shown 

to co-localize with Slam at the furrow canal during cellularization in Drosophila 

melanogaster (Wenzl et al. 2010). The over-expression of the RhoGEF2 PDZ domain likely 

competes for binding with Slam and acts as a mild dominant negative (Fig. 67 and Fig. 

68).The resulting decreased localization of RhoGEF2 likely leads to the reduced 

activation of RhoA causing the split hair/multiple hair phenotype reported in RhoA loss-

of-function mutants (Winter et al. 2001; Yan et al. 2009). Slam has also been shown to 

localize RhoGEF2 and zip/MyoII during cellularization in Drosophila melanogaster (Wenzl 

et al. 2010). 
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RhoA has been shown to function downstream of the Fz/Dsh planar polarity 

pathway during wing hair morphogenesis. RhoA and its downstream effector Drosophila 

Rho-Associated Kinase (Drok) has been shown to regulate zip/MyoII that functions in 

hair morphogenesis (Fig. 69 and Winter et al. 2001). zip/MyoII has been shown to localize 

asymmetrically at the distal vertex of hexagonal epithelial cells at the site of hair 

initiation in a Drok and Fz/Dsh dependent manner (Winter et al. 2001). Though RhoA has 

been shown to be the downstream effector of the Fz/Dsh pathway (Strutt et al. 1997; Yan 

et al. 2009) proteins that physically mediate the interaction between Fz/Dsh and RhoA 

have not been identified.  

Taken together Slam appears to be good candidate for a protein that acts as a 

scaffold protein linking the Fz/Dsh signaling pathway with its effector proteins needed 

for hair morphogenesis. 

4.4.2 Slam likely regulates the polarized activation of ck/MyoVIIa and 
other effectors of hair morphogenesis 

Ubi-GFP-ck/MyoVIIa expressed in epithelial cells does not show a polarized 

distribution at the distal vertex of the epithelial cell though ck/MyoVIIa is enriched in the 

pre-hair/hair and bristle during hair and bristle morphogenesis (Chapter 2). This rules 

out the possibility that Slam regulates the localization of ck/MyoVIIa like it regulates 

zip/MyoII localization during cellularization (Wenzl et al. 2010).  

The ck/MyoVIIa loss-of-function split hair phenotype is similar to the RhoA loss-

of-function hair phenotype (Yan et al. 2009) in that pre-hair initiation still occurs at the 
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distal vertex and shows little or no polarity defects. This suggests that ck/MyoVIIa is 

likely regulated via a yet to identified effector downstream of RhoA and Drok. Hence 

we propose a plausible model that Slam acts as a scaffold protein that binds to both 

ck/MyoVIIa and RhoGEF2, to locally activate RhoA in the vicinity of its downstream 

effector protein, ck/MyoVIIa (Fig. 68 and 69).  
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Figure 58: Slamwaldo1 clones exhibit split hair defects. 

 

Genotype: w 1118 / w 1118 or Y; P{w[+mC]=Ubi-GFP(S65T)nls}2L, 

P{ry[+t7.2]=neoFRT}40A / Slamwaldo1, P{ry[+t7.2]=neoFRT}40A; 

P{w[+mW.hs]=GawB}T155, P{w[+mC]=UAS-FLP1.D}JD2, URM / +. Figure shows 

panels from a time-lapsed video of hair morphogenesis in thoracic epithelial 

cells. Clones of Slamwaldo1 cells are negatively marked by the absence of GFP in the 

nucleus. URM marks F-actin. Clones of Slamwaldo1 cells exhibit a range of 

phenotypes. Some cells have split hairs (yellow arrows), some cells have single 
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hairs (yellow doublearrow) and others have shorter than normal hairs (yellow 

arrowhead). Scale bar for all panels=10µm. Time in the first panel is ~ 36hrs APF. 
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Figure 59: Knockdown of Slam causes split hair defects. 

 

Genotype: w 1118 / w 1118 or Y; P{w[+mW.hs]=GawB}apmd544, UGM / +; 

P{w[+mC]=UAS-Dcr-2.D}10 III / p{w+;UAS Slam-RNAi}24050III . Figure shows 

panels from a time-lapsed video of hair morphogenesis in thoracic epithelial cells 

expressing a Slam-specific RNAi hairpin. UGM marks F-actin. Yellow arrows 

point at split hairs/pre hairs emerging from a single epithelial cell. Scale bar for 

all panels=10µm. Time in the first panel is ~ 36hrs APF. 
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Figure 60: Knockdown of Slam causes actin bundles at the bristle tip to splay 
open. 

 

Genotype: w 1118 / w 1118 or Y; P{w[+mW.hs]=GawB}apmd544, UGM / +; 

P{w[+mC]=UAS-Dcr-2.D}10 III / p{w+;UAS Slam-RNAi}24050III . Figure shows panels from 

a time-lapsed video of bristle morphogenesis in a pupae with the Slam levels knocked 

down using a Slam-specific RNAi hairpin. Yellow arrowheads point to actin bundles 

that splay at its tip during growth. Scale bar for all panels=10µm. Time 0 in the first 

panel is an arbitrary start point. 
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Figure 61: Knockdown of Slam causes bristle defects. 

 

Genotype: w 1118 / w 1118 or Y; P{w[+mW.hs]=GawB}apmd544, UGM; P{w[+mC]=UAS-

Dcr-2.D}10 III / p{w+;UAS SlamRNAi}24050III. Figure shows panels from a time-lapsed 

video of bristle morphogenesis in pupae with Slam levels knocked down using a Slam-

specific RNAi hairpin. Knockdown of Slam causes the actin bundles to destabilize and 

causes aberrant elongation of actin bundles at an angle from the central long axis of the 
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growing bristle (yellow arrows). Scale bar for all panels=10µm. Time 0 in the first panel 

is an arbitrary start point. 
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Figure 62: GFP-Slam localization during hair morphogenesis. 

 

Genotype: w 1118/ w 1118 or Y; P{w[+mW.hs]=GawB}apmd544, URM / P{w+,UAS GFP-

Slam}1-1II. Figure shows panels from a time-lapsed video of hair morphogenesis in 

thoracic epithelial cells expressing GFP-Slam and URM. GFP-Slam localizes to the distal 

vertex of the epithelial cells at the start of hair morphogenesis (yellow arrowheads). 

GFP-Slam subsequently associates with the base of the growing hairs as they migrate to 

the center of the epithelial cells later in hair morphogenesis. Scale bar for all 

panels=10µm. Time 0 in the first panel is ~ 36 hrs APF. 
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Figure 63: Knock down of ck/MyoVIIa does not affect GFP-Slam association 
with the base of split hairs or its initial polarized localization at the distal vertex of 

the cell. 

 

Genotype: w 1118 / w 1118 or Y; P{w[+mW.hs]=GawB}apmd544,URM / p{w+, UAS GFP-

Slam}1-1II; p{w+, UAS ck-RNAi}III / +. Panels from a time-lapsed video show the 

localization of GFP-Slam in thoracic epithelial cells with ck/MyoVIIa knocked down 

using a ck/MyoVIIa-specific RNAi hairpin. White arrowheads follow GFP-Slam 

localization from the distal vertex of the epithelial cell at the onset of hair morphogenesis 

followed by its association with the base of the growing split hairs and its eventual 

uniform distribution at all cell vertices at the end of hair morphogenesis. Scale bar for all 

panels=10µm. Time 0 in the first panel is ~ 36hrs APF. 
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Figure 64: GFP-Slam localization in a mwhRdeMed mutant pupae. 

 

Genotype: w 1118 / w 1118 or Y; P{w[+mW.hs]=GawB}apmd544, URM / p{w+, UAS 

GFPSlam}1-1II; mwhRdeMed / mwhRdeMed. Figure shows panels from a time-lapsed video of 

hair morphogenesis in thoracic epithelial cells expressing GFP-Slam in a mwhRdeMed 

mutant pupae. Yellow arrowheads point to GFP-Slam localization at the proximal vertex 

of the epithelial cell. Yellow arrows follow the migration of GFP-Slam associated with 

the base of growing hairs from the centre of the cell to the proximal vertex. White 

arrowheads point at split hairs emerging from a single cell. Scale bar for all 

panels=10µm. Time 0 in the first panel is ~ 36hrs APF.  
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Figure 65: Over-expression of Slam-HA causes split hair defects. 

 

Genotype: w 1118/ w 1118 or Y; P{w[+mW.hs]=GawB}apmd544, P{w+,sGMCA}II / P{w+, 

UAS Slam-HA}II. Figure shows panels from a time-lapsed video of hair morphogenesis 

in thoracic epithelial cells over-expressing Slam-HA. Yellow arrowheads point at split 

hairs/pre hairs emerging from a single epithelial cell. Scale bar for all panels=10µm. 

Time 0 in the first panel is ~ 36hrs APF. 
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Figure 66: Mild over-expression of RhoGEF2 does not disrupt hair 
morphogenesis. 

 

Genotype: w 1118, P{w[+mW.hs]=GawB}BxMS1096, UGMX / w 1118 or Y; p{w+;UAS 

RhoGEF2 / +. Figure shows panels from a time-lapsed video of hair morphogenesis in 

thoracic epithelial cells expressing RhoGEF2 driven by a mild 

P{w[+mW.hs]=GawB}BxMS1096 -Gal4 driver. Yellow arrows point to a single hair emerging 

from a thoracic epithelial cell. Scale bar for all panels=10µm. Time 0 in the first panel is ~ 

36hrs APF.  
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Figure 67: Disruption of Slam-RhoGEF2 interaction causes split hair defects. 

 

Genotype: w 1118 / w 1118 or Y; P{w[+mW.hs]=GawB}apmd544, UGMII / +; UAS-

4XPDZRG2-myc6 / +. Figure shows panels from a time-lapsed video of hair 

morphogenesis in epithelial cells expressing the PDZ domain of RhoGEF2 (4XPDZRG2-

myc6) which likely disrupts Slam-RhoGEF2 interactions. Yellow arrowheads point to 

split hairs growing from a single epithelial cell. Scale bar for all panels= 10µm. Time 0 in 

the first panel is ~ 37hrs APF.  
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Figure 68: Figure shows a hypothetical model of how over-expression of 
4XPDZ-RG2-myc likely disrupts Rho GEF2 and Slam association. 
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Figure 69: Figure shows a working model of how Slam acts as a scaffold 
protein that brings together effectors of hair morphogenesis at the distal vertex of 

Drosophila epithelial cells. 
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5. Conclusions and Future directions 

 

In this study we show that 4-10 short hair-actin bundles (approximately the 

number of actin bundles found in each hair) are formed per epithelial cell that is null or 

near null for ck/MyoVIIa. We also show that over-expression of ck/MyoVIIa can increase 

the number of hairs formed per cell, which suggests that over-expression of ck/MyoVIIa 

can increase the number of hair actin bundles formed per cell. This fact that hair-actin 

bundles are formed in cells null or near null for ck/MyoVIIa suggests that ck/MyoVIIa’s 

role in regulating hair actin bundles could be indirect i.e., it could for example, transport 

proteins needed for hair-actin bundle formation. We identified Alpha-actinin as an actin 

bundling protein that when over-expressed leads to the formation of multiple hair per 

cell. Analysis of the effect of Alpha-actinin-GFP over-expression in cells with knocked 

down ck/MyoVIIa levels shows an increase in the number of hair actin bundles formed 

per cell. The Alpha-actinin-GFP over-expression induced hair actin bundles however fail 

to associate together to form hairs in the absence of ck/MyoVIIa function. This suggests 

that Alpha-actinin might function as an effector of ck/MyoVIIa in regulating the number 

of actin bundles that form per cell and hence the number of hairs that form per epithelial 

cell. ck/MyoVIIa could transport alpha-actinin to the vicinity of the distal vertex of 

epithelial cells. 
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Actin bundles in hairs and bristles are thought to be nucleated by RhoA-

dependent activation of formins like Diaphanous (Yan et al. 2008). Alpha-actinin-GFP 

induced increase in the number of actin bundles that form per cell raises interesting 

questions whether Alpha-actinin induces these hair-actin bundles in a forming-

dependent manner? Does Alpha-actinin function downstream of the planar polarity 

pathway and RhoA? Do other signaling pathways feed into the RhoA-dependent 

regulation of hair number per cell? 

The polarized distribution and function of GFP-Slam during hair morphogenesis 

raises important questions of Slam regulation by the planar polarity pathway. Slam has 

also been shown to directly interact with Goα in a yeast two hybrid assay (Giot et al. 

2003). Goα is a G-protein associated with the frizzled receptor protein involved in planar 

polarity in Drosophila epithelial cells (Strapps and Tomlinson 2001; Katanaev et al. 2005; 

Katanaev and Tomlinson 2006a) and would be a good candidate for a planar polarity 

pathway protein that directly regulates Slam localization and or function in thoracic 

epithelial cells. 

 

5.1 Epistasis experiments to determine if Alpha-actinin functions 
upstream or downstream of RhoA to regulate the number of 
hairs formed per epithelial cell. 

RhoA has been shown to regulate the number of hairs that form in Drosophila 

epithelial cells (Yan et al. 2009). Expression of activated RhoA leads to the formation of 
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multiple hairs (Yan et al. 2009). To ascertain if RhoA regulation of hair number requires 

Alpha-actinin function we could drive constitutively active RhoA in cells with Alpha-

actinin levels knocked down using an Alpha-actinin-specific RNAi hairpin construct. 

Conversely we could look at the effects of Alpha-actinin over-expression in the absence of 

RhoA function using RhoA-RNAi or dominant-negative RhoA to ascertain if Alpha-

actinin mediated regulation of hair number requires RhoA function.   

 

5.2 Regulation of polarized distribution of Slam during hair 
morphogenesis. 

The association of ck/MyoVIIa with Slam, a protein that shows polarized 

distribution during hair morphogenesis provides a potential link between ck/MyoVIIa 

and the planar polarity pathway that regulates hair initiation, number and orientation. 

Since Slam has been indentified in a yeast-two-hybrid screen as a direct interactor of Goα 

(Giot et al. 2003) a downstream effector of Fz, we might analyze the functional 

regulation of this interaction. To ascertain if Goα regulates Slam localization we could 

follow GFP-Slam localization in Goα mutant clones or in cells with Goα levels knocked 

down using a Goα-specific hairpin. 
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5.3 Generation of null alleles of Slam 

 The two existing Slam loss-of-function alleles, though lethal, do not show 

consistent hair and bristle defects. This suggests that the Slam protein expressed in slam 

waldo1 and slam waldo2, the two Slam loss-of-function alleles still retain some of the Slam 

functions required for hair and bristle morphogenesis. We could generate null alleles of 

slam either by imperfect excision of a new Minos element insert near the slam locus 

(Mi{ET1}slamMB06922) or by homologous recombination (Maggert et al. 2008). Analysis of 

null alleles of Slam will further our understanding of Slam function in hair and bristle 

morphogenesis.  

 

5.4 Analyze if constitutively active ck/MyoVIIa can make Slam 
function redundant in hair morphogenesis. 

We could also identify the residues of Slam and ck/MyoVIIa that are necessary for 

their direct binding. To analyze if Slam functions to regulate ck/MyoVIIa function by 

regulating its conformational change between the closed and open states, we could 

generate point mutants of ck/MyoVIIa that remain in the open conformation but are 

unable to bind Slam. Expression of this putatively constitutively active form of 

ck/MyoVIIa would help us discern if Slam functions to regulate the activation of 

ck/MyoVIIa by regulating its conformational states and or has additional as yet to be 

identified functions. 
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5.5 Identification of Regulatory Light Chain for ck/MyoVIIa 

Calmodulin binding to mouse MyoVIIa (Todorov et al. 2001) suggests that it can 

act as a regulatory light chain for ck/MyoVIIa. To analyze if calmodulin functions as a 

regulatory light chain for Drosophila ck/MyoVIIa, we propose to look at loss-of-function 

phenotypes of calmodulin mutants in Drosophila melanogaster. We also propose to 

analyze genetic interaction of calmodulin mutants with RhoA and Drok mutants to 

analyze if calmodulin can modify the hair phenotypes of RhoA and Drok. 
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